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Abstract 

Polymeric zwitterions exhibit exceptional fouling resistance through formation of a strongly 

hydrated surface of immobilized water molecules. While extensively tested for their performance 

in biomedical, membrane, and, to a lesser extent, marine environments, few studies have 

investigated how the molecular design of the zwitterion may enhance this performance. Further, 

while theories of zwitterion antifouling mechanisms exist for molecular-scale foulant species (e.g., 

proteins), it remains unclear how molecular-scale mechanisms influence the micro- and 

macroscopic interactions of relevance to marine applications. The present study addresses these 

gaps through use of a modular zwitterion chemistry platform, which is characterized by a 

combination of surface-sensitive sum frequency generation (SFG) vibrational spectroscopy and 

marine assays. Zwitterions with increasingly delocalized cations demonstrate improved fouling 

resistance against the green alga Ulva linza. SFG spectra correlate well with the assay results, 

suggesting that the more diffuse charges exhibit greater surface hydration with more bound water 
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molecules. Hence, the number of bound interfacial water molecules appears to be more influential 

in determining marine antifouling activities of zwitterionic polymers than the binding strength 

between individual water molecules at the interface.  

 

 

1 Introduction 

 

Adhesion of marine organisms to surfaces such as ships’ hulls creates significant economic 

and environmental impacts on maritime shipping industries. Roughening of ships’ hull surfaces 

by the growth of organisms, such as algae and barnacles, significantly increases drag and fuel 

consumption, while transoceanic voyages of fouling species are a leading vector for invasive 

species introduction in local ecosystems.1, 2 Most commercially available marine antifouling 

coatings mitigate adhesion of organisms via controlled release of biocides, including organometals 

and copper oxides. The toxicity and bioaccumulation of these compounds, however, has resulted 

in increased regulation in recent years, prompting continued search for ecologically benign 

alternatives.3, 4 

Zwitterionic polymers containing stoichiometrically balanced positive and negative charges 

are a promising alternative technology as stable, non-toxic coatings with remarkably low protein 

adsorption. Ion solvation at the polymer surface of these materials creates a strongly immobilized 

hydration layer at the interface, which acts as a physical and thermodynamic barrier to foulants.5-

8 These materials demonstrate extremely high performance in preventing biofilm formation for 

both membrane and biomedical applications, in addition to their more recent use in preventing 

adhesion of larger marine algae and hard foulers.9-15 

While zwitterionic materials have been heavily studied for various fouling applications, the 

role of molecular design in zwitterion performance is poorly understood.7, 8, 16-18  Existing studies 
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of the effects of ion size17 and spacing distance16 are restricted to variations of the most common 

betaine chemistries (carboxybetaine, sulfobetaine, and phosphorylcholine), leaving much of the 

design space unexplored. Among the explored chemistries, it remains unclear how these design 

parameters relate to surface properties that impact macroscale fouling resistance. Evaluation of 

marine antifouling coatings is heavily reliant on empirical assays, which lack insights into the 

molecular-scale mechanisms that impact performance. To address these challenges, this study uses 

a modular chemistry platform to systematically explore zwitterionic structure-property 

relationships across these microscopic to macroscopic length scales. The simplified surface 

architecture avoids the design complexities commonly employed in high performance antifouling 

coatings,19-21 enabling improved understanding of specific design considerations rather than 

optimized overall performance. A combination of sum frequency generation (SFG) vibrational 

spectroscopy and marine assays correlates trends of surface hydration structure and marine fouling 

resistance to molecular structure, guiding the design of new polymeric zwitterion antifouling 

coatings. 

One underexplored parameter in the design of zwitterionic antifouling coatings is the role of 

ion charge density on surface hydration and marine fouling. Both the hydration structure and 

backbone conformations of polymeric zwitterions are closely tied to the ionic character of the 

zwitterion functional groups. Self-associations between the cations and anions of adjacent polymer 

chains can cause aggregation behavior, while chain swelling is dependent on the charge density of 

the zwitterions and dissolved salt ions through the antipolyelectrolyte effect.22-26 When exposed to 

salt solutions, polymeric zwitterions with low charge densities generally exhibit more swollen 

chain conformations than the more densely charged carboxybetaine and sulfobetaine 

chemistries.17, 27, 28 Zwitterion antifouling performance is commonly associated with the level of 
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surface hydration, and hence, the increased chain swelling of diffuse polymeric zwitterions makes 

them candidate materials for marine antifouling applications. In this study, characterization of a 

series of polymeric zwitterion surfaces with increasingly delocalized charges show that more 

diffuse charges are more hydrated and exhibit reduced settlement and improved removal of the 

model algae foulant Ulva linza. 

