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Abstract 

Coatings that prevent or decrease fouling are sought for many applications, including those that 
inhibit the attachment of organisms in aquatic environments. To date, antifouling coatings have 
mostly followed design criteria assembled over decades: surfaces should be well/strongly 
hydrated, possess low net charge and maintain a hydrophilic character when exposed to the 
location of use. Thus, polymers based on ethylene glycol or zwitterionic repeat units have been 
shown to be highly effective. Unfortunately, hydrated materials can be quite soft, limiting their use 
in some environments. In a major paradigm shift, this work describes glassy antifouling  films 
made from certain complexes of positive and negative polyelectrolytes. The dense network of 
electrostatic interactions yields tough materials below the glass transition temperature, Tg, in 
normal use, while the highly ionic character of these polyelectrolyte complexes ensures strong 
hydration. The close proximity of equal numbers of opposite charges within these complexes 
mimics zwitterionic structures. Films, assembled layer-by-layer from aqueous solutions, 
contained sulfonated poly(ether ether ketone), SPEEK, a rigid polyelectrolyte which binds strongly 
to a selection of quaternary ammonium polycations. Layer-by-layer buildup of SPEEK and 
polycations was linear, indicating strong complexes between polyelectrolytes. Calorimetry also 
showed complex formation was exothermic. Surfaces coated with these films in the 100 nm 
thickness range completely resisted adhesion of the common flagellate green algae, 
Chlamydomonas reinhardtii which were removed from surfaces at the minimum applied flow rate 
of 0.8 cm s-1. The total surface charge density of adsorbed cations, determined with a sensitive 
radioisotopic label, was very low, around 10% of a monolayer, which minimized adsorption driven 
by counterion release from the surface. The viscoelastic properties of the complexes, which were 
stable even in concentrated salt solutions, were explored using rheology of bulk samples. When 
fully hydrated, their Tgs were observed to be above 75 oC.  

  

         Introduction 

In aquatic environments, surfaces are fouled by organisms from the micro- to the macro- 
scale under a variety of mechanisms. Fouling increases fuel consumption, decreases service life, 
accelerates corrosion and brings with it the possibility of introducing invasive species into aquatic 
ecosystems.1, 2, 3 Both vessels and installations/infrastructure are subject to fouling. The progress 
of fouling includes both sequential and simultaneous elements from a broad variety of biological 
or bio-derived agents.  

The preparation of antifouling and fouling release surfaces represents one of the most 
stringent challenges in materials and surface science. This is because Nature has evolved a 
plethora of mechanisms by which organisms may attach to surfaces – a property needed for their 
survival. Historically, practical antifouling or nonfouling coatings have relied heavily on toxic 
components to actively discourage fouling. As environmental concerns surrounding toxic coatings 
have increased, tin4 has given way to copper and a variety of organic biocides5 as active 
antifouling components in marine paints. Fluorinated hydrocarbons are also starting to generate 
environmental concerns, due to the inertness and thus “forever” qualities of some fluorinated 
materials, especially those used to make surfaces “nonstick.” 6 



Accepted version; ACS Appl. Mater. Interfaces 2023, 15, 43, 50058–50068 

3 
 

Some currently-used antifouling coatings are designed to allow the removal of 
accumulated biomaterials under shear – fouling release - a property claimed by some 
polydimethylsiloxanes (PDMS).7 Other coatings are designed to hydrolyze slowly promoting loss 
of adhesion under shear in self-polishing formulations. In the ideal passive antifouling surface, 
the physical and chemical characteristics of the surface are sufficient to deter adhesion under 
static and flow conditions. In practice, the line between antifouling and fouling release is 
sufficiently blurred such that a small amount of shear may be required to remove a colony of 
organisms adhering to a “passive” antifouling surface.  

Antifouling surfaces are sought for a variety of environments, from physiological 
(biomedical) to environmental. Materials for passive antifouling coatings have many properties in 
common. They are usually neutral or weakly negative, and well hydrated: what Ikada8 termed a 
“superhydrophilic diffuse surface.” Ikada’s criteria have guided antifouling materials development, 
as the properties thought to be essential for reducing nonspecific adsorption to surfaces include 
good hydration, (near) neutral charge, minimal disruption of water structure, and complete 
coverage of the underlying surface. Numerous hydrophilic, net-neutral monomers and polymers 
fulfill such critera,9 including acrylamides, polysaccharides (e.g. mannitol10), and, most commonly, 
polymers or oligomers based on the ethylene glycol, EG, (-CH2-CH2-O-) repeat unit, termed 
PEGs. Superhydrophilicity in a coating implies a high water content, which is achieved with the 
use of polymer brushes11, 12, 13 or thin films of hydrogels.  

