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ABSTRACT 

 

The Effects of Surface Chemistry on Polymer Hydration, Adsorption, and Fouling  

by 

Mikayla Elise Barry 

 

Polymers are commonly used in applications requiring long-term exposure to water 

and aqueous mixtures including as medical implants, marine antifouling coatings, and 

water purification membranes. In all of these, the chemistry and structure of the polymer 

surfaces determine the effectiveness of the final material via interactions with water, 

dispersed solutes, and larger biomolecular structures. In the past, scientific progress has 

been made primarily through empirical results derived from chemically distinctive coatings 

and membranes, but design rules are essential for improving the rate of advancement. 

This work leverages a two-pronged approach for relating surface chemistry to its 

effects on interactions at the water–polymer surface. Design of surfaces containing 

sequence-defined, peptidomimetic “peptoid” side chains provides fine control over both 

chemistry and the relative spacing between functional groups, while self-assembled 

monolayers (SAMs) allow for investigation of model surfaces consisting of a single 

functional group with negligible surface roughness. This work also includes the 

development of ambient pressure X-ray photoelectron spectroscopy (APXPS) for studying 

the chemistry and surface interactions in hydrated polymer surfaces. First, the presence or 

lack of hydrogen bonding in marine antifouling coatings is found to alter both the 

polymer’s interactions with water and with soft algal foulers. Afterwards, the capability of 



 xi 

side chains to present at the surface and modify polymer hydrophilicity is investigated 

using APXPS. Finally, the effects of functional group chemistry on the adsorption of small 

organic molecules are explored in APXPS experiments on model SAM surfaces. The 

findings of this work indicate that polymer surface chemistry can be modulated by minor 

changes in composition, and that these changes can have large effects on surface 

interactions with water, organic molecules, and organisms. 
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Chapter 1 

Introduction 
 

 

 

 

 

Polymers are commonly used in applications that entail long-term exposure to water and 

aqueous mixtures.  Two of these applications are of particular interest for the energy and 

environmental sectors and share many of the same design challenges.  The first, marine 

antifouling coatings, prevents the adhesion of marine organisms and biomolecules on the 

surfaces of ships and other marine structures that would otherwise severely increase fuel 

consumption1 and provide a platform for the spread of invasive species. The second, water 

purification membranes, requires polymers that allow for selective transport of water or 

certain solutes through the membrane. Here fouling is a similarly strong concern, as the 

total flux through the polymer membrane decreases dramatically when the surface is 

blocked by layers of salt or organic molecules.  

In both of these applications, the polymer surface is exposed to a complex aqueous 

mixture containing both ionic and organic solutes. Our fundamental understanding of the 

ways that polymer surfaces interact with water and with solutes is limited, however, leaving 

researchers to leverage a largely empirical approach that depends upon comparisons of 

chemically distinct coating or membrane materials. The outcomes of these comparisons 

inform, sometimes unpredictably, the design and development of novel materials.  
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Systematic research would be dramatically improved by understanding the relationship 

between surface chemistry and the resulting interactions that determine membrane success 

and failure. The present work introduces a two-pronged approach to this challenge (1) by 

the use of sequence-defined materials for marine antifouling applications and (2) by 

developing ambient pressure X-ray photoelectron spectroscopy (APXPS) as a tool for 

characterizing polymer surfaces.  

 

1.1 Polymers in underwater applications 

1.1.1 Marine antifouling coatings 

Marine fouling, or the undesirable deposition of marine organisms, is a problem 

that affects all ocean-going vessels and begins nearly immediately upon immersion. Over 

four thousand different species are known to colonize and foul manmade oceanic structures 

that range from the microscopic (e.g., bacteria and diatoms) to macroscopic (e.g. mussels, 

algae).2,3 These organisms, when attached, roughen the hulls of ships, reducing 

hydrodynamic efficiency and dramatically increasing the cost of transport: effective 

antifouling coatings would be predicted to save $150 billion USD worldwide every year.1,4  

Furthermore, fouled ships contribute to the expansion of non-native species, as has been 

observed with the marine mussel Mytella strigata in southeast Asia.5,6 While biocidal 

coatings containing tributyltin and cuprous oxide have historically been used to prevent 

adhesion, their accumulation in the ocean poses a risk to other marine life. Increasingly 

strict regulations (use of tributyltin has already been banned worldwide) and environmental 

impacts make the search for alternative coating technologies increasingly urgent.7  
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Non-toxic marine antifouling coatings represent an environmentally benign 

solution to adhesion by reducing attachment with no harmful effects on the organisms. 

These coatings typically follow two distinctive pathways to prevent permanent adhesion. 

Antifouling coatings completely prevent the settlement and growth of marine organisms 

by preferentially interacting with water at the surface. The majority of these coatings are 

made from various hydrophilic polymers including poly(ethylene oxide) (PEO), 

zwitterionic polymers, polyvinyl alcohol, polysaccharides, and hydrogels.3,8 Conversely, 

fouling release coatings permit adhesion to the surface, but have a low surface energy that 

minimizes attachment strength and allows movement through water to shear off adhered 

organisms. Most fouling release coatings are made from polydimethylsiloxane (PDMS) or 

fluoropolymers.8–10 

Because marine species have independently evolved unique mechanisms to attach 

to surfaces, development of a universally antifouling coating has been remarkably difficult. 

Amphiphilic materials that incorporate both hydrophilic and hydrophobic chemistries are 

currently heavily studied in the hopes of designing coatings with both antifouling and 

fouling release capabilities. These coatings form heterogeneous surfaces with domains on 

the micro- or nano-scale that prevent organisms from finding a suitable, sufficiently large 

surface for attachment.9,11 To date, fluorinated, PDMS, and PEG-based chemistries are 

among the most prevalent in amphiphilic coatings.12–14 For instance, fluorinated side chain 

chemistries incorporated into PEO-based block copolymers reduced settlement and 

enhanced release of Ulva algae, which are known to adhere well to hydrophilic polymers.15 

PDMS copolymers containing PEGylated-fluoroalkyl modified polystyrene or acrylate 

blocks demonstrated improved algal fouling release of Ulva,16 as well as reduced barnacle 
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settlement (Balanus amphitrite) and fouling upon immersion.17 Incorporation of PEO-

siloxane amphiphiles into crosslinked siloxane coatings has been shown to improve coating 

performance against bacteria and diatoms, as well as reduce microfouling on samples 

submersed in the Atlantic Ocean for up to twenty weeks.18 Crosslinked siloxane-

polyurethanes with PEG co-macromers similarly resist diatom, algae, and barnacle 

adhesion.19 

1.1.2 Water purification membranes 

Maintaining and expanding worldwide access to clean water has become 

recognized as one of the most significant challenges in the upcoming years, made difficult 

by the limited amount of relatively clean water sources.20–22 Water purification membranes 

consist of a thin, often polymeric, interphase separating adjacent aqueous phases. These 

display selective permeability between the aqueous phases by either size-exclusion, 

electrostatic, or solute–membrane interactions and therefore serve as energy-efficient 

candidates (versus thermally based mechanisms) for water treatment.23,24 Today, various 

polymer membranes are used for water purification and energy applications including 

reverse osmosis, microfiltration and ultrafiltration, electrodialysis, photoelectrochemical 

cells and fuel cells, but are inadequate for purification of highly impaired water that 

contains large amounts of organic or saline contaminants.25,26 Current membranes have low 

selectivity for many neutral contaminants, such as boron,27 are poor at discriminating 

among ions of the same valence,27 are limited by fouling,28–30 and must also balance the 

permeability–selectivity trade-off.22,31 As water supplies expand to highly complex, non-

traditional water sources, significant technological advances are needed in order for 
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membranes to sufficiently improve fresh water production, resource recovery, and energy 

generation.22,27,32  

Improvement of purification membranes is hindered by the glaring gaps in current 

understanding of the processes that govern passage of water and solutes through 

membranes at the molecular level.22 As noted before, a major challenge limiting further 

adoption of membranes for water purification is the tradeoff between permeability (i.e., 

how fast molecules pass through a membrane) and selectivity (i.e., the extent to which 

desirable solutes are separated from the rest).27,33 In addition, fouling of membrane surfaces 

and the interior of membrane pores by solutes reduces water flux, decreases permeate water 

quality, and increases energy consumption.22,34 Both of these challenges are inherently 

affected by the surface chemistry of the membrane–water interface. A fundamental 

understanding of the surface interactions with solutes and water in such materials, 

especially the influence of polymer chemistry on these interactions, is crucial for 

developing next-generation membranes with improved properties.  

Surface modification of polymer membranes has been crucial for preventing 

fouling on membranes during operation, as hydrophobic materials that are useful for 

maintaining membrane structural integrity in hydrated conditions tend to experience severe 

fouling.22,32 Surface modifying macromolecules have thus been heavily studied for 

improving flux during operation and are already developed by commercial sources.32,35,36 

Copolymerization with PEO end blocks or side chains, for instance, has been shown to 

improve fouling resistance and flux for polysulfone membranes (PSf),37 poly(ether sulfone) 

(PES),38 and polymethacrylate/poly(vinylidene fluoride) blends39 and during operation. 

Similarly, modification of poly(vinylidene fluoride) membranes with poly(methacrylic 
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acid) and poly(oxyethylene methacrylate) side chains was found to reduce protein 

adhesion.40 In addition to incorporation of hydrophilic polymers, low surface energy 

fluorinated chemistries have been investigated. Incorporation of fluorinated 

macromolecules into PES membranes suggested improved fouling resistance by their 

ability to maintain higher flux in oil/water emulsions.41 Other approaches include coupling 

small molecules such as zwitterions42 sulfonation to hydrophobic polymers,43,44 interfacial 

or layer-by-layer polymerization of polyamide monomers on the membrane surface,45,46 

plasma treatment,47–49 and modification with polydopamine.50–52 

 

1.2 Controlled chemistries for improving materials design 

In both marine antifouling and water purification, polymer surfaces have been 

explored extensively to mitigate fouling, and do so by directing interactions with water, 

dispersed solutes, and larger biomolecular structures. The chemistry of polymer surfaces 

is understood to directly affect overall hydrophilicity but modelling further predicts that 

the nanoscale spacing of these moieties modulates hydration water dynamics and water 

mobility.53 Polymers containing sequence-defined side chains can provide fine control over 

both chemistry and the relative spacing between functional groups, and are therefore 

excellent model systems for understanding the interactions at polymer–aqueous interfaces 

(Figure 1-1). 
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Figure 1-1. Amphiphilic surfaces can be created by incorporating sequence-defined 

chemistries such as peptides or biomimetic peptoids as side chains. 

One method for providing molecular-scale patterning in a polymer is via 

incorporation of sequence-defined peptidomimetic N-substituted glycine oligomers, or 

peptoids. Peptoids enable control of monomer type in defined sequences along the chain 

through an iterative synthesis of sub-monomer units.54,55 Because the formation of the 

amide group in each peptoid monomer is divided into two reactions, virtually any primary 

amine can be incorporated into the chain, with a higher yield per reaction that allows for 

increased (gram-scale) batch size and polymeric chain lengths compared to peptide 

synthesis. Furthermore, N-substitution in peptoids results in a tertiary amide that inherently 

lacks hydrogen bond donors, enabling finer control over the functionalities present in the 

final material. Consequently, peptoids are suitable materials for understanding the role of 

surface chemistry and distribution in applications such as marine antifouling and water 

purification. 
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While peptoids provide excellent scale for controlling monomer chemistry and 

order on a polymer surface, control over spatial distribution of functional groups is still 

limited and the presented surface is chemically complex. For fundamental inquiries 

requiring simple surfaces, self-assembled monolayers (SAMs) are advantageous. These 

densely packed monomolecular layers are formed by the adsorption and spontaneous 

assembly of organic molecules, and which enable study of singular functional group 

chemistries on a flat, homogeneous surface.56,57 These molecules contain a head group that 

presents at the outer surface, a (typically alkyl) backbone of oligomer size, and a reactive 

linker that binds to a metal substrate. Several distinctive classes of SAM molecular 

chemistries have been formed. The most prevalent consist of thiols linked to gold or other 

oxide-free metals, or silanes bound to hydroxylated surfaces such as silica. Phosphonates, 

fatty acids, peptides, peptoids, and many others have also been used to form self-assembled 

monolayer chemistries.58 

Surfaces formed with peptoids or SAMs are particularly useful for relating 

chemistry to interfacial interactions, which determine the ultimate success or failure of 

marine antifouling coatings and membranes. Intermolecular forces that govern 

macromolecule interaction, including London dispersion forces,59 dipole-dipole 

interactions, and hydrogen bonding, heavily shape adsorption of both solutes and marine 

fouling organisms. Dispersion forces resulting from temporary dipole fluctuations can 

occur between all molecules, but are low in magnitude.59 Similar interactions can occur 

between molecules that have permanent dipoles, where the atoms in the molecule differ 

locally in electron density due to the non-uniform sharing of electrons dependent on each 

atom’s electronegativity. Atoms in these molecules have permanent partial charges can 



 9 

interact with oppositely charged atoms in other molecules or with atoms having temporary 

dipoles. These interactions are stronger than London dispersion forces, but require polar 

bonds that distribute electrons between the atoms unequally.  