2 Experimental Methods 

2.1 Materials 

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

received unless specified otherwise. Trifluoromethanesulfonamide was purchased from TCI 

Chemicals. Hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane 

(V3) were purchased from Gelest, Inc. Anhydrous ethanol was purchased from Fisher Scientific. 

Benzene was stirred over n-butyl lithium and diphenylethylene, distilled and freeze-pump-thawed 

to degas. Styrene was dried over calcium hydride, distilled, and free-pump-thawed to degas. D3 

was dissolved in benzene and stirred over calcium hydride for 24 hours at which point a living 

anionic styrene polymerization was added and allowed to stir until the orange color had completely 

disappeared. The benzene was subsequently distilled, and the D3 sublimed, and then the solution 

was freeze-pump-thawed to degas. This process was repeated one more time. Final solution 

concentration was determined using nuclear magnetic resonance spectroscopy (NMR). 

Tetrahydrofuran (THF) was stirred over calcium hydride and distilled into a flask containing 

sodium and benzophenone, and allowed to stir for several days, at which point it was distilled and 

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

thawed to degas. Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) and 
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polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic anhydride (MA-

SEBS) were generously provided by Kraton, Inc. 

 

2.2 Polymer Synthesis 

PS-P(DMS/VMS)-PS Backbone Synthesis 

PS-P(DMS/VMS) backbones were prepared according to a previously reported method.15, 29 

In brief, in a glovebox sec-butyl lithium was added to a flask charged with benzene and a stir bar, 

followed by the dropwise addition of styrene, leading to the development of a deep orange color. 

The reaction progressed overnight before sampling, followed by the addition of a solution of D3 

in benzene. After the complete disappearance of the orange color, indicative of the live styrene 

anion, THF was added and the reaction was allowed to continue for 2 hours. At this point, the 

addition of a solution of V3 in THF by syringe pump was begun and allowed to progress over 48 

hours. After addition, the polymerization was reacted an additional 24 hours. The polymerization 

was then split, one half being end-capped with chlorotrimethylsilane for the formation of diblock, 

the other half coupled using a solution of dichlorodimethylsilane in THF. Coupling was done by 

adding 75% of coupling agent directly, followed by the addition of the remaining 25% of coupling 

agent by syringe pump over a 24-hour period. Polymers were precipitated directly into a 4/1 (v/v) 

mixture of methanol and deionized water and allowed to stir overnight. Polymers were collected 

by vacuum filtration and dried overnight in a vacuum oven at 55 ºC. 

N-[3-(1H-imidazol-1-yl)propyl]-4-mercaptobutanamide (ImSH) Synthesis 

Tertiary amine thiols were prepared according to previously reported methods.30 The imidazole 

thiol (ImSH) was synthesized through ring opening of γ-thiobutyrolactone with 1-(3-
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aminopropyl)imidazole. 40 mmoles of each γ-thiobutyrolactone and 1-(3-aminopropyl)imidazole 

were dissolved in 50 mL of HPLC grade acetonitrile in a 100 mL round-bottom flask. The flask 

was attached to a water-cooled condenser and quickly cycled thrice between nitrogen and vacuum 

on a Schlenk line to prevent disulfide formation. The flask was then left under a nitrogen blanket 

and refluxed with stirring at 95˚C overnight. After reaction, the acetonitrile was evaporated off 

and dried in vacuo at 60˚C overnight to yield a viscous, slightly yellow oil. 

The alkylamine (AmSH) and pyridine (PyrSH) thiols were synthesized using the same 

procedure, replacing the 1-(3-aminopropyl)imidazole with either dimethylaminopropylamine or 

3-(pyridine-4-yl)propan-1-amine, respectively. 