Zwitterions are both net-neutral and hydrophilic14 and may be deployed as a dense 
monolayer (as in the cell membrane) or as repeat units in polymer layers. The antifouling 
properties of zwitterions were initially directed towards biomedical applications, such as 
preventing protein and bacterial adhesion in vivo.15 Zwitterionic polymer brushes may be grafted 
to,16, 17 or grafted from,18, 19 20 surfaces. Zwitterion brushes grown from surfaces have been 
extensively reported by Jiang’s group.14, 21, 22 These coatings demonstrated particularly effective 
fouling resistance, even from pure serum. Bacterial adhesion was also inhibited.23  

Any broadly-adopted solution to environmental fouling must be commercially scalable and 
rugged. Ikada’s design criteria are at odds with those proposed applications where substrates are 
exposed to physically demanding environments. Though effective under controlled laboratory 
conditions, or in physiological environments,24 a strong degree of hydration14 means zwitterionic 
brushes or hydrogels are soft and lack the resilience needed to withstand practical marine 
environments. Brushes tend to spontaneously detach25 since most have only one anchor point26 
yet they rely on steric/elastic forces to stretch away from the surface. Efforts to stabilize brushes 
have met with partial success.27 

During our investigations into the basic science of polyelectrolyte complexes, where 
interactions between positive, Pol+, and negative, Pol-, repeat units form a dense network of 
physical crosslinks between polyelectrolytes, we found that they shared some key properties with 
polymeric zwitterions. The charges within the material may be stoichiometric and Raman 
scattering showed they do not disrupt the hydrogen-bonding structure of water,28 as found in 
polyzwitterions.29 In addition, PECs do not shrink in salt water. The charge pairing within PECs, 
and the fact that they contain no salt in pure water, suggested they could be viewed as 
“zwittersolids” (Scheme 1).30 
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Scheme 1.  Example of functional groups interacting within a PEC. Because the ratio of positive 
to negative groups is 1.0:1.0 and there are no ions in the solid, the combination of charges at a 
fixed distance mimics the zwitterion functionality. 

Under the right conditions, equal number of positive and negative polyelectrolyte units 
combine, leaving a bulk and a surface that are substantially free of excess polymer charge or 
counterions. For example, the combination of poly(diallyldimethylammonium), PDADMA, and 
poly(styrene sulfonate), PSS, is glassy when hydrated (Tg of about 34 oC).31 The surface charge, 
reflected by the number of counterions per cm2, of a PDADMA/PSS multilayer can be less than 
10% of a monolayer.32 The effective antifouling properties of a recently-reported trimethylene N-
oxide zwitterionic polymer was attributed to the proximity of the opposite charges and their 
stronger hydration.33 The distance between charges in the effective zwitterion shown in Scheme 
1 is also short.  

Ultrathin coatings of PECs with antifouling properties have been prepared using the layer-
by-layer method of assembly (polyelectrolyte multilayers, PEMUs).34, 35, 36, 37, 38, 39, 40 Soft and well 
hydrated, these coatings have followed the accepted design principles. In this work, we present 
a new class of glassy, rugged coatings from complexed polyelectrolytes which proved 
counterintuitively effective at preventing fouling by Chlamydomonas reinhardtii, native to aquatic 
environments.7,18 C. reinhardtii is an eukaryotic unicellular green microalgae possessing two 
flagella.17 Commonly found growing in freshwater and soil, it is a suitable model fouling organism 
in freshwater aquatic environments.41,42 The films were prepared with sulfonated poly(ether ether 
ketone), a widely used “engineering polymer” with a stiff hydrophobic backbone. A flow chamber43 
enabled differentiation between antifouling and foul release properties of coatings.  

Experimental 

Materials. Poly(ether ether ketone) (PEEK) powder, from Evonik (VESTAKEEPTM 4000 FP), or 
Victrex (450 PF) was dried at 120 oC for 5 h under vac. Concentrated sulfuric acid (Sigma-Aldrich, 
ACS grade, 96.7 wt. %) was used as received. Poly(diallyl dimethylammonium chloride) 
(PDADMAC, 20 wt. % in water, molar mass 400,000 – 500,000), poly(4-styrenesulfonic acid) 
(PSS, 18.89 wt. % in water, molar mass 75,000), and poly(vinylbenzyltrimethylammonium 
chloride) (PVBT, 26.9 wt. % in water, molar mass 100,000) were from Sigma-Aldrich. 
Methacryloylaminopropyl trimethylammonium chloride (MAPTAC, 50 wt. % solids in water) was 
polymerized via free radical polymerization to obtain the polymer PMAPTAC (molar mass 
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350,000), poly (acrylic acid) (PAA, 24 wt. % in water, molar mass 240,000) was obtained from 
Scientific Polymer Products Inc. and neutralized with LiOH. Lithium hydroxide (anhydrous) was 
from Fisher and stored in the glovebox. Sodium chloride (99.5%) was used as received from 
Sigma-Aldrich. Deionized water (> 18 MΩ cm) was used throughout. Silicon wafers (Si 100, 
double-side-polished, DSP, Prime grade, 0.5 mm thick) were  from Okmetic and broken into ca. 
2 cm x 2 cm pieces.  

Chlamydomonas reinhardtii (+) (Carolina Biological) was cultured as described by Sager 
and Granick.44 Cultures were grown in a 14 h light/10 h dark cycle at 25 oC to a density of 5 x 106 
cells mL-1 as determined using a hemocytometer (Neubauer). A parallel plate flow chamber 
channel (75 mm long x 25 mm wide x 1 mm high) built in-house was used to study the influence 
of flow rate on algae detachment from PEMUs coated on glass microscope slides. Bare 
microscope slides were used as a control. Microscope slides were pre-cleaned with ethanol then 
flamed before multilayers were deposited onto the substrate using the layer-by-layer method.45 
The PEMU coated substrate was then immediately dipped into a solution containing the algae for 
24 h with stirring, after which it was removed gently and placed in the flow chamber. Images were 
collected using the Nikon Eclipse TS100 microscope fitted with a Nikon DS-Ri1 Camera.  