However, hydrogen bonding likely has the greatest impact on marine fouling 

organisms due to the role played by proteins in the adhesion process. Though the magnitude 

of this interaction is only on the order of a tenth of that of a covalent bond, hydrogen bonds 

are recognized to have great impacts on cohesive properties of materials, causing 

deviations in melting temperature, density, and even enabling the secondary structure used 

by biological systems.60 Hydrogen bonding very strongly affects adhesive strength in 

biologically-sourced materials. Amide groups, as found in proteins, contain both a 

hydrogen bond donor (in the nitrogen-linked hydrogen) and hydrogen bond acceptor (in 

the carbonyl oxygen). The oxygen in ether and ester groups can act as hydrogen bond 

acceptors, but cannot engage in hydrogen bonding without a donor. Marine fouling 

organisms are known to depend on proteins with large numbers of hydrogen bond donors, 

particularly polyphenols, in adhesive plaques.61 Polymers containing these and other 

hydrogen-bonding groups have already been designed for adhesive and self-healing 

applications,62,63 but ongoing research is still investigating appropriate materials to prevent 

attachment of these chemistries for marine antifouling and membrane applications. 

 

1.3 Surface characterization of membranes and underwater coatings 

Investigation of interfacial intermolecular interactions, such as those between water 

molecules and a surface, requires the use of in situ characterization methods. Because 
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polymer surfaces are capable of restructuring between dry and aqueous conditions, in situ 

methods are also necessary for evaluating the surface chemistry in conditions similar to 

membrane or marine antifouling coating operation. Contact angle goniometry has 

traditionally been used to characterize the hydrophilicity and restructuring of polymer 

surfaces in response to water conditions, but is limited to qualifying surface energy. 

Spectroscopic and microscopic characterization of surfaces in situ and in operando has 

advanced significantly in the last few decades,64 and greatly improved our ability to probe 

polymer surfaces under aqueous conditions.  

Modern microscopy methods have become especially useful for characterizing 

water–surface interactions and topography, with sub-molecular spatial resolution.65 

Underwater atomic force microscopy (AFM) is commonly used to investigate the 

topography of hydrated polymer materials,66 as well as the effects of secondary conditions 

such as temperature67 and pH68 on the surface. Interactions between the surface and an 

AFM cantilever tip, such a bubble probe, allow for quantification of hydrophobic 

interactions69,70 and hydrogen bonding71 in aqueous media. Scanning tunneling microscopy 

(STM) has also been used to understand aggregation of nucleic acid polymers 

underwater.72,73 Both STM and AFM enable observation of one- and two-dimensional 

water hydrogen bonding structures on simple surfaces,74–76 hinting at further potential for 

characterization of water–polymer interfaces. 

Vibrational spectroscopy has also become an essential tool for understanding 

chemistry-specific interactions underwater. This group of techniques measures the 

vibrational energy of chemical bonds, where both the position and relative intensity of 

spectral features provide insight on chemistry and interactions. While Raman, infrared (IR), 
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attenuated total reflection (ATR) IR, and THz absorption have been useful for 

characterizing water at interfaces,65 sum-frequency generation (SFG) spectroscopy is 

particularly advantageous for characterizing the surface’s chemistry and its interactions 

with water and solutes. In contrast to IR and Raman that inherently derive signal from bulk 

as well as interfacial species, SFG vibrational spectroscopy probes molecular vibrations 

that take place exclusively at the interface (Figure 1-2). Specifically, resonant IR light 

excites particular vibrational modes that are then further interact with non-resonant visible 

light pulse in an anti-Stokes scattering process. Light is then released with a frequency 

equivalent to the sum of the visible and IR pulses and with a phase dependent on molecule 

orientation (and therefore sensitive to the surface over disorganized bulk).  

 

Figure 1-2. Sum-frequency generation (SFG) spectra result from the combination of 

infrared (IR) and Raman processes. Briefly, (a) IR operates by absorption of radiation 

corresponding to bond vibrational energies, whereas (b) Raman spectra result from 

inelastic scattering (41). Together, IR and Raman yield a summed frequency wave with a 

phase dependent on the exact orientations of interfacial water (c). Disordered water at the 

surface does not induce signal owing to destructive interference. (Adapted from Ref. 64 

with permission from Annual Reviews Chemical and Biomolecular Engineering.) 

Like IR, SFG vibrational spectroscopy distinguishes bond vibrational energies of 

surface species. It is also capable of detecting interfacial water alignment and orientation, 

as well as the degree of hydrogen bonding, via the position and intensity of the OH 
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stretch.77,78 Because SFG vibrational spectroscopy is compatible with measurements 

ranging from ambient air to aqueous solutions, it has been used for identifying restructuring 

in a wide array of polymers.78 Understandably, polymer restructuring was found to vary 

among different surfaces, ranging from no response to changes in side chain orientation to 

large scale backbone restructuring. The polymer surface is complementarily capable of 

affecting surface water orientation as seen in SFG and Raman spectroscopy: water 

molecules are known to orient differently around hydrophobic surfaces versus hydrophilic 

ones,79 while polyampholytes with balanced ratios of positively and negatively charged 

monomers showed minimized disruption of bulk water orientations.80–82 This was seen to 

correlate with reduced fouling by proteins and cells, suggesting biocompatibility and 

fouling resistance are heavily influenced by perturbations of water structure.80 

These techniques, while all useful, would benefit from pairing with a quantitative 

characterization of polymer surface chemistry. However, traditional electron-detecting 

spectroscopies such as X-ray photoelectron spectroscopy (XPS), Auger electron 

spectroscopy (AES), and near edge X-ray absorption fine structure (NEXAFS) require the 

use of high vacuum environments.83 As demonstrated by SFG, investigation of polymer 

surface chemistry for hydrated conditions must be done in situ. Ambient pressure XPS 

allows for characterization of surfaces in hydrated conditions, making it particularly 

appealing as a complementary technique for understanding the surface chemistry and the 

way it changes underwater as well as quantifying affinity for water in terms of sorption. 

 



 13 

1.4 Ambient Pressure XPS for characterizing surface chemistry in situ 

1.4.1 Fundamentals of ambient pressure X-ray photoelectron spectroscopy 

 XPS is a standard surface-sensitive chemical analysis technique primarily 

employed to identify quantitative atomic surface concentration of solid materials. In this 

technique, X-rays are used to excite and eject electrons in nonbinding core levels of an 

atom in a process known as the photoelectric effect.84 By detecting the kinetic energy of 

these ejected photoelectrons (using a hemispherical analyzer), the binding energy can be 

found according to energy conservation. Specifically, the electron binding energy (Eb) is 

equivalent to the difference between the total photon energy (hν) and the measured kinetic 

energy (Ek) with the work function of the particular electron analyzer (𝜙).85 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘 − 𝜙 

The binding energy of an electron is mostly affected by the quantum state of the atomic 

orbital from which it comes (e.g., 1s, 2s, etc.) but is also affected by minute changes in 

chemical environment imposed by interatomic bonding. These shifts allow XPS to 

elucidate a more detailed description of surface presentation beyond simple atomic 

composition, making it especially useful.  

Because photoelectrons are detected in XPS, their probability of reaching the 

detector after emission simultaneously provides XPS with its surface sensitivity and 

necessitates measurement under vacuum conditions. While X-rays penetrate far further into 

the sample (typically 0.1-10 μm depending on photon energy),86 the attenuation of 

photoelectrons in a solid material limits electron escape out from the surface. This 

phenomenon is often referenced in terms of the inelastic mean free path (IMFP), which 

(Eqn 1.1) 
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describes the average distance that electrons travel before losing energy from interactions 

with matter. The IMFP of photoelectrons through solid material is on the order of 

nanometers, largely determined by the chemistry of the material with some further 

dependence on the electron’s kinetic energy. Bulk photoelectrons thus provide a negligible 

portion of XPS signal, and most detected electrons come from the top few nanometers of 

the surface.84 However, the presence of a gas or vapor atmosphere would still rapidly 

attenuate signal; water vapor at only 1 Torr limits photoelectrons (Ek = 100 eV) to an IMFP 

of ~1 mm.87,88 Consequently, XPS systems are traditionally run at ultrahigh vacuum (UHV; 

<10-7 Torr).83 

However, great demand for measurements under in situ or operando conditions 

prompted the development of ambient pressure X-ray photoelectron spectroscopy 

(APXPS).64,89 This technique allows for in situ surface chemistry measurements with vapor 

or gas phase present, and addresses two fundamental challenges. APXPS systems 

overcome the limited IMFP of photoelectrons by leveraging a differential pumping system 

between the analysis chamber and analyzer (Figure 1-3).90 Ejected electrons travel ~100 

μm through ambient conditions before passing through a conical aperture into a series of 

chambers each with rapidly reduced pressure (and therefore vastly increase the IMFP).87 

Electrons eventually reach the analyzer at ultrahigh vacuum conditions. The use of 

differential pumping introduces a secondary technical concern: electrostatic lenses are 

required to focus photoelectrons through the apertures connecting the different stages. 

These must be spaced appropriately (i.e., have sufficiently sized gaps between elements) 

and lens tables must be used to limit electric potential differences in order to avoid large 

electric field gradients that cause gas discharging.87  
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Figure 1-3. Differential pumping in APXPS allows the sample chamber to be maintained 

at higher pressures while electrons pass (guided by lenses) through multiple apertures with 

reduced pressures, until reaching the analyzer at ultrahigh vacuum conditions. 

While the first laboratory APXPS units were built in the 1970s, synchrotron X-ray 

sources are particularly ideal for APXPS due to the high flux that minimizes the effects of 

attenuation by gas.90 These sources also enable exposure to X-rays with tunable photon 

energy, which is useful for depth profiling experiments. Energy conservation (Eqn 1.1) 

stipulates that changing photon energy (hν) proportionally affects kinetic energy. X-rays 

with higher photon energies, for instance, increase the kinetic energy of photoelectrons and 

their inelastic mean free path, allowing for escape from deeper within the surface. 

Synchrotron APXPS allows for control over the measurement depth unparalleled by 

laboratory XPS, which use either Al Kα or Mg Kα as the X-ray source to produce photons 

at 1486.7 or 1253.7 eV, respectively. For laboratory XPS, a photoelectron’s kinetic energy 

depends on the atomic core level (e.g. O 1s) from which it came, where higher binding 

energies result in electrons with lower kinetic energy that can only escape closer to the 

surface. Synchrotron APXPS systems enable alteration of X-ray photon energy to match 

photoelectron kinetic energy across all core levels, allowing the same depth to be sampled 
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regardless of the photoelectron’s original electronic environment. Depth probing can also 

be performed by decreasing or increasing the photon energy of incoming X-rays to sample 

nearer or further from the surface, respectively. Soft X-ray APXPS (hν < 2 keV) is typically 

used to investigate the top few nanometers of surface in pressures up to 2-3 Torr,91 while 

use of tender X-rays (2-10 keV) enables probing under fully hydrated conditions and 

through a solid-liquid interface, penetrating on the order of tens of nanometers into the 

film.92 Synchrotron APXPS is thus convenient for measuring polymer surface chemistry 

over depths from ~1-30 nm and under tunable conditions from ultrahigh vacuum to 100% 

humidity at room temperature (20 Torr water vapor). 