AmSH: 1H NMR (600 MHz, Chloroform-d) δ 7.13 (s, 1H), 3.20 (td, J = 6.5, 5.3 Hz, 2H), 2.46 (t, J = 7.0 Hz, 2H), 

2.25 (t, J = 6.5 Hz, 2H), 2.18 (t, J = 7.3 Hz, 2H), 2.11 (s, 6H), 1.82 (q, J = 7.1 Hz, 2H), 1.53 (p, J = 6.5 Hz, 2H). 

ImSH: 1H NMR (600 MHz, Chloroform-d) δ 7.42 (d, J = 1.1 Hz, 1H), 7.01 (s, 1H), 6.91 (s, 1H), 6.38 (s, 1H), 

3.96 (t, J = 6.9 Hz, 2H), 3.22 (q, J = 6.5 Hz, 2H), 2.54 (t, J = 6.9 Hz, 2H), 2.27 (t, J = 7.3 Hz, 2H), 2.00 – 1.91 (m, 

2H), 1.89 (q, J = 7.1 Hz, 2H). 

PyrSH: 1H NMR (600 MHz, Chloroform-d) δ 8.48 – 8.42 (m, 2H), 7.11 – 7.06 (m, 2H), 5.76 (s, 1H), 3.26 (td, J 

= 7.1, 6.0 Hz, 2H), 2.65 – 2.58 (m, 2H), 2.55 (t, J = 6.9 Hz, 2H), 2.27 (t, J = 7.3 Hz, 2H), 1.91 (p, J = 7.0 Hz, 2H), 

1.82 (p, J = 7.5 Hz, 2H). 

Triethylammonium 3-Chloropropanesulfonyl-trifluorosulfonylimide (Cl-TFSI) Synthesis 

The Cl-TFSI anion was prepared according to previously reported methods.31 10 g (1 equiv.) 

of trifluoromethanesulfonamide was dried in a 100 mL Schlenk flask, under vacuum, overnight. 

The following day, flask was transferred to a nitrogen blanket and the 

trifluoromethanesulfonamide was dissolved in 40 mL anhydrous acetonitrile and 28 mL (3 equiv.) 

triethylamine. In a second 100 mL Schlenk flask, 11.88 g (1 equiv.) of 3-chloropropanesulfonyl 

chloride was dissolved in 20 mL of anhydrous acetonitrile. The 3-chloropropanesulfonyl chloride 
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flask was then degassed with nitrogen bubbling for 20 minutes. The flask of 3-

chloropropanesulfonyl chloride was chilled in an ice bath with stirring before transferring in the 

trifluoromethanesulfonamide solution dropwise with a syringe. The mixture was allowed to react 

overnight under a nitrogen blanket. The solution darkened and precipitated a yellow salt. 

The following morning, the reaction mixture was filtered to remove the triethylammonium 

chloride salt. The solvent was removed, and the crude oil product was dissolved in 100 mL 

dichloromethane. This organic phase was washed with 100 mL water, 100 mL of 0.5 M HCl 

solution, and a final 100 mL water wash. The DCM was evaporated off, and then the purified 

product was dried in vacuo at 70° for 24 hours. The resulting product was a dark brown, viscous 

oil.  

Thiol-ene Click of Amine Thiol to PS-P(DMS/VMS)-PS Backbone 

1 equiv. of the PS-P(DMS/VMS)-PS backbone (measured by the pendant vinyl groups), 0.2 

equiv. of 2,2-dimethoxy-2-phenylacetophenone, and 3 equiv. of the respective amine thiol (ImSH, 

AmSH, or PyrSH) were dissolved in inhibitor-free THF in a round-bottom flask. The flask was 

sealed and degassed under nitrogen bubbling for 20 minutes. The polymer was reacted by 

illumination under 365 nm UV exposure with stirring for 4 hours. Conversion was confirmed by 

the disappearance of the PVMS vinyl peaks in NMR. The clicked polymer was purified by 

precipitation in acetonitrile. 