PEEK Sulfonation. Sulfonation of PEEK was carried out by adding 10 g of dry PEEK powder to 
100 mL sulfuric acid. The mixture was stirred in a three-necked flask at 75 ± 1 oC for 6 h under 
N2.46 Following sulfonation, the dissolved sulfonated PEEK, SPEEKH, was precipitated by pouring 
it into 500 mL ice cold water. The precipitated sample was repeatedly washed on a vacuum filter 
with ice cold water to remove excess sulfuric acid. The washed sample was then re-heated at 50 
oC in small amount of deionized water to dissolve the SPEEKH. The SPEEKH was neutralized 
with 1 M LiOH (Scheme 1). Neutralized SPEEK (SPEEKLi) was dialyzed against water for two 
weeks with water replacement twice a day. Solid SPEEKLi was then obtained by freeze drying 
the product. 

    

Scheme 2. Sulfonation of PEEK 

Hydrodynamic Radius. Dynamic light scattering was used to measure the SPEEK hydrodynamic 
radius, Rh, with a goniometer system (ALV/LSE-5004) equipped with a He-Ne laser (λ = 632 nm, 
22 mW) at a 90o collection angle. Measurements were taken in 10 mm capped cylindrical 
borosilicate glass tubes through a reservoir containing a refractive index matching liquid (toluene). 
The samples were 1 mg mL -1 in aqueous 0.3 M LiCl, filtered through a 0.1 μm Millipore filter. The 
Rh was calculated along with the distribution of Rh by pseudo-cross-correlation of the signals 
obtained by the two photomultipliers. The intensity autocorrelation function g (2) (q,τ ) where q ൌ 
4𝜋𝑛஽ sinሺƟ/2ሻ /𝜆 was obtained with suppressed noise by using ALV correlator software V.3.0.  

Layer by Layer Buildup. Multilayers from PMAPTA/SPEEK, PDADMA/SPEEK, PVBT/SPEEK, 
PVBT/PSS, PDADMA/PSS and PDADMA/PAA were built using a robot (StratoSequence V, 
nanoStrata Inc.) on DSP silicon wafers, which allowed transmission FTIR, or on single-side-
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polished Si wafers for ellipsometry and AFM measurements. PEMUs were also built on clean 
fused silica slides for UV-vis absorbance measurements. All substrates were cleaned in “piranha” 
(70 % H2SO4/30 % H2O2) for 30 min after which they were vigorously rinsed with water and dried 
with a stream of N2. (Caution! Piranha is strongly oxidizing and should not be stored in closed 
containers.). Polymers solutions were 10 mM (based on the repeat unit) for ellipsometry, 
transmission FTIR and algae adhesion measurements. The substrates were mounted onto a shaft 
and rotated at 300 rpm. Substrates were alternately dipped in each polymer for 10 min, starting 
with the polycation, followed by three 1 min rinsing steps in water. Multilayers with an odd number 
of layers (terminating in polycation) have a positive surface charge whereas even numbers of 
layers yielded negative surfaces. 

Streaming Potential Measurement. Surface streaming measurements were obtained using an 
in-house built electrokinetic flow cell with a parallel plate configuration (see Supporting Information 
Figure S1). A clean microscope slide (75 mm x 25 mm) was inserted on the bottom half of the cell 
while the top glass had 1 mm holes allowing inlet and outlet flow of electrolyte. The top and bottom 
glass slides were clamped together using a rubber spacer (length = 17 mm, width 5 mm and 
height of 0.1 mm) creating a micro-flow channel. The parallel plate set-up (at the glass-liquid 
interface) were fitted with silver wire electrodes connected to a Keithley voltmeter to measure the 
streaming potential. A 10 L reservoir with a pressure gauge containing 1 mM NaCl was 
pressurized with N2 to force electrolyte through the cell. The pressure difference across the sensor 
wires was measured with a calibrated Validyne P55 differential pressure transducer. The zeta 
potential, ζ (mV), was calculated using the following equation:47   

 
ாೞ

௱௉ 
ൌ  

ఌೝఌ೚఍

ఒ್µ
         [1] 

where Es is the measured streaming potential (mV). ΔP, the pressure drop between the Ag sensor 
electrodes, was 1.87 × 104 Nm-2. μ, the viscosity of the streaming solution was, 1.0 × 10-3 Nsm-2, 
Ɛr , the relative dielectric permittivity of the streaming solution was 80 while Ɛ0 is the permittivity of 
vacuum, 8.85 × 10−12 Ssm-1. Bulk solution conductivity, λb  was 2.19 × 10-2 Sm-1 as measured using 
an Orion 3 Star 4-point conductivity probe and meter from Thermo Scientific. 