1.4.2 APXPS for polymer materials 

Interactions with water critically affect polymer performance in underwater 

applications by influencing surface properties in the hydrated state and by forming a 

nanometers-thick hydration layer that mediates interactions with solutes.93 Polymer 

coatings that are studied ex situ in XPS show surface chemistry that may not be 

representative of the interface present underwater. APXPS, by providing information on 

atomic concentration in water vapor pressures up to 20 Torr (100% humidity at room 

temperature) allows for an accurate understanding of polymer surface chemistry in relevant 

conditions. APXPS also enables fine control over the pressure in the analysis chamber to 

facilitate observation of restructuring. Depth profiling is also particularly useful for 

understanding polymer materials and their restructuring, as the relative changes in atomic 

composition can be used to formulate a representative model of the surface in the (surface-

normal) z-direction.  
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In addition to determining water’s effects on polymer surface chemistry, APXPS is 

useful for identifying and quantifying interactions between water and the surface. Amounts 

of adsorbed water can be determined quantitatively and thereafter serve as a metric for 

comparing atomic-level hydrophilicity. Chemical shifts in the O 1s core level can further 

elucidate the state in which water interacts with the surface: for many metal surfaces, 

adsorption is mediated first by chemical hydroxylation of the surface. These sites form 

strong hydrogen-bonding environments that then facilitate molecular water adsorption.94 

However, organic materials participate in molecular adsorption of water that is fully 

reversible, as demonstrated in an APXPS study comparing the hydrophilicity of organic 

functional groups on simple self-assembled monolayers (SAMs).95 In this work, the 

amount of water that adsorbed to these materials varied depending on the hydrophilicity of 

the monolayer head groups; while the methyl-terminated SAM showed no water adsorption 

up to 1 Torr, alcohol- and carboxylic acid-terminated SAMs formed partial multilayer 

water films. The presence of hydrogen bonding sites for water at these two functional 

groups are presumed to be responsible for this adsorption, emphasizing the importance of 

chemical functionalities in membrane design. This has held true for measurements taken 

of polymeric thin films derived from poly(styrene sulfonate) and related polymers, which 

showed a dependence on both the types of secondary interactions experienced by the 

polymer and the counterion identity for the sulfonated polymers.91 However, these 

materials were seen to experience water sorption: probing different depths had no effect on 

measured water content, and polymers are known to sorb water based on the 

thermodynamic mixing favorability.96,97 APXPS of polymer materials can provide a useful 

comparison of chemical functionalities and their specific interactions with surface water, 
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and these quantitative predictions of water affinity enable more well-informed polymer 

materials design. 

1.4.3 APXPS for water purification membranes 

As water treatment processes are tuned to address more complex waters, 

interactions at solute–membrane interfaces that drive desired (water transport, contaminant 

rejection) and undesired (fouling) interactions must be understood to tailor future design. 

XPS has largely been used to understand fouling chemistry ex situ, limiting the information 

on direct functional group interactions that trigger undesirable adsorption. APXPS also 

shows significant potential for characterizing solute–solute, solute–membrane, and solute–

water interactions on membrane interfaces and elucidating of fouling mechanisms. 

Fundamentally, small molecule solutes can be introduced in the vapor phase as a method 

of identifying solute affinity for the surface, both with and without water present.  

Experiments have already been performed in environmental science that investigate 

affinity of organic molecules onto ice. Recently, specialized APXPS methods employed at 

synchrotron facilities have already been applied to explore the chemistry of 

electrochemically-controlled interfaces between solids and liquids.92 Liquid cell designs 

for XPS measurements have incorporated Nafion membranes to separate the high pressure 

cell from the XPS chamber and to simultaneously serve as electrolyte. While this allowed 

oxygen evolution at an anode to be tracked, the membranes themselves were not further 

characterized.98,99 These liquid cell designs could be leveraged to probe in situ solute 

transport through Nafion and other electropotential-based membrane systems used in water 

treatment (e.g., ion exchange membranes used in electrodialysis). APXPS is also useful for 

monitoring the electrical potentials that develop on surfaces, such as the electric double 
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layer.100 Although the structural and chemical complexity of membrane–water interfaces 

makes these analyses more difficult, APXPS could be leveraged to measure potential 

development at the membrane–solution interface that would explain the partial exclusion 

of co-ions from absorbing into charged polymers. In turn, these experimental findings 

could be applied to the development of models that more accurately predict ion partitioning, 

among other transport properties, in ion exchange membranes. 

 

1.5 Motivations and dissertation scope 

Polymer surfaces are prevalent in underwater applications ranging from water 

filtration membranes to marine antifouling coatings. For each application, the ability of the 

surface to elicit appropriate responses from dissolved solutes, biomolecules, and larger 

particles and organisms determines the success of the final material. Historically, empirical 

results derived from chemically distinctive coatings and membranes have been used to 

guide the fields.25,101 In order to improve the rate of advancement, design rules are essential 

but difficult to ascertain from polymers with larger degrees of dispersity. Leveraging 

sequence-defined materials enables control over both chemistry and molecular-scale 

spacing that has been shown to significantly impact interactions with water and marine 

organisms.102–104 The ease of synthesis and diversity of chemical functionalities for 

polypeptoids makes them particularly desirable,54 while incorporation into block 

copolymers makes polypeptoids feasible for larger-scale testing without compromising the 

impact of sequence control. Self-assembled monolayers also are useful for creating well-

ordered surfaces required for highly controlled experiments. These densely packed 
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monomolecular layers enable study of singular functional group chemistries with 

negligible surface roughness. 

In addition to creating sequence-controlled, highly tunable surfaces, advances in 

understanding the underwater polymer interface are essential. While much progress has 

been made in recent years, relatively few techniques provide chemical information on 

polymer surfaces in underwater conditions. Ambient pressure XPS (APXPS) presents the 

opportunity to gather quantitative information on both surface chemistry and water 

interactions in terms of adsorption and sorption. Furthermore, synchrotron radiation 

sources can provide depth profiling of polymer materials in both dry and hydrated 

conditions. This technique has primarily been used to study well-ordered inorganic 

surfaces, but investigation of organic and polymeric surfaces is becoming more 

prevalent.91,105,106  

This thesis describes the creation and study of tunable water–polymer interfaces by 

pairing sequence-defined materials and controlled self-assembled monolayer surfaces with 

ambient pressure X-ray photoelectron spectroscopy (APXPS) and other surface-sensitive 

techniques. Combined, the ability to control the chemistries present at the surface and 

quantitatively characterize them presents an opportunity for development of essential 

design rules for applications such as marine antifouling and water purification membranes. 
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Chapter 2  

The role of hydrogen bonding in peptoid-

based marine antifouling coatings1 
 

 

 

 

The benefits of incorporating amphiphilic properties into antifouling and fouling-release 

coatings are well-established. Use of sequence-defined peptides and peptoids in these 

coatings allows precise control over the spacing and chemistry of the amphiphilic groups, 

but amphiphilic peptoids have generally outperformed analogous peptides for reasons 

attributed to differences in backbone structure. The present work demonstrates that the 

superior properties of peptoids relative to peptides are primarily attributable to a lack of 

hydrogen bond donors rather than to their secondary structure. A new amphiphilic peptoid 

was designed containing functional groups similar to those typically found on a hydrogen-

bonding peptide backbone. This peptoid and a non-hydrogen-bonding peptoid analogue 

were incorporated as side chains in PDMS-based polymer scaffolds. Bioassays with the 

soft algal fouling organisms Ulva linza and Navicula incerta indicate that hydrogen 

bonding largely determines the differences seen between similar peptide and peptoid 

 
1Emily Davidson designed and synthesized the peptoid sequences with support from Anastasia Patterson and 

Beihang Yu. Chengcheng Zhang and Ketaki Malaviya performed SFG and contact angle measurements, 

respectively, and Amanda Leonardi and Nilay Duzen synthesized the PDMS-based copolymer. 
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species, while sum frequency generation vibrational spectroscopy suggests that the 

presence of hydrogen bond donors enhances interfacial water structuring. This reduced 

initial U. linza adhesion, but attached algae were more strongly bound by hydrogen 

bonding interactions. Consequently, amphiphilic peptoid materials lacking hydrogen bond 

donors are better suited to resist marine fouling, with enhanced release of U. linza and 

similar performance against N. incerta relative to hydrogen-bonding analogues. 

 This chapter was reproduced with permission from: Barry, M. E.; Davidson, E. 

C.; Zhang, C.; Patterson, A. L.; Yu, B.; Leonardi, A. K.; Duzen, N.; Malaviya, K.; 

Clarke, J. L.; Finlay, J. A.; Clare, A. S.; Chen, Z.; Ober, C. K.; Segalman, R. A. The role 

of hydrogen bonding in peptoid-based marine antifouling coatings. Macromolecules 

2019, 52 (3), 1287-1295. Copyright 2019 American Chemical Society. 

 

2.1 Introduction 

Marine fouling, caused by the attachment of a broad range of organisms to marine 

structures including ships’ hulls and offshore rigs, begins soon after exposure to an oceanic 

environment. The surface initially experiences biomolecule deposition, but this is quickly 

followed by colonization with unicellular organisms such as bacteria, algae (often 

predominantly diatoms), fungi and protozoa. Simultaneously, larger organisms may begin 

to attach, including hard calcareous fouling organisms such as tubeworms and barnacles 

and larger algae including species of Ulva. The presence of these organisms dramatically 

increases surface roughness and reduces hydrodynamic efficiency for ocean-going 

vessels.1-4 Fouling by soft algal slimes requires ship power output to be increased over 20% 

to maintain cruising speed, and even moderate settlement of calcareous fouling organisms 
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can double the power necessary for transport.5 Coatings containing biocides, such as 

copper or tri-n-butyltin (TBT), have historically been used to limit the settlement and 

growth of fouling organisms.2, 6 However, organotins have since been banned by the 

International Maritime Organization due to their toxicity to marine life,2, 7 and other metal-

containing biocides are already heavily regulated due to environmental risks.2, 8 As a result, 

there is significant interest in developing biocide-free antifouling materials.6, 9 

Nontoxic fouling-resistant coatings interfere with the adhesion of fouling 

organisms via two mechanisms. Antifouling materials, such as those incorporating 

poly(ethylene oxide) PEO or zwitterions, operate by preventing initial adhesion of the 

organisms.10-12 In contrast, organisms can attach to fouling-release materials, such as those 

containing fluoropolymers and polydimethylsiloxane (PDMS), but only weakly; the 

polymer’s low modulus and low surface energy enhance removal of fouling organisms by 

hydrodynamic forces.2-3, 13 Many different materials have been tested, but siloxane coatings 

containing silicone oil lubricants in particular have shown excellent fouling-release 

properties.14-15 Another approach is to include amphiphilic groups in the coatings where it 

has been shown that the combination of hydrophilic and hydrophobic components at the 

surface can be particularly effective in minimizing permanent attachment.16-18 A wide 

variety of chemical structures have been used in these amphiphilic materials and can be 

found in a number of reviews.3, 11, 19-20 However, comparison of the functional groups that 

provide these amphiphilic materials with their antifouling properties is difficult, as 

amphiphilic materials are known to induce varying responses depending on the length scale 

of the hydrophilic and hydrophobic components as well as the components’ chemical 

identities.21-23  
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The incorporation of unique amphiphilic groups into surface-active block 

copolymers (SABCs) is an effective framework for studying the antifouling and fouling-

release properties of selected chemistries.22, 24-26 Chemical functionalities can be attached 

via click chemistry as side chain substituents in a block copolymer, allowing for direct 

comparison of a number of functional groups on a single, unchanging polymer scaffold. 

Full coatings can also be produced that consist of a thin layer of SABC above 

commercially-available polystyrene-b-poly(ethylene/butylene)-b-polystyrene (SEBS), 

allowing for surface chemistries to be varied without compromising mechanical stability 

or altering the polymer modulus. Perhaps most importantly, minimal amounts of surface-

active functionalities incorporated into only the top layer of the coating can significantly 

alter surface properties and antifouling characteristics. This system has been used to 

independently investigate the roles played by amphiphile chemistry,26 moiety patterning,22 

and block copolymer framework identity24 on antifouling and fouling-release profiles.  