Formation of Zwitterionic Side Chains 

The amine functionalized backbone was quaternized by mixing 1 equiv. thiol-ene clicked 

polymer with 2.5 equiv. of the chloro-TFSI anion in minimal anhydrous tetrahydrofuran. The 

reaction mixture was stirred at 60˚C for 5 days or until H-NMR confirmed full quaternization of 
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the amine functional groups, as indicated by downfield shifts in the nearby protons. The polymer 

was purified by precipitation in acetonitrile to remove the excess chloro-TFSI anion and 

triethylammonium chloride salt.  

 

2.3 Sum Frequency Generation (SFG) Vibrational Spectroscopy 

Three polymer samples were synthesized by the above-mentioned method. Each polymer 

sample was dissolved in anhydrous toluene (99.8%, Sigma-Aldrich, St. Louis, MO) with a 

concentration of 10 mg/mL. The prepared solution for each polymer was spin-coated onto right 

angle CaF2 prisms (Altos Photonics, Bozeman, MT) at 3000 rpm for 30 seconds. After spin-

coating, the CaF2 prisms were heated at 120 ℃ under vacuum for 24 hours and cooled down to 

room temperature before SFG characterization. 

SFG is a surface-sensitive technique involving second-order non-linear optical process. 

Detailed SFG theories and instrumentations have been published earlier and will not be repeated 

here.6, 32, 33 Due to the selection rule, an SFG signal can only be produced where the inversion 

symmetry is broken, such as surface and interface.6, 32, 33 With such a surface-sensitive property, 

SFG has been developed into a powerful tool to probe solid/air and solid/liquid interfaces, such as 

monitoring water behavior at the surface of zwitterionic polymers.6 The SFG near-total-reflection 

sample geometry is used in this study as previously reported.34 Briefly, a frequency-fixed visible 

beam at 532 nm and a frequency-tunable IR beam (1100 – 4300 cm-1) were spatially and 

temporarily overlapped at the sample interface to generate a sum frequency signal beam (𝜔sum =

𝜔vis + 𝜔IR). In this study, SFG spectra were collected using the ssp (s-polarized SFG beam, s-

polarized visible beam and p-polarized IR beam) and ppp polarization combinations. 
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To characterize the hydration of the polymer surfaces using SFG, each polymer surface was placed 

in contact with water, then SFG signal was collected from the polymer/water interface in the 

wavenumber region from 2750 to 3800 cm-1 after the SFG signal reached equilibrium. To test the 

antifouling property of the polymer surfaces with protein, a 1 mg/mL fibrinogen solution 

(dissolved in water) was used to replace the water originally in contact with the polymer surface. 

Then the fibrinogen solution was washed by fresh water three times to remove loosely adsorbed 

proteins. After equilibrium, the SFG signal was collected in the region from 1500 to 1800 cm-1 to 

probe the amide I signal of interfacial fibrinogen. 

 

2.4 Ulva linza Fouling Assays 

Before the assays were carried out, all the coatings were equilibrated for 72 hours in 0.22µm 

filtered artificial seawater (ASW) (Tropic Marin salts). Zoospores were obtained from mature 

plants of U. linza by the standard method.35 After release from the fronds, the spores were collected 

and concentrated to produce a working suspension in ASW (1×106 spores ml-1). Aliquots of 10 ml 

were added to quadriPERM dishes containing the coated slides. Spores were allowed to settle on 

the samples for 45 minutes in darkness at approximately 20˚C, after which the slides were washed 

to remove unsettled spores by moving backwards and forwards 10 times through a beaker of ASW. 

The attached spores were fixed in ASW containing 2.5% glutaraldehyde. The zoospore settlement 

densities were counted on 3 replicate slides of each sample using an image analysis system 

attached to a fluorescence microscope (Zeiss Axioskop 2) which detected the chlorophyll within 

individual cells. On each slide 30 fields of view (each 0.15 mm2) were counted. 
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To culture U. linza on the samples, the initial settlement of spores was carried out as stated 

above. The settled spores were cultured into sporelings (young plants) on 6 replicate slides of each 

treatment using supplemented seawater medium.36 The medium was refreshed every 2 days.  