Surface Charge Radiolabeling. The actual number of SPEEK- charges on SPEEK-terminated 
surfaces was measured using ultrasensitive radiolabel techniques. Si wafers approximately 2 cm 
x 2 cm coated with 10 layers (terminating in SPEEK) were used. Wafers were exposed on one 
side to 300 μL 2.5 x 10-5 M 14C-labeled tetraethylammonium bromide (14C-TEABr from Perkin 
Elmer Radiochemicals, specific activity 3.5 Ci mol-1) for 1 h. We have shown previously that the 
TEA+ cation only labels the surface negative sites on multilayers.32  The solution was blown off 
the surface with a jet of N2. The labeled TEA on the surface was extracted with 300 μL of 1 x 10-

3 M unlabeled TEABr. This 300 μl was mixed with 2 mL of water-tolerant liquid scintillation cocktail 
(Ecolite, MP Biochemicals) and counted in a Charm II counter (Charm Sciences). 300 μL of 2.5 x 
10-5 M 14C-TEABr was used as a standard to convert counts per minute, cpm, to moles of ions 
per cm2. Wafers coated with 3 layers (PDADMA/SPEEK/PDADMA), to which TEA+ does not 
adsorb, were used as background, employing the same procedure as with the SPEEK-terminated 
multilayers. Typical counts on the SPEEK surfaces were around 400 cpm, and those on the 
background were about 70 cpm, which were from the film of electrolyte that remained after jet-
blowing the surface.    
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Ellipsometry The dry thicknesses of PEMUs prepared on Si wafer were obtained by using a 
Gaertner Scientific L116S autogain variable-angle Stokes ellipsometer equipped with a He-Ne 

laser (632.8 nm) at an incident angle of 70o, fixing the refractive index of the films at 1.54 and that 

of Si (substrate) at 3.85. Ten thickness measurements on each PEMU were averaged. A native 
oxide layer of about 1 nm was subtracted from the measurements.  

NMR Characterization. 1H solution NMR spectroscopy (Bruker Avance 400 MHz) was used to 

determine the degree of sulfonation.48 Dry SPEEKLi (sulfonated from VestakeepTM 4000 FP 
PEEK), was dissolved in a 90:10 DMSO:D2SO4 solvent mixture ratio while dry SPEEKLi 
(sulfonated  from Victrex 450 PF PEEK), was dissolved in a 95:5  DMSO:D2SO4 mixture to obtain 
15 mg mL-1 solutions.  

FTIR Studies. Transmission Fourier transform infrared (FTIR) spectra of samples prepared on 
DSP Si wafers were obtained with a Nicolet Nexus 470 FTIR spectrometer with a DTGS detector. 
The resolution was 4 cm-1, and 256 scans were averaged for each sample. Samples were held at 

15o off-perpendicular to reduce any interference fringes. The background for all spectra was taken 

on uncoated Si. Attenuated total reflection – Fourier transform infrared (ATR-FTIR) spectra were 
collected using a ThermoScientific Nicolet is20 equipped with a Pike MIRacle ATR attachment 
fitted with a single-reflection diamond/ZnSe crystal and a high-pressure clamp. Here, background 
for all spectra was ambient air. 

UV-Visible Spectroscopy (UV-vis). UV-vis spectra were collected with a Cary 100 Bio UV-Vis 
spectrometer. UV-vis spectra were recorded on 0.05 mM SPEEKLi in 0.3 M LiCl and on 
multilayers on fused silica slides.  

Contact Angle Measurements. Water contact angles on PEMUs were measured using a contact 
angle goniometer (KSV Instruments, CAM 200) at room temperature. The static contact angle 
was digitally captured using a 70μL mL water droplet, and image analysis software was used to 
measure the contact angles.  

Atomic Force Microscopy Images. Images of the surface of PEMUs were recorded with a 
Dimension Icon Scanning Probe Microscope (SPM), equipped with a NanoScope V controller and 
NanoScope software (in tapping mode), and silicon OTESPA probes (Bruker, 0.01 - 0.02 Ω cm 
Si, tip radius = 7 ± 2 nm, cantilever thickness = 4.6 µm, length = 160 µm, width = 50 µm, resonance 
frequency 300 kHz, spring constant k = 42 N m-1 coated with Al). Images were scanned at a rate 
of 1 Hz, with a scan size of 5 µm x 5 µm. The rms roughness was measured on 5 different 1 µm 
x 1 µm scan areas and averaged.  

Stability of Films. The stability of the three SPEEK multilayers in salt was tested by exposing 
them to 2 M NaCl and 3 M NaCl for 1 week at room temperature. Thicknesses of 10-layer 
multilayers on Si wafer were measured using ellipsometry before and after exposure. Scanning 
Electron Microscopy, SEM, images of films were also acquired before and after salt exposure 
using a JEOL JSM-IT800 field emission SEM equipped with a secondary electron detector (SED) 
at 5 kV accelerating voltage. Samples were rinsed in water before imaging to remove salt. Some 
of the multilayers were scratched with tweezers to reveal the film profile.  
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Rheology of Polyelectrolyte Complexes, PECs. Complexes for bulk rheology were prepared 
by simultaneously combining stoichiometric mixtures of 10 mM polyelectrolyte solutions in 0.3 M 
LiCl. The PECs were annealed at 60 oC for 7 h to ensure 1:1 good mixing. Precipitates were 
equilibrated in 0.01 mM LiCl followed by water to remove any excess salt. Tablets (8 mm diameter 
x 2 mm thickness) of PDADMA/SPEEK, PVBT/SPEEK and PMAPTA/SPEEK PECs were 
prepared by wet compression molding with 0.01 M LiCl electrolyte using a steel mold at 
temperatures close to the glass transition temperature, Tg, of the complex. Using a stress-
controlled DHR-3 rheometer (TA Instruments), the linear viscoelastic response, LVR, of the 
complexes was investigated as a function of temperature. The tablets were placed on the lower 
plate of the rheometer and compressed using 1 N axial force. During rheology, all samples were 
maintained in a reservoir containing 0.01 M LiCl so that they would remain fully hydrated. After 
use, tablets were weighed, dried at 120 0C to constant weight, and weighed again to determine 
the water content. 