Precise control over the length scale for a wide range of modular amphiphilic 

components can be attained in these SABCs with the use of peptoids, sequence-defined 

peptidomimetic N-substituted glycine oligomers. An iterative synthesis of sub-monomer 

units allows for control of monomer type in defined sequences along the peptoid chain.27-

28 Because the formation of the amide group in each peptoid monomer is divided into two 

reactions, virtually any primary amine can be incorporated into the chain, with a higher 

yield per reaction that allows for polymeric chain lengths and increased (gram-scale) batch 

size, relative to peptides. Furthermore, N-substitution in peptoids results in a tertiary amide 

that inherently lacks hydrogen bond donors, unlike the secondary amides present in 
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peptides, and eliminates the chirality of the backbone α-carbon that enables secondary 

structure in peptides (Figure 2-1). 

 

Figure 2-1. Peptoid N-substitution changes the backbone structure relative to peptides, 

eliminating backbone chirality as well as the amide hydrogen bond donor. 

SABCs leveraging amphiphilic peptoids as side chains have been shown to reduce 

fouling through both antifouling and fouling-release methods.21, 23 However, amphiphilic 

peptides have not demonstrated the same degree of success for marine fouling applications: 

peptide side chains on modified poly(dimethylsiloxane) (PDMS) block copolymer coatings 

have been shown to have higher attachment of Navicula incerta and significantly reduced 

surface-release efficacy for Ulva linza relative to coatings modified with analogous peptoid 

side chains.23 Despite their similar chemical structure (Figure A1 in Appendix A), the 

peptide-containing samples also demonstrated significantly reduced U. linza settlement. 

Because analogous pendant groups were used for the peptoid and peptide side chains, the 

contrasting antifouling behavior was attributed to differences between the peptide and 

peptoid backbones. 

To better understand the role of hydrogen bonding in antifouling and fouling-

release performance, a new hydrophilic peptoid monomer has been developed that 

contained a hydrogen-bond-donating amide group added to the hydrophilic moiety from 

previously-tested amphiphilic peptoids.23 Amphiphilic peptoids containing either this 

hydrogen-bonding monomer or a non-hydrogen-bonding analogue were incorporated into 
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PDMS-based SABCs (Figure 2-2) to determine the effects of hydrogen bonding on the 

attachment and release of fouling algae. Further surface characterization performed via 

sum-frequency generation (SFG) vibrational spectroscopy suggests a competing hydration-

based mechanism for differences in performance. 

 

Figure 2-2. (a) Analogous hydrogen-

bonding or non-hydrogen-bonding 

pendant groups were incorporated into 

amphiphilic peptoid side chains on a 

PDMS-based surface-active block 

copolymer (SABC). (b) Samples 

consisted of a spray-coated SABC on a 

spin-coated SEBS underlayer to form 

the final coating. Annealing enabled 

diffusion between polystyrene 

microphase-segregated spheres in both 

layers, lending mechanical stability to 

the final coating. 

 

 

2.2 Experimental Methods 

2.2.1 Materials 

All materials were purchased from Sigma-Aldrich and used as received, unless 

otherwise noted. Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene 

(SEBS, MD6945) and maleic anhydride-grafted SEBS (MA-SEBS, FG1901X) were 

generously provided by Kraton Polymers. Hexamethylcyclotrisiloxane (D3) and 1,3,5-

trivinyl-1,3,5-trimethylcyclotrisiloxane (V3) were purchased from Gelest. Boc-ethylene 
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diamine, Boc-ethanolamine, and S-trityl-3-mercaptopropionic acid were purchased from 

Oakwood Chemicals. Basic alumina and 2,2-dimethoxy-2-phenylacetophenone (DMPA) 

were obtained from Acros Organics, and triethylene glycol monomethyl ether was 

purchased from Fluka Analytical. Bromoacetic acid was purchased from Alfa Aesar and 

dichloromethane was purchased from Fisher Scientific. Dimethylformamide (DMF) was 

purchased from VWR, N,N’-diisopropylcarbodiimide was purchased from Chem-Impex, 

and Rink amide MBHA resin (0.80 mmol/g) was purchased from Millipore Sigma. 1H,1H-

perfluoropentylamine was purchased from Manchester Organics, and triisopropylsilane 

(TIS) was purchased from TCI. Dry tetrahydrofuran used in synthesis was purified by 

solvent columns (PureSolv) from Innovative Technology, Inc. 

Tetrahydrofuran (THF), styrene, and 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane 

(V3) for anionic polymerization of polystyrene-block-poly(dimethylsiloxane-ran-

vinylmethylsiloxane)-block-polystyrene (PS-b-P(DMS/VMS)-b-PS) were dried by stirring 

over ground calcium hydride (CaH2), then distilled and degassed by a freeze–pump–thaw 

process. Hexamethylcyclotrisiloxane (D3) was dried by stirring in benzene over CaH2, 

distilled, and then sublimed into a flask containing benzene and a living anionic 

polystyrene polymerization, polymerized with sec-butyl lithium. Continued stirring further 

dried the D3 until the solution was colorless, after which the benzene was distilled and the 

D3 sublimed into a clean flask. D3 concentration in benzene was determined by 1H-NMR. 

Dichlorodimethylsilane and chlorotrimethylsilane were purified by distillation and 

degassed by a freeze–pump–thaw process. 
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2.2.2 PS-b-P(DMS/VMS)-b-PS synthesis  

PS-b-P(DMS/VMS)-b-PS synthesis followed an established procedure previously 

reported.23 In brief, polystyrene was polymerized with sec-butyl lithium and chain-

extended with distributed polydimethylsiloxane and polyvinylmethylsiloxane. A triblock 

architecture was made by coupling active chain ends together. The final molecular weight 

of the polymer was determined by GPC, while 1H-NMR verified vinyl content. Further 

details can be found in Appendix A. 

2.2.3 Synthesis of triethylene glycol amine 

The non-H-bonding submonomer (Figure 2-2a) was synthesized by a series of 

displacements on triethylene glycol monomethyl ether (mPEG3-OH). First, mPEG3-OH 

(88.7 g, 540 mmol) and N,N-diisopropylethylamine (DIEA; 83.7 g, 648 mmol) were 

combined in 160 mL of dry tetrahydrofuran (THF), then cooled to 0 °C and purged with 

N2 for 15 minutes. Mesyl chloride (74.3 g, 649 mmol) was added dropwise and left to stir 

overnight to form the mesylated triethylene glycol amine intermediate. The white filtrate 

was removed and the reaction solution filtered through silica to remove unreacted starting 

materials. THF was then removed via rotary evaporation and the product redissolved in 

dimethylsulfoxide. Potassium phthalimide (120 g, 648 mmol) was added and allowed to 

react overnight. The phthalimide-protected triethylene glycol amine product was extracted 

into ether and purified using a basic alumina column with ethyl acetate as the eluent. 

Solvent was removed by rotary evaporation, yielding a viscous yellow liquid. 

The final submonomer product was obtained by deprotecting the phthalimide group 

with excess butylamine. A portion of the phthalimide mPEG3 (5.83 g, 19.9 mmol) was 

dissolved in 60 mL of ethanol. Butylamine (3.93 mL, 39.8 mmol) was added and the 
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reaction was stirred overnight at 70 °C. The solids were removed by filtration, and ethanol 

and excess butylamine were then evaporated under reduced pressure at room temperature. 

The crude product was redissolved in chloroform and extracted into 0.6 M aqueous HCl. 

The amine was then neutralized with 0.5 M NaOH, extracted back into chloroform, and 

dried with MgSO4. Rotary evaporation then yielded the pure submonomer product, 

confirmed by 1H-NMR and UPLC-MS. Notably, this synthesis route avoids the use of 

either sodium azide or hydrazine. 

2.2.4 Synthesis of amide-linked triethylene glycol amine 

The hydrogen-bond-donating submonomer (Figure 2-2a) was synthesized using 

DIC-mediated coupling of a triethylene glycol carboxylic acid and Boc-protected diamine. 

2-[2-(2-Methoxyethoxy)ethoxy]acetic acid (mPEG3-COOH; 80.9 g, 421 mmol) was 

dissolved in 500 mL DMF, then N,N’-diisopropylcarbodiimide (DIC; 71.1 mL, 454 mmol) 

was added and allowed to stir for 30 minutes. N-Boc-ethylenediamine (87.3 g, 545 mmol) 

in 300 mL DMF was then added. The reaction was purged with N2 and allowed to run 

overnight. DMF was removed via centrifugal evaporation and solid DIC byproducts were 

filtered out. The Boc-protected amide-linked mPEG3 amine product was purified using an 

alumina plug with ethyl acetate as eluent. 

The protected amide-linked amine was deprotected using trifluoracetic acid (TFA). 

10 g of protected amine (31 mmol) was dissolved in 60 mL DCM. TFA (40 mL, 522 mmol) 

was added dropwise and stirred for 2.5 hours, at which time thin layer chromatography 

confirmed complete removal of the protecting group. DCM and TFA were then removed 

under reduced pressure. The deprotected amide-linked amine was next dissolved in water 

and washed three times with DCM and once with ether. Water was removed using rotary 
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evaporation. The charged terminal amine was then neutralized by dissolving the 

deprotected amine product (6 g, 27 mmol) in 1 M DMF solution (27 mL), and slowly 

adding 1:1 NaOH:H2O (w/v) solution, stirring until neutral pH was reached.29 The 

submonomer identity was confirmed via UPLC-MS before the neutralized 1 M DMF 

solution was used in peptoid synthesis. 

2.2.5 Peptoid synthesis 

Peptoids were synthesized on a Prelude synthesizer (Protein Technologies) 

according to published solid-phase submonomer synthesis procedures using Rink amide 

MBHA resin.21, 23, 27 Two sequences of hexamer peptoids were made, one with three 

alternating 1H,1H-perfluoropentylamine submonomers and three triethylene glycol 

submonomers, while the other contained alternating fluorinated submonomers and amide-

linked triethylene glycol submonomers. The N-terminus of the peptoid chain was capped 

with S-trityl-3-mercaptopropionic acid that, upon cleavage and deprotection with 

trifluoroacetic acid, yielded a thiol-terminated oligomer capable of attachment to the 

PDMS-based polymer via a radical mediated thiol–ene “click” reaction. The cleaved 

peptoids were dissolved in a 1:1 acetonitrile:water (v/v) solution and washed with hexanes, 

then lyophilized to yield the pure peptoid product as confirmed by UPLC-MS (Figure A2). 

Further synthetic details can be found in Appendix A. 

2.2.6 Click attachment to polymer scaffold 

Thiol-terminated peptoids were incorporated into the siloxane triblock copolymer 

via radical mediated thiol–ene “click” chemistry as previously reported.23 Triblock 

copolymer (0.95 g, 0.3 mmol vinyl groups) was dissolved in 10 mL of dichloromethane, 

to which either the H-bonding peptoid (2.3 g, 1.3 mmol) or non-H-bonding peptoid (2.2 g, 
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1.4 mmol) were added. After adding 65 mg of 2,2-dimethoxy-2-phenyl acetophenone 

(DMPA), the solution was sparged with N2 for 30 min, then irradiated with 365 nm UV 

light while stirring for 3 h. The peptoid-modified PDMS triblock copolymer was then 

precipitated into methanol, filtered, and dried under vacuum. 1H NMR verified a 75% 

reduction of vinyl peaks for both materials, likely limited by steric hindrance associated 

with substituting three sites per V3 monomer unit with peptoid side chains (Figure A5). 

 2.2.7 Slide preparation for biofouling assays 

Coated slides for U. linza and N. incerta assays were prepared as previously 

reported.23 Microscope glass slides (3 x 1 in) were cleaned using nanostrip for 30 minutes, 

then rinsed sequentially with deionized water and anhydrous ethanol. After drying, the 

clean glass slides were aminosilane-treated by soaking overnight in dilute 3-

(aminopropyl)trimethoxysilane solution (3.5% in anhydrous ethanol (v/v)) with a catalytic 

amount of acetic acid. The slides were then sequentially rinsed with anhydrous ethanol and 

water, then cured in vacuum at 120 °C for 4 h. Immediately after curing, the slides were 

spin-coated with an initial SEBS/MA-SEBS solution (7% SEBS (w/v) and 2% MA-SEBS 

(w/v) in toluene) at 500 rpm for 5 s, followed by 2500 rpm for 30 s. Curing at 120 °C under 

vacuum for 24 h enabled the maleic anhydride groups on the polymer backbone to react 

with amine groups on the functionalized glass surface, improving adhesion strength 

between the polymer and glass. An additional SEBS solution (12% SEBS in toluene (w/v)) 

was then applied via spin-coating three times (2500 rpm, 30 s). The 1 mm thick coating 

was then annealed under vacuum at 120 °C for 24 h. H-bonding, non-H-bonding, and 

unfunctionalized PDMS-based SABC solutions (5% w/v in 20:1 DCM:toluene (v/v)) were 

spray-coated (Badger model 250 airbrush) on SEBS-coated slides to form a top layer tens 
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of microns thick. Annealing at 60 °C for 6 h and then 120 °C for 24 h allowed for diffusion 

of the microphase-segregating PS groups between layers, improving mechanical stability.  