After 7 days of growth, sporeling biomass was measured in a Tecan fluorescence plate reader, 

which quantified the fluorescence from the chlorophyll contained in the plants. The measurement 

was given as relative fluorescence units (RFU).  The RFU value for each sample was determined 

from 70 point fluorescence readings from the central area. The final biomass after 7 days was 

recorded as the average RFU from 6 replicate slides in conjunction with the standard error of the 

mean (SEM).  

The strength of attachment of sporelings to the samples was determined by exposing the central 

region of each slide to an impact pressure of 132 kPa from an automated water jet. The amount of 

retained biomass was quantified using the fluorescence plate reader (as above) and used to 

calculate the percentage removal. 

 

3 Results and Discussion 

To elucidate the effects of zwitterion charge density on antifouling performance, we 

synthesized a series of side-chain functionalized siloxane polymer containing a range of cation 

charge densities (Figure 1). The alkylammonium cation acts as a control for the more commonly 

studied betaine chemistries while the imidazolium and pyridinium cations are increasingly more 

delocalized, yielding lower charge densities. All three cations are paired with the same diffusely 

charged sulfonamide anion with the same linker length between the anion and cation, yielding  

nearly equivalent dipole moments. A linker length of three methylene units was chosen to be 
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consistent with the bulk of existing literature which focuses on sulfobetaine chemistry. A 

fluorinated group attached to the sulfonamide drives surface segregation of the zwitterionic 

species.  

The zwitterions are attached to a vinyl-functionalized siloxane polymer backbone via a two-

step reaction. First, the amine cation precursor is thiol-ene clicked to the vinyl siloxane backbone. 

Then, the amine is quaternized with 3-chloropropanesulfonyl-trifluoromethanesulfonylimide (Cl-

TFSI) to form the zwitterions (Scheme 1). The vinyl-functionalized siloxane polymer is capped on 

either end by polystyrene blocks to provide consistency with the existing surface-active block 

copolymer (SABC) approach for preparing marine assay samples, as detailed elsewhere.37-39 The 

triblock copolymer architecture allows a thin layer (~20 μm) of the functional SABC material to 

be anchored into a much thicker (~500 μm) elastomeric base layer on the substrate, providing 

mechanical integrity and fouling release characteristics40, 41 to the overall antifouling coating while 

minimizing the amount of functional zwitterionic polymer required. Zwitterionic samples are 

Figure 1. Marine fouling-resistant coatings are prepared using the surface-active block copolymer (SABC) 

approach where a thin layer of functional polymer is tethered to a thick elastomer base. This surface layer is 

functionalized with diffusely-charged zwitterionic groups and a fluorinated pendant end to drive surface 

segregation of the zwitterions. This work studies the effect of cation size by replacing the red cationic group 

with either ammonium, imidazolium or pyridinium.  
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labeled by abbreviated combinations of their cation and anion, as detailed in Table 1. Previous 

study of the SABC approach by ambient pressure X-ray photoelectron spectroscopy has shown 

that when hydrated, the polymer chains restructure, with the hydrophilic or fluorinated sidechains 

driven to the polymer/water interface.42 Hence, the structure of the coatings is considered to be a 

dense film of hydrophobic polymer topped with a thin, hydrated layer of zwitterions. 

To understand the molecular-scale effects of cation charge density, sum frequency generation 

(SFG) vibrational spectroscopy probes the structure and dynamics of water molecules bound to 

the polymeric zwitterion surface. The SFG technique is sensitive only to media without inversion 

symmetry, enabling measurement of the hydration layer structure and molecular orientation 

perpendicular to the polymer/water interface.43-45 Molecular details derived from SFG are then 

related to fouling performance through use of Ulva linza marine fouling assays. 

We hypothesize that the more diffusely charged zwitterions enhance macrofouling resistance 

by creating a well-hydrated surface with more water molecules bound to the polymer coating. 