Isothermal Titration Calorimetry (ITC). Isothermal calorimetry was performed using a VP-ITC 
(MicroCal Inc.) calorimeter. The ITC was calibrated with an internal y-axis calibration followed by 
a standard titration between hydrochloric acid and Tris base. All samples were degassed for 10 
min at room temperature. Approximately 300 μL of 10.0 mM polycation in 0.30 M LiCl was loaded 
into the syringe. Ten microliters of the solution was manually discharged from the syringe to 
relieve any back pressure from the loading process. The sample cell (1.4138 mL) was washed, 
then loaded, with 0.5 mM SPEEKLi in 0.30 M LiCl. Prior to injection, the ITC was allowed to 
equilibrate at 65.0 °C. The syringe was rotated at 260 rpm in the sample cell with an injection size 
of 4 μL per aliquot at a rate of 0.50 μL s–1, with 240 s between injections. The heat flow was 
recorded as a function of time at 65.0 °C for all samples. Enthalpies were calculated by summing 
the total heat generated to the 1:1 end point with a correction for the background dilution enthalpy.  

 

Results and Discussion 

 Whether polyelectrolyte complexes in general are glassy or liquid-like is not reliably 
correlated to the water content.31 Water plasticizes PECs to a point,49, 50 after which it appears to 
simply dilute the dense crosslinks inherent to complexes. The chemical identity of the charge 
pairing interactions is important, as some combinations of Pol+ and Pol- provide slower pairing 
dynamics. Most of the polyelectrolyte pairs used here produce glassy material when combined 
as a complex, even when they are fully hydrated in salty water.31 Though previously employed in 
PEMUs,51 the potential glassy nature of PECs containing sulfonated PEEK has not been 
established. SPEEK is rod-like with high aromatic content and a charge of one sulfonate per three 
aromatic rings (see Scheme 2). SPEEK was prepared by sulfonation of PEEK using concentrated 
H2SO4 at 75 0C. The 1H NMR spectrum showed full sulfonation according to the structure in 
Scheme 2 (see Supporting Information Figure S2) without evidence of additional charge. The 
FTIR spectra are also consistent with full sulfonation (Supporting Information Figure S3).  

A versatile method to produce ultrathin films of PEC employs the layer-by-layer assembly 
of component polyelectrolytes (see Scheme 3) from aqueous solution.45 The layers may be 
produced by alternating dipping or, much more quickly, by alternating spraying of individual 
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polyelectrolytes52 usually starting with the polycation, as ambient surfaces are commonly 
negatively charged. Various combinations of polycations and polyanions assembled as 
multilayers have been reported to reduce fouling. Kurtz et al.53 reported that when compared to 
control glass slides, PDADMA/PSS films reduced the adhesion of E. coli. Zhu et al.54 reported 
that layer-by-layer films (crosslinked and non-crosslinked) demonstrated antifouling properties by 
preventing the adhesion/settlement of amphora and cyprids under static experimental conditions. 
We have previously reported that a coating of PSS on DOWEX X8 anion-exchange resin 
prevented fouling by C. reinhardtii. Uncoated resins, which are positively charged, permitted 
significant cell attachment, sequestering about 80% of the added algae.37   

 

 

Scheme 3. Structures of polyelectrolytes employed. Counterions not shown.  

Figure 1 shows a linear buildup of thickness with the number of layers deposited. Multilayer 
buildup was tracked using ellipsometry on the native oxide surface of silicon wafers or on fused 
silica via UV-vis absorption spectroscopy. Each layer was deposited from a 10 mM solution of 
polymer in 0.3 M LiCl by dipping in the solution for 10 mins followed by three 1 min rinses in water. 
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Figure 1. Film thickness as a function of the number of deposited layers for PEMUs. 
PDADMA/SPEEK (●); PMAPTA/SPEEK (Δ): and PVBT/SPEEK (□) deposited from 0.3 M LiCl at 
room temperature. All three systems grow linearly. Error bars are about the size of the data points, 

Linear multilayer growth is correlated with strongly-interacting polyelectrolytes and glassy 
PECs in particular.55 In such a scenario, incoming polyelectrolyte charge compensates the 
existing charge but does not strongly overcompensate or diffuse in,32 meaning a small amount of 
polyelectrolyte is added on each “layer” and the bulk of the multilayer remains charge balanced. 
The liquid-like properties of weak multilayers56 permit equilibrium excess charge, or 
overcompensation, to accumulate in the film, which yields nonlinear or “exponential” growth.57 
Many glassy multilayers exhibit a few layers of initial nonlinear growth (e.g. see the buildup of 
PVBT/PSS, Tg ~ 90 0C, in Supporting Information Figure S4). PDADMA/PSS, with a Tg of about 
35 0C, transitions from nonlinear to linear after about 14 layers.32 The immediate linearity of the 
SPEEK combinations is taken as an indication of strongly glassy properties. The charge density 
of SPEEK is low relative to many polyelectrolytes, while the backbone is relatively stiff. Sulfonation 
of PEEK beyond the level shown in Scheme 3 is difficult to achieve without degradation, since 
the introduction of the SO3