2.2.8 Prism preparation for SFG study 

For SFG testing, optically clear CaF2 prisms were cleaned via ozone treatment and 

spin-coated with sample solutions to sufficient thickness to ensure sample signal solely 

came from the material–environment interface, determined experimentally to be at least 50 

nm (Figure A7). Due to solubility differences, the unfunctionalized PDMS-based SABC 

solution (2.5 wt% in cyclohexane) was applied once (1500 rpm, 45 s) while the H-bonding 

and non-H-bonding SABCs (1 wt% in cyclopentanone) were applied twice (1000 rpm, 2 

min). Thickness was confirmed via ellipsometry on corresponding silicon substrates to be 

between 50 and 200 nm. 

2.2.9  1H NMR 

All 1H NMR spectra were obtained using a Varian VNMRS 600 MHz spectrometer 

in CDCl3 solution. 

2.2.10 GPC 

GPC was performed on a Waters ambient temperature GPC equipped with a Waters 

410 differential refractive index detector and a Waters 486 UV-Vis detector. Samples were 

eluted at 1.0 mL/min at 40 oC, using THF as an eluent. Narrowly dispersed polystyrene 

standards were used for calibration. 

2.2.11 UPLC-MS 

Mass data for all samples were obtained using a Waters Acquity H-class Ultra High 

Pressure Liquid Chromatography (UPLC) system coupled with a Waters Xevo G2-XS 
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Time-of-Flight Mass Spectrometer. Time-of-flight mass spectrometry was obtained in 

positive electrospray ionization (ESI+) mode. Liquid chromatography separations used 

gradients from H2O to ACN with 0.1% TFA on a BEH C18 column. 

2.2.12 Water contact angle 

Water contact angles were measured using the captive bubble method. Sample 

slides were suspended in Milli-Q water with the coated side facing down. A 22-gauge 

stainless steel needle was used to release a bubble that was trapped against the coated face 

of the sample. This provided contact angle measurements under full immersion, which 

more closely replicates the underwater conditions experienced by antifouling materials. 

For each material, the contact angle was measured in triplicate (in different locations) for 

three separate slides. To characterize film restructuring underwater, contact angle 

measurements were taken immediately after submersion, after 5 h, and then every 24 h 

over the course of 7 days. All measurements were collected using the ramé-hart model 100-

00 goniometer. 

2.2.13 Ulva linza bioassays 

Before performing U. linza biofouling assays, nine coated slides for each material 

were equilibrated for 72 hours in 0.22 μm-filtered artificial seawater (ASW, Tropic Marin) 

in individual wells of quadriPERM dishes (Sarstedt). Zoospores were obtained from 

mature plants according to a standard method,30 then suspended in a solution of filtered 

ASW at a concentration of 1 × 105 mL–1. 10 mL of the suspension was added to each well 

of the quadriPERM dishes and allowed to settle in darkness for 45 min at 20 °C. Unsettled 

spores were then removed by gently washing in filtered ASW. Three slides were set aside, 

fixed using 2.5% glutaraldehyde in ASW, and analyzed to determine spore settlement 
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density using a Zeiss Axioskop 2 fluorescence microscope. Leica LASX image analysis 

software was used to count 30 fields of view of 0.15 mm2 on each slide. 

The spores on the remaining six slides were cultured for 7 days in an illuminated 

incubator using nutrient-supplemented ASW to produce sporelings (young plants). 

Sporeling biomass was determined in situ by chlorophyll fluorescence measurements using 

a Tecan fluorescence plate reader (GENios Plus), and quantified in terms of relative 

fluorescence units (RFU) determined as the mean of 70 point fluorescence readings taken 

from the central portion of each slide.  

Sporeling attachment strength was assessed by determining biomass removal after 

using a water jet to spray the surface with an impact pressure of 55 kPa.31 The biomass 

remaining on the sample was again quantified using the fluorescence plate reader, and the 

percentage removal calculated from the difference in biomass RFU before and after 

exposure. 

2.2.14 Navicula incerta bioassays 

Before performing N. incerta assays, six coated slides for each material were 

equilibrated for 72 hours in 0.22 μm filtered ASW in individual wells of quadriPERM 

dishes. N. incerta cells were cultured for 3 days, then diluted to produce a suspension with 

chlorophyll a content of approximately 0.25 μg mL–1. Ten mL of the suspension was then 

added to each quadriPERM well and left to settle for 2 h at 20 °C. Unbound cells were 

removed by shaking on an orbital shaker at 60 rpm for 5 minutes, followed by rinsing in 

seawater. Three slides were set aside, fixed in 2.5% glutaraldehyde in ASW, air dried, and 
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then analyzed via transmitted light microscopy to quantify initial attachment density. 

Manual counts were made for 15 fields of view of 0.15 mm2 per slide. 

Diatom attachment strength was determined for the remaining three slides by 

quantifying removal after exposure to a shear stress of 28 Pa in a specially-designed water 

channel.32 The diatoms were fixed by immersing the slides in glutaraldehyde solution (2.5% 

(v/v) in ASW) and cells counted using transmitted light microscopy as before. 

2.2.15 Statistical Analysis 

U. linza settlement and N. incerta initial attachment data are presented as means 

with 95% confidence intervals and were analyzed via one-way ANOVA to identify 

statistically significant differences between groups (p<0.05), followed by a post hoc 

pairwise Tukey comparison test. Percent removal for U. linza and N. incerta is presented 

as means within 95% confidence intervals and the statistical tests previously mentioned 

were used to analyze the arcsine transform of fractional removal data. 

2.2.16 SFG Testing 

Sum-frequency generation (SFG) theory, experimental details, and data analysis 

have been extensively reported,33-42 and spectra of the coated prisms were collected in air 

and water according to previously reported methods.36-42 SFG data collection used two 

input laser beams, a visible beam and an infrared beam, both with a diameter of 

approximately 0.5 mm. The visible beam, with a fixed wavelength at 532 nm, was 

generated by doubling the frequency of a 20 ps pulse width output from an EKSPLA 

Nd:YAG laser. The IR beam with wavenumber tunability from 1000 to 4300 cm-1 was 

produced using an EKSPLA optical parametric generation/amplification and difference 



 49 

frequency generation system with LBO and AgGaS2 crystals. These two input beams 

penetrated the prism and then reached the polymer coating surfaces that were in contact 

with either air or water, superimposed on each other spatially and temporally to generate 

the sum frequency (SF) signal. This signal was collected using a photomultiplier and net 

intensity normalized by measuring the input visible and IR intensities according to the back 

reflections of the two beams using the focus lenses. 

 

2.3 Results and Discussion 

The hydrogen-bonding (H-bonding) peptoid and its non-hydrogen-bonding (non-

H-bonding) peptoid analogue were individually incorporated into triblock SABCs 

consisting of a PDMS-based midblock with polystyrene (PS) end blocks (Figure 2-2a). 

Each sample consisted of a SABC topcoat above a layer of a SEBS thermoplastic elastomer 

to provide a consistent modulus in the material and improve the coating’s mechanical 

stability. Annealing enabled the microphase-separated PS end blocks to diffuse between 

the SABC and SEBS layers, forming physical anchors that prevent delamination (Figure 

2-2b). The samples were evaluated for fouling resistance and release using U. linza and N. 

incerta bioassays and were characterized using captive bubble water contact angle 

measurements and sum-frequency generation. In addition to the H-bonding and non-H-

bonding peptoid samples, the unfunctionalized PDMS-based polymer scaffold served as a 

control to identify the effects of amphiphilicity on surface properties and fouling. 

The H-bonding amphiphilic peptoid was designed to act as a hydrogen-bonding 

peptide mimic without the structural effects caused by chirality. Because the peptoid 

backbone innately lacks hydrogen bonding, a secondary amide (the source of hydrogen-



 50 

bonding in the peptide backbone) was added along the side chain in the ether-based 

hydrophilic monomer. The amphiphilic peptoid was made by alternating this hydrogen-

bonding monomer with a hydrophobic peptoid monomer containing fluoralkyl 

functionality.  

The surface activity of both amphiphilic peptoid side chains was confirmed using 

captive bubble contact angle goniometry, chosen over conventional contact angle 

goniometry to better mimic the underwater environment experienced by surfaces exposed 

to biofouling organisms. The H-bonding and non-H-bonding peptoid materials both 

demonstrated increased hydrophilicity relative to the unfunctionalized PDMS-based 

control (Figure A6). Notably, the contact angle of the two peptoid-containing samples 

approached similar values over extended time underwater, suggesting the equilibrated 

surfaces maintained comparable surface energy and hydrophilicity on a macroscopic scale. 

 

Figure 2-3. Biofouling assay settlement and release data for U. linza indicate the non-H-

bonding sample had higher settlement relative to its H-bonding analogue and the 

unfunctionalized PDMS control, but superior removal rates resulted in fewer retained 

sporelings relative to the H-bonding and unfunctionalized PDMS materials. All samples 

differ significantly (*p<0.05). Error bars indicate 95% confidence limits. 
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Despite their similar hydrophilicity, the peptoid materials differed greatly in 

antifouling and fouling-release properties in U. linza bioassays (Figure 2-3). The 

settlement of U. linza spores was much higher on the non-H-bonding peptoid than on either 

the PDMS-based scaffold control or the H-bonding surface (F2,267 = 421.7; p<0.05). When 

subjected to a water jet with impact pressure of 55 kPa, the same non-H-bonding surface 

demonstrated nearly perfect removal, releasing over 97% of the sporelings present on its 

surface (F2,15 = 40.9; p<0.05). The 7-day-old sporelings were particularly weakly attached 

to this coating as a result of the chemistry and spacing of its hydrophilic and hydrophobic 

functionalities. The extremely high level of removal resulted in a far cleaner surface than 

those of the other two materials (F2,15 = 27.9; p<0.05; Figure 2-3). 

U. linza tends to attach strongly to hydrophilic materials such as glass.43-44 The 

findings of this study suggest that attachment of spores of U. linza to surfaces may be 

strongly influenced by hydrogen bonding. The introduction of hydrogen bonding in the H-

bonding peptoid did not alter macroscale hydrophilicity relative to its non-H-bonding 

analogue (see Figure A6 in Appendix A for contact angle comparisons) but did increase 

the attachment strength of U. linza sporelings. The H-bonding peptoid surface retained over 

28% of sporelings, leaving nearly eight times the fouling present on the non-H-bonding 

peptoid film. Although the H-bonding peptoid surface showed lower settlement compared 

with the non-H-bonding peptoid film, its reduced fouling-release properties made it less 

useful for practical applications. 

While the PDMS-based scaffold control had lower settlement than either 

amphiphilic peptoid sample, adhered sporelings were more strongly bound and the surface 

retained the most fouling after removal. As has been seen before,23 modification with 
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amphiphilic peptoids appears to improve fouling-release properties, though the extent of 

success varied. We consequently conclude that the non-H-bonding sample better resists 

permanent U. linza attachment compared with both its H-bonding analogue and the PDMS 

control. 

 

Figure 2-4. Fouling results for 

Navicula incerta indicate minimal 

effects due to the presence of 

amphiphilic peptoid chains; the PDMS 

scaffold dominated behavior. Error bars 

indicate 95% confidence limits. 

 

 

In contrast to the results for U. linza, hydrogen bonding did not appear to drive or 

hinder fouling by N. incerta relative to the effects of the scaffold material (Figure 2-4). 

Initial attachment was lower on the non-H-bonding surface than on the H-bonding one, but 

neither were significantly different to the PDMS scaffold (F2,132 = 4.3; p<0.05). There was 

no difference in removal from the three surfaces when exposed to a shear stress of 28 Pa 

(F2,132 = 1.3; p>0.05) and fouling release was relatively low under this flow regime. 