Here, we define the charge ‘diffuseness’ by the molecular volume over which the cation charge is 

delocalized. This can be quantified using group contributions methods, which yield the values 

presented in Table S2.46-48 The number, binding strength, and orientational freedom of the surface-

bound water are related to the size (or delocalization) of the charge and Coulombic electrostatic-

dipole interactions between the cation and the water molecules (neglecting interactions of the 

diffuse anion for simplicity).49 Due to their larger molecular volumes, the more diffuse charges 

can bind or interact with more water molecules at the ion surface, leading to a more hydrated 

Table 1. Cation/anion combinations of the polymeric zwitterion samples 

Sample Name Cation Anion 

AmTFSI Alkylammonium Trifluorosulfonylimide 

ImTFSI Imidazolium Trifluorosulfonylimide 

PyrTFSI Pyridinium Trifluorosulfonylimide 
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polymer/water interface. Since this interaction strength decays with distance from the charge 

center, larger, more diffuse ions will exhibit weaker zwitterion-solvent interactions with less 

restriction on the rotational and translational mobility of hydrated water molecules, which we 

thereby hypothesize minimizes disruption to the water hydrogen bond network. By mimicking 

both the structure and dynamics of bulk water, we expect these diffuse zwitterions to create a 

‘stealth’ layer against macrofouling species. 

Hydrated surface and fibrinogen assay SFG measurements support this hypothesis, showing 

that more diffuse cations (pyridinium and imidazolium) are well hydrated with overall more 

ordered, interfacial water molecules than the densely charged alkylammonium. SFG water O-H 

stretching signals usually have two broad peaks, centered at around 3200 cm-1 and 3400 cm-1, 

assigned to the strongly hydrogen bonded and weakly hydrogen bonded water, respectively.44, 50-

52 Figure 2a shows that only very weak SFG water O-H stretching signals could be detected from 

the AmTFSI/water interface.  

The SFG water signal shown here is not a direct measurement of the absolute quantity of bound 

water at the interface. Since SFG spectroscopy measures the net orientation vector of molecules in 

the system, water molecules oppositely oriented by the cation/anion pair will cancel out, with the 

Scheme 1. The SABC is synthesized using a modular two-step approach, enabling facile customization of both the 

cation and anion. Here, the amine thiol is varied to contain alkylammonium, imidazolium, and pyridinium 

functionality. 
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resulting signal showing overall orientational imbalance in water structure. Since the three 

zwitterionic polymers have the same negative charge, the number and structure of the bound water 

molecules with the negative charges on the three polymers should be the same.  

The measured SFG signals therefore suggest 

that delocalizing the cationic charge over a 

larger molecular volume in effect increases the 

coordination number of the cation, such that it 

can interact with additional water molecules that 

would otherwise be crowded out by excluded 

volume effects and screening of the electric field 

by the first hydration shell. As a result, more 

interfacial water molecules can be oriented by 

the cations compared to those by the anions, 

generating the SFG water signal. The siloxane 

midblock, the polystyrene end blocks, and the 

alkyl linkers between the charges are all 

hydrophobic and do not bind water molecules. 

The bound water at the interface should hence be 

primarily associated with the ion-dipole 

interactions to the zwitterions and directly 

correlated to the SFG signal. 

Stronger SFG water signals detected from the more diffuse cations (PyrTFSI > ImTFSI > 

AmTFSI) displayed in Figure 2 are thus indicative of more ordered water molecules bound to the 

 
Figure 2. (a) Sum frequency generation spectroscopy 

(ssp polarization) of the different polymeric 

zwitterions shows that the larger, more diffuse 

cations bind more water molecules at the surface, as 

indicated by the intensity at 3200 cm-1. (b) SFG 

spectra of the same materials in 0.6 M NaCl solution 

show the same hydration trend, but with weakened 

signal due to charge screening effects. 
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cations by electrostatic-dipole interactions, supporting the above hypothesis. SFG spectra were 

measured in two different polarization combinations (ssp and ppp). These two polarization 

combinations probe different components of the samples’ second-order nonlinear optical 

susceptibility (χ2) tensors, and hence provide detail on different molecular orientations at the 

interface.53 Both polarization combinations (Figures 2a and S9) show the same trend, suggesting 

that the surfaces have increased hydration rather than simply a preferred water orientation for the 

more delocalized cations.   