- group in the location shown in Scheme 3 deactivates further 
sulfonation.58  

While counterion release from polyelectrolytes is always present as a driving force for 
complexation,28 enthalpy changes modify the strength of interactions.56 PECs with an exothermic 
complexation enthalpy, ΔHPEC, suggest strong complexation. Isothermal titration calorimetry, 
often used to measure ΔHPEC,56, 59 provided surprisingly low values at room temperature. Due to 
the glassy nature of the complex, it was suspected that charge pairing between positive and 
negative repeat units was kinetically arrested and thus incomplete. When the ITC was repeated 
at 65 oC to accelerate this pairing, all polyelectrolytes showed exothermic complexation (see 
Supporting Information Figure S5). Observations of the thickness increment for each layer (see 
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Figure S6 for an example) showed that each SPEEK layer was about 1 nm thicker than the 
polycation layer, which is to be expected, since the SPEEK repeat unit is heavier than those of 
the Pol+ repeat units. While this suggests good pairing between bulk Pol+ and Pol-, the error for 
each layer thickness was about ± 25%. Near-stoichiometric pairing was inferred from FTIR 
observations. FTIR spectroscopy of multilayers on Si wafers showed the presence of both 
polymers. The bands from PVBT were weak compared to those from PSS, but a spectrum of bulk 
complex known to be stoichiometric showed a spectrum that was almost identical to that of the 
multilayer (see Supporting Information Figure S7 for an example).  

The surface charge switches between negative and positive depending on the identity of 
the last-added “layer,” as seen in Figure 2.  Generally, a neutral or net negative, weak surface 
charge favors antifouling properties.8, 30 At the molecular level, the release of surface counterions 
is a strong driving force for nonspecific adsorption.30 Therefore, surfaces with few or no charges 
are desired, a criterion met by PEG, polyacrylamide and other neutral hydrophilic polymers. 
Zwitterionic surfaces are also nominally net-neutral, though they usually bear an apparent 
negative charge in use.60, 61, 62   

  

 

Figure 2. Zeta potential measurements during the layer-by-layer buildup of PDADMA/SPEEK in 
0.3 M NaCl at room temperature. Each data point represents an average of 3 measurements 
under 3.5 mL s-1 flow using 1 mM NaCl as streaming electrolyte. 

Many of the excess ions in an electrical double layer are adsorbed in the Stern layer.63 
Converting zeta potential to “apparent” surface charge does not account for these ions, which are 
liberated when they are exchanged by the adsorption of materials with the same charge. This ion 
release represents an entropic driving force.30 The radiolabeling technique described above 
replaces all excess counterions at the surface, including those in the Stern layer. The 14C- 
radiolabeled probe ion, tetraethylammonium, revealed a low population of positive counterions at 
SPEEK-terminated surfaces (see Table 1), consistent with a low negative charge density from 
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excess SPEEK. This low charge density is critical in minimizing the entropic driving force for 
adsorption of released counterions.   

Table 1. Surface charge densities of cation (counterions) on SPEEK-terminated PEMUs 

Multilayer Molar Mass 
Pol+Pol- Repeat 
Unit g mol-1 

Surface Cation 
Charge 
Density (mole 
cm-2) 

Surface Density 
of Pol+Pol- Paira 

(mole cm-2) 

% Monolayer 
of Cation 
Charges 

PDADMA/SPEEK 531 1.60 x 10-11 2.04 x 10-10 7.8 ± 0.6 
PVBT/SPEEK 602 1.79 x 10-11 1.87 x 10-10 9.6 ± 0.8 
PMAPTA/SPEEK 583 3.23 x 10-11      1.91 x 10-10 16.9 ± 1 

aassumes a density of PEC = 1.2 g cm-3 

 

Antifouling coatings usually benefit from a smooth surface,64, 65 although some 
topographical features discourage settlement of organisms under flow.66, 67 The surface 
roughness of the PEMUs was investigated using atomic force microscopy (AFM). The samples 
for this measurement were prepared on a single-side-polished silicon wafer. AFM images (Figure 
3) showed that PDADMA/SPEEK had the lowest rms surface roughness, Ra, of 3.0 nm, followed 
by PVBT/SPEEK, Ra of 4.1 nm, and PMAPTA/SPEEK, with an Ra of 4.5 nm. The images reveal a 
few scattered features from 10-100 nm in size. Although the solution was passed through filters 
of (nominal) 100 nm pore size, particles smaller than 100 nm would not have been excluded. In 
addition, SPEEKLi is only barely soluble in water. Supporting Information Figure S8 shows 
dynamic light scattering results of SPEEKLi in 0.3 M and 0.5 M LiCl, with hydrodynamic radii of 
about 3 and 8 nm, respectively, and a tail down to 30 nm. Partial aggregation could explain the 
AFM features greater than 10 nm. Nevertheless, the results below suggest these features do not 
compromise the antifouling properties of the modified surface. Point theory68 is commonly used 
to relate the interaction of micro-organisms on rough surfaces. For example, Cui et al. showed 
experimentally that attachment of foulants is significantly improved when the engineered surface 
feature was similar to the diameter of the adhering cell (foulant).69 For our surfaces, sectional 
analysis (Supporting Information Figure S9) revealed roughness in orders of nanometers, 
significantly smaller than the model foulant Chlamydomonas reinhardtii which is on the order of 
10 µm in size. Static water contact angles were between 43 and 72 degrees (see Supporting 
Information Figure S10), which are intermediate between hydrophilic and hydrophobic.  
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Figure 3. Atomic force microscopy images of 10-bilayer PEMUs on Si wafer showing surface 
topology and roughness. A, PDADMA/SPEEK with surface roughness, Ra, of 3.0 nm. B, 
PMAPTA/SPEEK, Ra = 4.5 nm. C, PVBT/SPEEK, Ra = 4.1 nm.  