Previous work has indicated that the initial attachment of diatoms depends largely on the 

properties of the SABC into which the peptoid side chains are incorporated. This has been 

demonstrated in the superior performance of poly(ethylene oxide)-based peptoid coatings 

compared to their PDMS-based counterparts.23 As a result, the similarities between 

samples can be attributed to the scaffold polymer rather than the H-bonding and non-H-

bonding peptoid side chains. 
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The results for U. linza and N. incerta correlate with those seen in previous 

experiments using peptides and peptoids;23 while settlement of U. linza spores was higher 

on the non-H-bonding peptoids in both studies, the same coatings showed superior fouling-

release efficacy and ultimately better resistance to permanent adhesion. Because the H-

bonding and non-H-bonding materials all maintained similar macroscale hydrophilicity, 

the presence of peptide-like hydrogen bond donors must result in a microscale 

physicochemical change that substantially alters the underwater interface and its 

interactions with fouling organisms. 

The chemical structure of surfaces can be investigated using sum frequency 

generation (SFG) vibrational spectroscopy, a second-order nonlinear optical spectroscopic 

technique.33-35, 45-49 The surface sensitivity of the SFG spectroscopy comes from its 

selection rule, wherein only a medium with no inversion symmetry can generate SFG 

signal. Because symmetry is broken at interfaces but not in the bulk, SFG signals can be 

generated with surface specificity in the topmost surface layer.50 SFG has been developed 

into a powerful tool to investigate many surfaces and interfaces, including polymer surfaces 

in water.36-42  

SFG surface analysis of the H-bonding and non-H-bonding peptoid materials 

underwater indicates that water binding strength may be responsible for the observed 

differences in fouling behavior for U. linza (Figure 2-5). 
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Figure 2-5. SFG spectra taken 

underwater show varying intensities for 

strong water bonding at 3200 cm-1 as 

indicated by the dashed line. The H-

bonding sample and PDMS control 

both show highly ordered water at the 

interface, while the non-H-bonding 

sample shows little ordering. Spectra 

are vertically offset for clarity, and 

smoothed with 5-point averaging. 

 

Strongly hydrophilic or hydrophobic surfaces can induce the organization of water 

molecules near the surface into strongly ordered structures, where interfacial water 

molecules align and therein emit strong SFG signals.51-53 This tightly bound, strongly 

ordered water is visible as broad peaks centered near 3200 cm-1 for the H-bonding peptoid 

and the PDMS-based control (lacking peptoid side chains), but not for the non-H-bonding 

peptoid. These findings could explain the reduced settlement of U. linza on the H-bonding 

peptoid, as tightly bound water partially shields the surface from spores. However, upon 

displacement of the water followed by U. linza settlement and growth, stronger interactions 

between the organism and the surface are high enough to resist removal. Conversely, the 

non-H-bonding peptoid that lacked water structuring showed higher U. linza settlement, 

but the sporelings were only weakly bound to the surface as indicated by its 97% fouling 

release. 

The formation of a structured water layer for the H-bonding peptoid material, but 

not for its non-H-bonding analogue, seems to be due primarily to hydrogen bond donation 

rather than differences in surface energy; contact angle results indicate similar 

PDMS Control

H-bonding

Non-H-bonding

strongly bound water
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hydrophilicity for both peptoid materials, but greater hydrophobicity for the non-

functionalized control (Figure A6), and SFG spectroscopy indicates that when immersed 

in water both peptoid chains were present at the coating surface (Figure A8). Many 

antifouling coatings rely on the presence of a hydration layer to prevent settlement of 

proteins or cells. Zwitterionic materials in particular have been shown to induce water 

structuring, which prevents settlement of fouling species.54 However, for the peptoid-based 

materials that target both antifouling and fouling release properties, the moderately 

improved strength of the hydration layer may come at the cost of increased affinity for 

some fouling species such as U. linza.  

Interestingly, the hydrophobic PDMS control showed high ordering of water 

despite lacking hydrophilic groups, but similar hydrophobic surfaces have already been 

shown to enhance water ordering in SFG measurements.51, 55 Furthermore, the effects of 

this ordering are similar to those for the H-bonding material: fouling results for U. linza 

show similarly low settlement as well as poor fouling release. Prior work has shown that 

these amphiphilic peptoid side chains are most successful when used to strengthen the 

antifouling mechanism of the host polymer. The incorporation of the H-bonding peptoid 

amphiphile into a PDMS-based scaffold polymer, which is designed for fouling release 

rather than fouling resistance, reduced U. linza settlement at the expense of release. The 

presence of the non-H-bonding amphiphile, despite having a higher spore settlement 

density than its H-bonding analogue, enhanced fouling release of U. linza sporelings from 

the PDMS-based scaffold to over 97%. Therefore, the non-H-bonding amphiphile can be 

considered the superior candidate for resisting fouling algae on fouling-release coatings 

such as PDMS. 
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2.4 Conclusions 

Peptoid-based materials have shown promise as marine antifouling coatings due to 

their versatility, leveraging control over a large number of chemical functionalities as well 

as their positions relative to each other. Despite their similar attributes, peptide-containing 

materials have failed to match the success of their peptoid analogues.23 The primary cause 

of this difference was suspected to have been related to the hydrogen bond donor present 

in the secondary amide on the peptide backbone, but peptide chirality also has been known 

to play a role in cell attachment and could not be overlooked.5, 56 The development of a 

hydrogen-bonding peptoid that inherently lacks chirality (and therein secondary structure) 

allowed this study to focus on the role hydrogen bonding plays in the attachment and 

release of fouling algae. Results of the biofouling assays carried out with the H-bonding 

and non-H-bonding peptoids have indicated that hydrogen bonding, rather than secondary 

structure, largely determined the differences seen between similar peptide and peptoid 

coating components. 

Further characterization of the surface with SFG suggested that H-bonding peptoids 

are surrounded by a highly-ordered water layer that reduced the settlement density of 

spores of U. linza. However, the attachment strength of the sporelings was stronger on 

these surfaces than on the non H-bonding surfaces, which proved to be the better fouling-

release surface and had a cleaner surface after exposure to hydrodynamic removal forces. 

This suggests that once a spore penetrated the water layer and adhered to the material, its 

attachment strength was enhanced by the hydrogen bonds present at the surface. Many 

antifouling coatings are understood to function by the formation of a hydration layer (e.g. 

PEO-based materials); maximizing hydrophilicity without the use of hydrogen bond 
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donors would be expected to improve the combined fouling resistance and release of algal 

species such as U. linza. In contrast, the adhesion of diatoms to the peptoid-containing 

coatings did not appear to be affected by hydrogen bonding and it is likely that attachment 

was largely determined by the PDMS scaffold polymer. Future studies should be performed 

to verify whether these findings could be extrapolated to coatings designed primarily 

according to antifouling (rather than fouling-release) mechanisms. 
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2.6 Appendix A 

2.6.1 Peptoid and peptide structure comparison 

 
 

 

Figure A1. Previous work by 

Patterson, et al23 compared analogous 

peptide and peptoid side chains. 

Peptides contain hydrogen bond 

acceptors (blue) as well as a chiral 

carbon center that enables secondary 

structure, features not present in the 

analogous peptoids. 

 

 

 

 

2.6.2 Peptoid synthesis 

 

Synthesis was conducted with slight modifications to published procedures21, 23, 27 on a 

Prelude synthesizer (Protein Technologies, Inc.). Rink amide MBHA resin (0.80 mmol  

g-1 loading) was deprotected with a 4-methylpiperidine solution (20% (v/v) in DMF) for 

20 minutes, stirring by bubbling with N2 and immediately followed by DMF washing. The 

free amine chain end was acylated using 1.0 mL of bromoacetic acid (0.6 M in DMF) and 

0.15 mL of N,N-diisopropylcarbodiimide (DIC) solution (59% (v/v) in DMF) for 20 min. 

The reagents were then removed and the resin was washed with DMF.  

 

Nucleophilic displacement of the bromide chain with submonomers was performed for 1 

h in all cases. Displacement with 2-[2-(methoxyethyl)ethoxy]ethanamine and the amide-

linked triethylene glycol amine were done at room temperature on the Prelude synthesizer, 

but displacement with 1H,1H-perfluoropentylamine necessitated stirring at 50°C (in vials). 

After the monomer solution was drained from the resin using the Prelude, the resin was 

again washed with DMF before repeating acylation and displacement according to the 

desired sequences (Figure A2). Both peptoid sequences were functionalized with a thiol 

endgroup using S-trityl-3-mercaptopropionic acid and N,N’-diisopropylcarbodiimide (DIC) 

(both 0.4 M and 59% v/v respectively in DMF). 2 mL of solution per 50μmol peptoid were 

added, bubbled with N2 for 30 minutes, and washed with DMF. 

 

Peptoid chains were cleaved from the resin using a trifluoroacetic acid (TFA) cleavage 

cocktail (47.5% TFA, 47.5% DCM, 2.5% water, 2.5% triisopropylsilane (TIPS); 50 mL 

per 350 µmol peptoid) for 10 minutes, cleaving the peptoids from the resin and deprotecting 

the thiol. The cocktail was then evaporated on a Genevac EZ-2 Elite centrifugal evaporator. 
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The cleaved peptoids were dissolved in 1:1 acetonitrile/water mixtures, lyophilized, then 

redissolved in 1:1 acetonitrile/water and washed with hexanes to remove TIPS. The second 

lyophilization yielded pure peptoid products. 

 

 

 

2.6.3 PS-P(DMS/VMS)-PS synthesis 

Synthesis of the PDMS-based triblock copolymer followed previously described 

protocols.21, 23, 27 Anionic polymerization of dried styrene was performed under inert 

atmosphere in benzene using sec-butyl lithium as initiator. Chain-extending siloxane 

polymerization was initiated by the addition of D3 to the active reaction mixture. After 24 

hours when the color of the living styrene anion had completely disappeared, dry THF was 

added to promote the polymerization. After another 2 hours, V3 in THF was added via 

syringe pump over 48 hours. The reaction was then allowed to continue for 24 hours.  

 

During the reaction, aliquots were analyzed via GPC and 1H-NMR until reaching the 

desired conversion. The reaction was terminated by coupling active chain ends using 

dichlorodimethylsilane in THF and stirring for 16 hours, after which excess coupling agent 

was added continuously over 24 hours to ensure completion. The final triblock product was 

precipitated in a 90/10 (v/v) mixture of methanol and water, filtered, and dried. Final 

molecular weight of the polymer was determined by GPC, while 1H-NMR verified vinyl 

content. 

 

   
Figure A2. Full structures of synthesized peptoids. 
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Figure A3. GPC traces for (a) uncoupled diblock and PS precursor (Cornell), and (b) final 

PS-P(DMS/VMS)-PS triblock copolymer after diblock coupling (UCSB).  

 

 

 
Figure A4. 1H-NMR spectrum of the PS-P(DMS/VMS)-PS triblock copolymer. 
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2.6.4 Thiol–ene “click” of peptoid SABCs 

 

  
Figure A5. Changes in magnitude for vinyl protons relative to aromatic protons in 1H-

NMR indicate successful attachment of peptoid side chains. Steric hindrance associated 

with attachment limited completion to approximately 75%. Click completion was also 

associated with a change in solubility that precluded GPC measurements. 
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2.6.5 Captive bubble contact angle goniometry 

 
Figure A6. Contact angle goniometry indicates similar hydrophilicity for the H-bonding 

and non-H-bonding peptoid materials, while the control PDMS triblock copolymer has a 

slightly higher angle. 