Ionic strength has been previously shown to dramatically affect the performance of 

zwitterionic surfaces, either enhancing performance through the anti-polyelectrolyte effect or 

reducing performance by charge screening. Thus, to fully characterize the hydration state of these 

materials, ssp polarization SFG spectra were also taken in a 0.6 M solution of sodium chloride (the 

same ionic strength as seawater). As shown in Figure 2b, the surface hydration is greatly reduced 

on all three polymers, similar to what has been previously observed.52 Despite this charge 

screening effect, the polymers still exhibit the same trend in hydration as the pure water SFG, 

supporting the conclusion that the diffuse charges are better hydrated and contribute to improved 

marine antifouling/fouling-release performance.  

Fibrinogen adsorption assays on the zwitterionic surfaces suggest that the diffuse cations 

exhibit weaker binding of individual water molecules in their respective hydration shells, despite 

the overall increased surface hydration characterized by the bound water number at the interface. 

Fibrinogen possesses a net negative surface charge, and thus should selectively interact with the 

cationic group within the polymeric zwitterions. The quantity of adsorbed fibrinogen at the surface 

is characterized here by an SFG peak centered at ~1640 cm-1, which corresponds to the amide C=O 

stretch.34 A larger amide peak hence corresponds to more fibrinogen adsorbed to the interface. To 
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more reliably estimate the relative adsorption 

amount of fibrinogen, spectra were taken in 

both the ssp and ppp polarization combinations 

(Figure 3). The ssp/ppp amide peak ratios for 

each zwitterion type are similar, suggesting that 

the adsorbed fibrinogen macromolecules have 

similar orientations and the difference in signal 

is indicative of an increase in the quantity of 

adsorbed protein.  

Interestingly, the more diffusely charged 

cations exhibit increased fibrinogen adsorption 

to the polymeric zwitterion surface after 

washing, despite the increased number of 

bound water molecules around the diffusely 

charged cations. Since protein adsorption 

requires displacement of these water molecules 

to reach the underlying polymer surface, increased adsorption suggests that the water molecules 

are more loosely bound to the diffuse cations. This matches expected results based on the relative 

Born solvation energies and interaction strengths of the cations.49 As the charge is delocalized over 

a larger volume, the interaction strength between the charge and a given water molecule weakens. 

Both the trends in overall hydration and water binding strength are also in agreement with existing 

molecular dynamics simulations of betaine small molecules, which show that larger anions 

 
Figure 3. SFG fibrinogen protein assays in the (a) ssp 

and (b) ppp polarization combinations show stronger 

adsorption to the diffusely charged surfaces, suggesting 

that while more water molecules are adsorbed, they are 

only weakly bound to the zwitterionic surface, behaving 

more similarly to bulk water. 
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coordinate a larger quantity of more weakly bound water molecules (as indicated by dipole 

orientations and residence time).54 

Settlement and removal assays of Ulva linza correlate well with the extent of surface hydration 

observed by SFG, with the more diffusely charged, well hydrated zwitterions showing improved 

antifouling performance, especially in terms of foulant removal (Figure 4). To test antifouling 

performance of the zwitterionic coatings, the polymers were deposited and annealed into the multi-

layered coatings shown in Figure 1. Substrates were then exposed to U. linza algal spores. Initial 

attachment densities of the spores were measured as well as their biomass after 7 days of growth. 

Adhesion strength to the surface was quantified by exposure to a calibrated water jet (to simulate 

the hydrodynamic forces experienced on a ship hull) with measurement of the change in attached 

biomass. A control sample of the unfunctionalized PS-P(VMS/DMS)-PS triblock copolymer was 

tested for comparison against the diffuse zwitterions.  

Comparison between surface hydration by SFG and marine assays suggests interesting insights 

that link molecular scale surface properties and macroscale antifouling performance. In contrast to 

traditional theories of zwitterion antifouling mechanisms, here strong binding of water molecules 

at the polymer surface may not be the most important requirement for improved antifouling 

performance; rather, it is the increased overall hydration (or overall number of bound water 

molecules at the interface) that provides the advantage in marine applications. This behavior is 

hypothesized to be caused by the large difference in length scales of typical marine foulants and 

the protein/small molecule foulants used in biomedical and membrane antifouling studies, which 

results in different fouling and release mechanisms.  Proteins foul on a molecular scale, through 

random collisions with the surface. In this case, displacement of only a few specific water 

molecules is required to reach the surface, with subsequent binding through either electrostatic 
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interactions or denaturation of the protein conformation. Prevention of fouling is thus achieved by 

maximizing the binding energy of those water molecules (as evidenced in Figure 3).  