SEM images of 10-layer versions of the three PEMUs (45 nm thick) in Figure 3, shown in 
Supporting Information Figure S11, reveal the same morphology: a pinhole-free, uniform coating. 
Scratched areas show the smooth Si wafer underneath and fully dense films with the thickness 
measured via ellipsometry. Films remained adhered to the substrate when adhesive tape was 
pulled off them (the peel test). The stability of films in solutions of high salt concentrations was 
determined by measuring changes in ellipsometric film thickness after 1 week in 2 M and 3 M 
NaCl. Working with 10-layer PEMUs there was no significant change in the thickness (+/- 10 %) 
of any of the SPEEK-containing multilayers after 1 week of immersion in 2 M NaCl at room 
temperature. The coatings also remained intact in 3 M NaCl for a week, but appeared to become 
somewhat rougher (see Figure S11), perhaps a result of modest doping/swelling by the high 
[NaCl].  

 

A 

B 

C 
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Measuring the viscoelastic properties of film of thickness < 100 nm is challenging. In 
contrast, there are more accurate/reliable methods of viscoelastic measurements on bulk 
samples. Using a rheometer, dynamic mechanical thermal analysis on stoichiometric SPEEK 
complexes (Figure 4) revealed that these systems were glassy with Tg of > 100 oC for 
PVBT/SPEEK, an estimated Tg of 103 oC for PDADMA/SPEEK, and 79 oC for PMAPTA/SPEEK. 
Storage modulus G′ remains constant at about 10 MPa, and loss modulus G″ about an order of 
magnitude lower, across a wide temperature range. A maximum in tanδ (= G″/G′) showing a clear 
Tg is only observed with PMAPTA/SPEEK (Figure 4). The water content, measured by drying the 
8 mm diameter tablets after rheology was completed, is given in the caption of Figure 4.    
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Figure 4. Linear viscoelastic response of SPEEK complexes. Storage modulus G′ ( ), loss 

modulus G″ (Δ) in Pa; and tan δ ( ) for A), PVBT/SPEEK (35 wt% water); B), PMAPTA/SPEEK 
(25 wt% water); C), PDADMA/SPEEK (14 wt% water) during a cooling ramp while immersed in 
0.01 M LiCl. 8 mm diameter tablets. 1 N axial strain was applied at a frequency of 0.1 Hz and a 
ramp rate of 2 oC min-1 

 

Cell Adhesion Analysis 

While passive antifouling is the ultimate property sought from these coatings, it is difficult 
to measure the difference between non-adhered and weakly adhered organisms or protein, as a 
rinsing step is usually required.  In the present case, slides were maintained vertically for 24 h in 
a dense solution of algae under stirring, then removed carefully without rinsing and placed 
horizontally in a flow chamber for observation (see Supporting Information Figure S12). The same 
medium used to grow the algae was then passed through the chamber. The term “antifouling” in 
the present case refers to the population of algae removed at the lowest flow rate available (0.8 
cm s-1 linear velocity). This is considerably less than using a “gentle stream” of media from a quirt 
bottle, which is a typical method of removing unabsorbed species.  

Observations on 10-layer PDADMA/SPEEK multilayers, ca. 40 nm thick, showed 
complete removal of all algae at the minimum flow rate (Figure 5). The control, clean bare glass, 
showed almost no removal of algae under the same conditions.  
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Figure 5. In-situ optical microscopy images of algae on bare glass, (A) before, (B) after flow, 
revealing persistent fouling; and on glass coated with 10 layers PDADMA/SPEEK of thickness 
~40 nm, C) before, and (D) after the minimum applied flow rate (0.8 cm s-1) showing complete 
detachment of algae at room temperature. Scale bar is 100 µm. 

 

Algae attachment versus shear rate for other SPEEK-containing multilayers was 
compared: PMAPTA/SPEEK; PVBT/SPEEK; and also PVBTA/PSS (see Figure 6). Above a very 
gentle flow of 1.6 cm s-1 the algae were removed from most of the coatings. The as-made 
PMAPTA/SPEEK film showed evidence of fouling, as few cells were released to the highest flow 
rate employed (25 cm s-1) - behavior similar to the uncoated glass control (Figure 6).  

A B 

C D 
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Figure 6. Profile of algae detachment under increasing flow rate at room temperature from 
uncoated glass (control) (●); PMAPTA/SPEEK (unmodified) (◊); PMAPTA/SPEEK (modified) (♦); 
PDADMA/SPEEK (Δ); PVBT/PSS (○); PVBT/SPEEK (□). 