 
 
 
2.6.6 Supplemental SFG spectra 

 

 
Figure A7. Representative SFG signals in air for two spin-coated H-bonding films show 

nearly identical signals despite differences in film thickness, indicating 52 nm is 

sufficiently thick. 
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Figure A8. The presence of a broad amide bend peak near 1575 cm-1 underwater indicates 

the restructuring of peptoid side chains to the surface. Therefore, the lack of water 

structuring for the non-H-bonding film cannot be attributed to a lack of peptoid at the 

surface. 
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Chapter 3  

Effects of amphiphilic polypeptoid side 

chains on hydrated polymer surface 

chemistry and hydrophilicity2 
 

 

 

 Polymers are commonly used in applications requiring long-term exposure to water and 

aqueous mixtures including as water purification membranes, marine antifouling coatings, 

and medical implants. Because polymer surfaces restructure in response to the surrounding 

environment, in situ characterization is crucial for providing an accurate understanding of 

the surface chemistry in use conditions. To investigate the effects of surface-active side 

chains on polymer surface chemistry and resultant interactions with interfacial water (i.e., 

water sorption), we present synchrotron APXPS studies performed on PEO- and PDMS-

based polymer surfaces modified with amphiphilic polypeptoid side chains previously 

demonstrated to be efficacious in marine fouling prevention and removal. The polymer 

backbone and environmental conditions were found to affect polypeptoid surface 

presentation: the PEO-peptoid copolymers showed significant polypeptoid content in both 

vacuum and hydrated conditions due to fluorinated polypeptoid monomers that drive 

 
2 Pinar Aydogan Gokturk assisted in APXPS measurements, Audra DeStefano and Amanda Leonardi 

synthesized the PDMS-based sample, and Wendy van Zoelen designed the polypeptoid sequence and 

synthesized the PEO-based sample. 
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surface segregation under vacuum, while the modified PDMS-based copolymer showed 

increased polypeptoid content in hydrated conditions due to hydrophilicity of the ether 

monomers and polypeptoid backbone. Polypeptoids were found to bind approximately 2.8 

water molecules per monomer unit in both copolymers, and the PEO-peptoid surface 

showed substantial water sorption that suggests a surface with a less well-defined 

water/polymer interface typical of antifouling polymers. This work suggests that side 

chains are ideal for tuning water affinity without altering the base polymer composition, 

provided that surface-driving groups are present to ensure activity at the interface. These 

types of systematic modifications will allow for novel polymers that maximize bound water 

at the surface and can deliver surface-active groups to the surface to improve effectiveness 

of polymer materials. 

 

3.1 Introduction 

Polymers used in underwater environments in applications ranging from water 

filtration to medical implants must elicit appropriate responses at interfaces with complex 

aqueous mixtures containing ionic and organic solutes. Among these challenges, marine 

fouling, or the undesirable settlement and colonization of marine organisms onto manmade 

surfaces, is a problem that affects all ocean-going vessels and begins nearly immediately 

upon immersion. After initial conditioning, bacteria and microalgae settle and form a 

biofilm that facilitates further fouling by larger species, including mussels, barnacles, and 

algae.1–3 These larger foulers particularly disrupt the hydrodynamic efficiency of ships 

(dramatically increasing costs for transport) and require frequent cleaning, with an 

estimated cost of $150 billion USD annually for the worldwide marine industry.4 Further 
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environmental concerns arise when fouled ships transport non-native species to local 

ecosystems, as has been observed with the marine mussel Mytella strigata in southeast 

Asia.5,6  

For both marine antifouling and other underwater applications, non-toxic polymer 

surfaces represent an environmentally benign solution to fouling by reducing the 

favorability of solute or biomolecule adsorption or the adhesion of larger organisms.7 For 

these materials, accurate characterization of the underwater surface is essential for 

designing novel effective coatings. Many antifouling polymers are designed to interact 

cooperatively with water at the surface to preclude settlement-mediating interactions with 

solutes or biomolecules. Hydrophilic chemistries are integral to this class of materials, with 

the majority of them containing poly(ethylene oxide) (PEO), though alternatives such as 

zwitterionic polymers, polysaccharides, and hydrogels are being pursued.2,8–10 Conversely, 

low surface energy coatings, such as those made from polydimethylsiloxane (PDMS) and 

fluoropolymers,2,8,11  reduce the favorability of adhesion to the surface. For marine 

antifouling applications, these “fouling release” coatings leverage hydrodynamic shear 

forces to release weakly adhered organisms.  

Amphiphilic materials that incorporate both hydrophilic and hydrophobic 

chemistries are known to be particularly effective at preventing fouling, yet are also likely 

to surface reconstruct significantly from the dry conditions in which they are normally 

processed to aqueous marine or biological conditions, making design and characterization 

of real coatings a challenge.12–15 These coatings often involve modification of rubbery 

PEO-based16–18 and siloxane19–23 polymers to form heterogeneous surfaces with domains 

on the micro- or nano-scale that prevent wide-scale settlement. While fluorinated, siloxane, 
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and ether chemistries are prevalent in amphiphilic coatings,24–26  other modifiers range 

from hydrophilic to charged chemistries such as polyvinylpyrrolidone27 and 

zwitterions.28,29 Sequence-controlled chemistries impart additional ability to control the 

length scale of amphiphilicity. Polypeptoids are a structural analog of peptides with 

functional groups linked to the backbone via the amide nitrogen rather than the alpha 

carbon. Like peptides, they can be synthetically produced, and their submonomer synthesis 

allows for incorporation of a wider array of functional chemistries at significantly increased 

scale (gram scale).30,31 Polypeptoids, which have improved stability against proteolysis 

relative to peptides, are also biocompatible and known to resist protein adsorption and cell 

attachment in medical applications.32,33 Polypeptoids with fluorinated and ether-containing 

monomers have shown significant resistance to diatom and algae settlement when 

incorporated into PEO and PDMS block copolymers.18,34 Further studies comparing 

hydrogen bonding and non-hydrogen bonding amphiphilic polypeptoids suggest that this 

performance is due to a combination of hydrophilicity with a the lack of hydrogen bond 

donors in the polypeptoid backbone.35 Clearly, even minor changes in surface chemistry 

may affect a material’s ability to prevent fouling. 

Surface characterization is thus critical for identifying the relationship between the 

surface chemistry that is presented in the marine environment and fouling properties. 

Because rubbery polymer surfaces restructure quickly in response to the surrounding 

environment, in situ characterization is crucial for providing an accurate understanding of 

the surface chemistry in ambient conditions.8,36 Water interactions are also known to 

directly affect adsorption and adhesion, but are challenging to characterize particularly at 

heterogeneous surfaces.37 Contact angle goniometry and atomic force microscopy are 
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useful for qualifying surface energy and topography but lack chemical resolution. 

Vibrational spectroscopy techniques, particularly sum-frequency generation (SFG), have 

been useful for identifying chemical functionalities at the surface in conditions ranging 

from ambient to underwater, with the further ability of identifying hydrogen-bonded water 

at the interface.13,36,38 SFG has shown that the relative surface coverage of hydrophilic 

monomers in amphiphilic polypeptoid-containing surfaces depends on the sequence and 

hydrophobic monomer content of the polypeptoids.13 Furthermore, polypeptoid-containing 

surfaces were found to instigate ordering of strongly hydrogen-bonded water when 

hydrogen bond donors were present,35 and that this ordering correlates with low contact 

angles.13 However, techniques that quantitatively indicate surface composition, such as X-

ray photoelectron spectroscopy (XPS), Auger Electron Spectroscopy (AES), and near edge 

X-ray absorption fine structure (NEXAFS) are usually performed ex situ in high vacuum 

conditions.39  

Ambient pressure X-ray photoelectron spectroscopy (APXPS), like conventional 

XPS, provides quantitative information on surface chemistry but also allows for in situ 

measurements with water vapor.40–42 Further, synchrotron X-ray sources for APXPS enable 

exposure to X-rays with tunable photon energy; depth profiling can be performed by 

decreasing or increasing the photon energy of incident X-rays to probe nearer or further 

from the surface, respectively. Soft X-ray (hν < 2 keV) APXPS is thus useful for probing 

the top few nanometers of surface under pressures of up to 2-3 Torr.43 Tender X-ray 

APXPS, which typically leverages X-rays between 2-7 keV, enables probing on the order 

of tens of nanometers into the film and through a denser vapor phase.44 Several end stations 
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are equipped to perform experiments at 20 Torr water vapor pressure, at which point water 

vapor reaches saturation and condenses or a liquid phase of water can be maintained.43,44 

APXPS has grown from characterizing surface chemistry and interactions for 

applications like catalysis and surface science45–47 to include fields such as 

electrochemistry,44,48,49 environmental science,45,50–52 biology,53,54 and polymer and 

membrane sciences.43,55,56 It has shown potential for characterizing water interactions with 

the surfaces of varying materials, but nearly all studies have been performed on crystalline, 

well-defined substrates with minimal restructuring capability. For instance, water 

adsorption and dissociation has been explored on metal and oxide surfaces such as 

copper,41,57 silver,58 TiO2,
41,42 SiO2,

51 Al2O3,
59 and MgO.60 Molecular adsorption of water 

is known to occur on organic surfaces, from alcohol and carboxylic acid-terminated self-

assembled monolayers to highly crosslinked model layer-by-layer polyamide 

membranes.53,55,56 Unsurprisingly, polymer surfaces interact differently with water, with 

large degrees of water uptake seen on poly(sodium styrene sulfonate) films with varying 

counterions.43 Notably, water mixing was observed throughout the probed polymer 

interface, rather than isolated in multilayers above the substrate. This suggests that water 

sorption into hydrophilic polymer coatings may resemble wet conditions, and as such serve 

as a useful method for characterizing coating surface chemistry and affinity for water in 

situ for underwater applications including marine antifouling. 

In this work, we investigated the effects of incorporating amphiphilic (polypeptoid) 

side chains into hydrophilic and hydrophobic block copolymers on (1) surface chemistry 

and its dependence on atmosphere conditions, and (2) water interactions and sorption that 

alter the polymer/water interface, using APXPS at soft and tender regimes in conditions 
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ranging from ultrahigh vacuum to 20 Torr water vapor (100% humidity at room 

temperature). These polymer coatings, shown in Figure 3-1, have identical polypeptoid 

side chain chemistry and inert end blocks that act as physical anchors, but different 

hydrophobic and hydrophilic middle blocks that are commonly used for fouling release 

and antifouling coatings, respectively. A previous study has shown that incorporating 

polypeptoids into PEO-based and PDMS-based copolymers enhances their inherent 

antifouling and fouling release performance, but more strongly improves the dominant 

mechanism (e.g. fouling release in PDMS-based copolymers);34 this suggests that 

interactions with surface water may also be significant and differ between all materials. 

Soft X-ray APXPS was used to probe changes in surface chemistry as a function of depth 

in moderately humid conditions, while tender X-ray XPS enabled measurements taken in 

100% relative humidity inside the analysis chamber. Exposure to 20 Torr water vapor 

resulted in water sorption for both the PEO-peptoid and PDMS-peptoid copolymers, with 

the former showing substantial amounts of water sorbed. The amphiphilic polypeptoids 

were seen to hierarchically surface segregate in the PEO-based copolymer, with the 

fluorinated chemistry arranged closest to the surface, while the PDMS-based copolymer 

showed polypeptoid restructuring between vacuum and hydrated conditions. 
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Figure 3-1. Hydrophobic PDMS-based and hydrophilic PEO-based block copolymers 

modified with an amphiphilic polypeptoid sequence were previously shown to be 

efficacious for algae and diatom fouling prevention.18 The two modified surfaces were 

hypothesized to show contrasting responses in both vacuum and hydrated conditions, 

where the hydrophobic PDMS matrix buries polypeptoid signal except underwater, and the 

amphiphilic polypeptoid remains at the PEO surface both in vacuum and underwater. 

 

3.2 Experimental Methods 

3.2.1 Materials 

All materials were purchased from Sigma Aldrich and used as received, unless 

noted otherwise. Hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane (V3) were purchased from Gelest. 2,2,3,3,4,4,4-

Heptafluorobutylamine was purchased from Matrix Scientific, while 2-

Methoxyethylamine was purchased from TCI. Bromoacetic acid was purchased from Alfa 

Aesar, and dichloromethane was purchased from Fisher Scientific. Dimethylformamide 

(DMF) was purchased from VWR, N,N′-diisopropylcarbodiimide was purchased from 

Chem-Impex, and Rink amide MBHA resin was purchased from MilliporeSigma. 

Polystyrene-block-poly- (ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) and 
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maleic anhydride-grafted SEBS (MA-SEBS, FG1901X) were generously provided by 

Kraton Polymers for use as a tie layer. 