U. linza spores, however, are significantly larger than protein molecules and are also living 

organisms. Rather than relying on random collisions with the surface, these organisms undergo a 

brief “searching” phase  during which they swim and explore the surface prior to settling. Studies 

of this behavior suggests that the spores are, to some extent, able to ‘sense’ and preferentially 

adhere to hydrophobic surfaces.55-57 During this search process, the algal spore probes the surface 

hydration over a comparatively larger area, rather than judging the individual binding strength of 

the hydrated water molecules. In the larger length scale of the U. linza spore, zwitterion antifouling 

performance is thus improved by increased surface hydration with a larger quantity of bound 

Figure 4. Marine fouling assays using Ulva linza show that the larger, more diffuse cations exhibit reduced 

algal settlement (a) and improved removal upon exposure to a water jet (b). Settled algae are also more weakly 

adhered to the diffusely-charged surfaces, leading to a minimal quantity of algae remaining on the surface 

after washing (c). Error bars indicate 95% confidence intervals for the settlement data and standard error of 

the means for removal and remaining biomass data. Letters above the error bars indicate statistical 

significance between samples, as calculated by Tukey’s test. 
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interfacial water molecules, effectively hiding the polymer surface from the organism. This is 

reflected by the settlement assay results shown in Figure 4a, with the more diffusely charged and 

well-hydrated polymers showing reduced settlement of U. linza to the surface than the more 

densely charged polymers (F5,534 = 636.7; p < 0.05).  

U. linza removal assays showed similar trends in performance, with the more diffusely charged 

samples demonstrating increased algal biomass removal (F5,30 = 28; p < 0.05). Since removal 

assays quantify the self-cleaning function of the coatings under the hydrodynamic shear forces 

experienced during a ship’s voyage, this metric is most relevant to the fouling-release performance 

of the coatings. While the AmTFSI and ImTFSI samples are statistically similar to the 

nonfunctionalized triblock control (as indicated by Tukey’s test), the PyrTFSI sample exhibits over 

80% removal of accumulated sporeling biomass (Figure 4b).  

Previous studies of U. linza have shown that while the spores typically prefer to settle on 

hydrophobic surfaces, the settled spores form stronger adhesive bonds to surfaces containing 

hydrogen-bond donors, which is thought to interact with the adhesive secreted by the spores.58-60 

Analogously, we conclude that the U. linza spores form stronger adhesive bonds to surfaces with 

dense cations (AmTFSI) compared to the diffuse cations (PyrTFSI). We hypothesize that this is a 

result of weakened electrostatic interactions experienced between the diffusely charged surfaces 

and the secreted glycoprotein adhesive network, as well as the increased levels of polymer surface 

hydration. This reduces the total number of surface contacts between the U. linza adhesive and the 

polymer coating as well as the strength of each contact (due to weakened Coulombic interactions), 

resulting in weaker bonding/adhesion of the algae to the coatings. Interestingly, this trend in U. 

linza removal also counters the results from the protein fouling assays, further demonstrating the 

differences in fouling mechanisms at these larger length scales.  
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Conclusions 

This work utilizes a combination of surface-sensitive vibrational spectroscopy and marine 

fouling assays to analyze a new design motif of low charge density zwitterionic antifouling 

materials. SFG shows that larger, more delocalized cations create a well-hydrated surface, with 

more bound water molecules at the interface. The improved hydration of the delocalized cations 

reduces both the settlement frequency and adhesion strength of the alga Ulva linza, yielding 

improved fouling resistance and release performance over the more commonly studied 

alkylammonium cation. While the diffuse zwitterions show weaker resistance against protein 

adsorption and biofilm formation, a combined material approach containing diffuse zwitterions 

paired with other antifouling chemistries (e.g., amphiphilic,61, 62 redox-active,63 or protein-resistant 

trimethylamine N-oxide8, 10 functionalities) may provide broader marine antifouling resistance.  
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