Because of the poor performance of the as-made PMAPTA/SPEEK coating (Figure 6), the 
deposition for this pair of polyelectrolytes was modified by leaving the multilayer in the final 
SPEEK dip for 1 h instead of the usual 10 min. This additional contact time with the SPEEK 
solution allowed the accumulation of more SPEEK at the surface. As seen in Figure 6, this coating 
exhibited a partial fouling release response, with a minimum flow rate of 3.3 cm s-1 required to 
release about 70% of the algae. Additional algae were not released at higher flow rates. Montero 
et al. reported decreased biofilm formation on sulfonated PEEK surfaces.48 The reasons the 
PMAPTA/SPEEK coatings were not as effective as the other two quaternary ammonium/SPEEK 
combinations are not known, but PMAPTA/SPEEK did have the lowest Tg (Figure 4). 
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A multilayer of PDADMA and PAA was used to compare the performance of a soft film. 
Complexes with PAA or poly(methacrylic acid) tend to have Tgs below room temperature,31  
reflected in a liquid-like or “coacervate” morphology. PDADMA/PAA is gel-like and grows 
exponentially in solutions containing salt. 68 A 10-layer PDADMA/PAA multilayer showed weak 
attachment of algae (Supporting Information Figure S13) which were mostly removed by a gentle 
flow of 1.6 cm s-1 (Supporting Information Figure S14). Increasing the flow to 20 cm s-1 removed 
the rest of the algae. However, PDADMA/PAA is not stable in salt solutions of the concentration 
in seawater.70, 71 PAA combined with PAH is more tolerant of salt.72 By encouraging a high level 
of hydration (and softness) in a PEMU of PAH and PAA Mendelsohn et al. showed that fibroblast 
adsorption was prevented.40  

Figure 7. Summary of the population of algae adhered to PEMUs on glass terminated with, (A, 
polyanions, and panel B, polycations) shown here as density before and after 14 cm s-1 flow and 
percentage removal. Data with ~ 100 % removal was obtained in under 3 s while others were 
reported after 20 h under similar flow conditions. Data was averaged from 10 repeated individual 
experiments.  
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The surface charge is determined by the identity of the last layer (Figure 2), which is 
positive for an odd number of layers and negative for an even number (deposition always starts 
with the polycation). The influence of surface charge on adhesion is illustrated in Figure 7. All 
coatings except PMAPTA/SPEEK were effective for 20 layers, whereas two of the coatings failed 
to prevent algal adhesion when the number of layers was reduced to 19. The effectiveness of 19 
layers of PVBT/SPEEK and PDADMA/SPEEK was surprising, but it may indicate a near-neutral 
surface charge. In fact, the zeta potentials for the odd PDADMA/SPEEK films were lower in 
magnitude than those for the even layers (Figure 2). The 20-layer PMAPTA/SPEEK film showed 
partial foul-release behavior over time under flow (Supporting Information Figure S15) as did the 
19-layer PDADMA/PSS film (Supporting Information Figure S16).  

C. reinhardtii, like many other flagellar systems, are able to interact with (interrogate) 
surfaces via their flagella. A negatively charged surface would electrostatically repel64 the 
negatively charged N-glycan proteins that populate the cell walls of the flagella.73 The persistent 
fouling seen in most of the positively-charged surfaces could be explained in a similar way. A 
maximum of 20% detachment of adhered algae was observed at the highest flow rate for those 
films. Prior studies of algae adhesion to charged surfaces revealed that positively charged 
surfaces enhance the adhesion of foulants such as algae74,75 in agreement with most of the data 
in Figure 7B. 

 

Conclusions 

Ultrathin coatings of glassy polyelectrolyte complex were shown to be highly effective at 
preventing fouling by the common algae C. reinhardtii. Glassy coatings are not known to be 
antifouling, but in the present case, a water content and balanced positive and negative charges 
presented a surface with little driving force for adsorption. Dip- or spray-buildup of these films may 
be accomplished over a wide area on a variety of substrates. Viscoelastic measurements 
revealed no evidence for transitions in property (elastic modulus > 10 MPa) below 70 oC, 
suggesting the coating will remain rugged at most use temperatures. As with all antifouling 
coatings, performance over an extended period of time is desired and evaluations of this property 
are underway. Also underway are efforts to evaluate antifouling properties of these “zwitterglass” 
coatings using more classes of organisms, such as marine bacteria, seagrass, diatoms, and 
barnacles. The coatings described here pave the way towards new, more resilient, practical 
coatings for reducing or eliminating biofouling.  

 

Supporting Information 

Flow setup for streaming potential measurements; NMR of SPEEKLi; FTIR spectra of PEEK and 
SPEEK; comparison of layer-by-layer buildup of PVBT/PSS using UV-vis absorbance and 
ellipsometry; isothermal calorimetry titration of SPEEK with polycations; FTIR of individual 
polyelectrolytes and PECs; layer-by-layer assembly of PDADMA/SPEEK showing thickness 
increment for each layer;  dynamic light scattering for SPEEKLi solutions; sectional analysis of 
AFM images; contact angle measurements on various SPEEK/polycation surfaces; SEM images 
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of SPEEK multilayers as-made and after immersion in 3 M NaCl for a week, flow setup for algae 
adhesion; images of algae on PDADMA/PSS before and after flow; removal of adhered algae 
versus flow rate on PDADMA/PAA; removal of adhered algae versus flow rate on 20 layers 
PMAPTA/SPEEK; removal of adhered algae versus flow rate on 19 layers PDADMA/PSS. 
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