3.2.2 Polypeptoid synthesis 

Polypeptoid synthesis was performed on a Prelude synthesizer (Protein 

Technologies) according to published solid phase submonomer synthesis procedures using 

Rink amide MBHA resin.34,35,18 The selected sequence contained three 2,2,3,3,4,4,4-

heptafluorobutylamine submonomers and twelve 2-methoxyethylamine submonomers, 

and was terminated with S-trityl-3-mercaptopropionic acid. This group was deprotected 

during cleavage with trifluoroacetic acid to yield a thiol-terminated polypeptoid for 

attachment to the block copolymers via a radical mediated thiol−ene “click” reaction.  The 

cleaved polypeptoids were dissolved in a 1:1 acetonitrile:water (v/v) solution and 

lyophilized to yield the polypeptoid product as confirmed by MALDI. Further synthetic 

details can be found in Appendix B. 

3.2.3 PDMS block copolymer synthesis 

PS-b-P(DMS-co-VMS)-b-PS synthesis followed a previously-reported 

procedure.34,35 In brief, polystyrene was polymerized with sec-butyllithium and followed 

with chain extension of a siloxane block consisting of distributed dimethylsiloxane and 

vinylmethylsiloxane monomers. A triblock architecture was made by coupling active chain 

ends together. The final molecular weight of the polymer was determined by GPC, while 

1 H NMR verified vinyl content. The copolymer consisted of two 7 kDa PS end blocks 

with a 70 kDa P(DMS-co-VMS) midblock, with 3.6 mol% VMS. 
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3.2.4 PEO block copolymer synthesis 

The PS-b-P(EO-stat-AGE) synthesis has been previously reported.18 Alcohol-

terminated polystyrene was grown anionically in cyclohexane with sec-butyllithium, 

terminated with ethylene oxide and quenched with isopropyl alcohol. The polymer was 

precipitated, filtered, dried under vacuum, and characterized with size-exclusion 

chromatography and 1 H NMR before being used as a macroinitiator for anionic 

copolymerization of ethylene oxide and allyl glycidyl ether in THF. The resulting polymer 

consisted of 22.3 kDa PS and 46 kDa P(EO-stat-AGE) blocks, with 2.9 mol% AGE. 

3.2.5 Polymer functionalization 

Thiol-terminated polypeptoids were attached to the PEO- and PDMS-based block 

copolymers via radical-mediated thiol−ene “click” chemistry. Approximately 100 mg of 

triblock copolymer was dissolved in either DMF (0.5 mL) for the PEO-based copolymer 

or DCM (4 mL) for the PDMS-based copolymer. 3 equivalents of polypeptoid and 0.4 

equivalents of 2,2-dimethoxy-2-phenylacetophenone (DMPA) were each added. The 

reaction solution was first purged with inert gas and then irradiated with 365 nm UV light 

for 3 h. The functionalized PDMS-based copolymer was precipitated into acetonitrile, 

filtered, and dried. The functionalized PEO-based copolymer was suspended in 1:5 

acetonitrile:water, then concentrated in an Amicon Ultra centrifugal filter unit (30 kDa, 

Millipore) to remove residual DMF. The polymer was then resuspended in 1:6 

acetonitrile:water and lyophilized. Click completion was verified in NMR by the reduction 

of vinyl and allyl functional groups for the PDMS- and PEO-based copolymers, 

respectively. 

3.2.6 PEO-peptoid thin film preparation 



 81 

85 nm thin films were spin coated on gold-coated silicon wafers (100 nm, Sigma 

Aldrich). Before application of the polymer, the wafer substrate was washed with 

isopropanol, blow dried with nitrogen, and then exposed to UV-ozone for three minutes. 

The polypeptoid-modified PEO-based copolymer solution (2 wt%, 1:1 toluene/MEK) was 

applied to the gold via spin coating (1500 rpm, 60 s). The film thickness was verified with 

ellipsometry, then annealed at 120 ⁰C under ultrahigh vacuum for at least 16 hours to reach 

thermodynamic equilibrium.  

3.2.7 PDMS-peptoid thin film preparation 

Samples for soaking were prepared by spin coating onto a tie layer as used in marine 

antifouling studies covalently bound to a p-doped silicon wafer (0.001-0.005 Ω-cm). The 

wafer substrate was first treated with UV-ozone for five minutes, then exposed to a 3-

(aminopropyl)trimethoxysilane solution (5.1 wt%, anhydrous ethanol) with a catalytic 

amount of acetic acid to provide amine-functionalized reactive sites. After rinsing with 

ethanol and water, the wafer was cured under vacuum at 120 °C for 4 h and then spin coated 

with an 85 nm tie layer solution (8.1 wt% SEBS and 2.3 wt% MA-SEBS in toluene). 

Crosslinking of the maleic anhydride on the tie layer and amine-functionalized silicon 

occurred at 120 °C under vacuum for 24 h. The PDMS-peptoid solution (0.4 wt%, 

cyclopentanone) was then spin coated (2500 rpm, 45 s) to a thickness of 70 nm. Annealing 

at 120 °C for 22 h allowed polystyrene end blocks of both the top and tie layers to form 

physical crosslinks, linking the PDMS-peptoid layer to the substrate. The final samples 

contained ~160 nm polymer layers covalently bound to conductive silicon, and XPS 

quantification of the surface indicated no tie layer was visible during measurements. 
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3.2.8 in situ APXPS measurements 

All XPS measurements were conducted at the Advanced Light Source (ALS) of the 

Lawrence Berkeley National Laboratory with 100 eV pass energy. Tender APXPS was 

performed at Beamline 9.3.1 using 4 keV X-rays, while Soft APXPS was performed at 

Beamline 9.3.2 with X-ray photon energy ranging from 355-850 eV. Because the polymer 

films are ~100 and ~160 nm thick, no contributions from the substrate were detected during 

soft or tender APXPS measurements. Polymer charging was minimized by preparing thin 

films on conductive substrates (gold for the PEO-peptoid, p+-Si for the PDMS-peptoid to 

enable soaking). Energy calibration for the PEO-peptoid was established using the N 1s 

amide centered at 400.2 eV,61 while the PDMS-peptoid was calibrated using the O 1s 

silicon-character oxygen at 532 eV typically used for siloxanes.62 The polymer materials 

exhibited beam-induced damage on the order of a few minutes, so rastering methods were 

used during data acquisition to minimize damage. Spectra were collected in 2-3 minutes in 

a single position before movement, and were found to be consistent from position to 

position. Summation of these spectra was done to improve the signal-to-noise ratio on 

tender APXPS measurements.  

For all in situ measurements, Millipore water (18.2 MΩ) was added to a glass bulb 

and degassed by three freeze−pump−thaw cycles before introduction into the analysis 

chambers. Using a precision leak valve, pressures of up to 800 mTorr were added to the 

analysis chamber at Beamline 9.3.2 and up to 20 Torr at Beamline 9.3.1. After introduction 

of water to the chamber, samples were equilibrated for at least 15 minutes before data 

collection. No changes were seen thereafter over several hours, indicating equilibrium was 

sufficiently established. All fitting procedures were performed using Casa XPS software 
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using Shirley background subtraction and 70/30 symmetrical Gaussian/Lorentzian product 

function line shapes for surface components.  

The PEO-peptoid sample on gold showed polypeptoid at levels similar to those 

previously seen in coatings for marine antifouling studies (Figure 3-2b).18,34 However, 

PDMS-peptoid samples spin coated on gold never showed any surface polypeptoid content. 

Because polypeptoids incorporated into PDMS surfaces are known to bury under vacuum 

conditions,34 the PDMS-peptoid thin film was modified to enable measurements of a 

soaked film and to be more representative of the original marine antifouling coatings: prior 

to spin coating the PDMS-peptoid, a thin underlayer of polystyrene-b-poly-(ethylene-ran-

butylene)-b-polystyrene (SEBS) and maleic anhydride-grafted SEBS was covalently 

attached to an amine-functionalized conductive p+-Si substrate. This underlayer did not 

contribute to XP spectra due to the ~80 nm thickness of the PDMS-peptoid overlayer. Data 

collected from soaked and pristine samples on p+-Si were nearly identical in composition, 

so pristine PDMS-peptoid surfaces are used hereafter (Figure B3).  
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3.3 Results and Discussion 

PDMS- and PEO-based materials are commonly modified to elicit desirable 

properties in applications ranging from marine antifouling to medical implants. Further, 

we have previously shown that PDMS and PEO coatings functionalized with polypeptoids 

are particularly efficacious for the prevention of diatom and algae settlement in a marine 

environment, yet the details of surface presentation in situ were unknown and critical to 

understanding the structure-property relationships in antifouling coating design.18,34,35 

Polypeptoid-containing PDMS-based and PEO-based surfaces were thus prepared and 

characterized using APXPS to understand polypeptoid surface segregation in contrasting 

copolymers commonly used for marine antifouling applications. The polypeptoids contain 

three surface-active fluorinated monomers present at the distal end of the chain that 

facilitate surface segregation of even low loadings of polypeptoid during vacuum annealing, 

which is particularly important for the PEO-based copolymers that would otherwise be 

buried under the polystyrene anchor groups.18 The hydrophilic polypeptoid backbone and 

ether-containing monomers render the side chains amphiphilic to keep the polypeptoids at 

the surface in hydrated conditions.  
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Figure 3-2. (a) Chemical structure of polypeptoid-modified PS-P(EO-stat-AGE) and PS-

P(DMS-co-VMS) using 4 keV X-rays. (b) Under vacuum conditions, polypeptoid 

components contribute significantly to the PEO-based system but not the PDMS-based one. 

(c) Hydration at 20 Torr water vapor induces restructuring of the PDMS-peptoid surface, 

while only small changes in polypeptoid content are seen in the PEO-peptoid surface. A 

vertical zoom is used to clarify polypeptoid components on the PDMS-peptoid hydrated 

spectrum. 

 

Amphiphilic polypeptoids were seen to behave differently in PDMS- and PEO-

based polymer matrices under both vacuum and hydrated conditions as shown in tender 
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APXPS (Figure 3-2). Under vacuum conditions, the incorporation of the amphiphilic 

polypeptoid into the PEO-based copolymer completely alters the chemistry of the polymer 

surface to consist mostly of the polypeptoid side chains with minor amounts of PEO. The 

low surface energy of the fluorinated functional groups enables polypeptoid enrichment of 

the surface, displacing the polystyrene (PS) end blocks that would have otherwise 

populated the interface, as indicated by the large contributions from polypeptoid 

components of fluorine-, oxygen-, and nitrogen-character carbon as well as a reduction in 

aliphatic carbon from the PS end blocks. (Locations of all components and core levels can 

be found in Appendix B at Figure B1). Polypeptoids persisted at the polymer surface at 

full hydration for the PEO-based system. Hydration was reached using ambient pressure 

experiments conducted in 20 Torr water vapor, representing 100% relative humidity at 

room temperature. Under these conditions, water condensed onto the surface is in 

thermodynamic equilibrium with its vapor state. All polypeptoid components remained 

within a few percent of their vacuum-conditioned values, indicating minimal effects of 

hydration on surface presentation. 

On the other hand, the PDMS-peptoid surface shows polypeptoids restructure 

between vacuum and hydrated conditions. Initially, very little polypeptoid is visible, 

indicating fluorinated groups cannot drive surface segregation as they did in the PEO-based 

system. The majority of signal is derived from the PDMS component, which is known to 

have a low surface energy that facilitates its organization at the polymer/vacuum interface 

during exposure to air or vacuum. However, the addition of 20 Torr water vapor induces 

rise of polypeptoid components in the C 1s spectrum. While the fluorinated carbon 

components become visible, the hydrophilic polypeptoid backbone likely drives 
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restructuring toward the water/polymer surface. The timescale of rearrangement for these 

polypeptoid-modified materials occurs relatively quickly: PDMS-peptoid that was soaked 

for 3 days prior to analysis at 20 Torr water vapor showed similar surface composition to 

the unsoaked sample described above that was exposed to 20 Torr water vapor for 2.5 hours 

prior to measurement (Figure B3). All polypeptoid restructuring at the surface happened 

within these two hours, and previous contact angle measurements suggest that polypeptoids 

can restructure at the surface within seconds to minutes.13 

 

 
Figure 3-3. O 1s spectra of PEO- and PDMS-peptoid copolymers using 4 keV X-rays. (a) 

In addition to ether and carbonyl polypeptoid components as seen as UHV, 20 Torr spectra 

show large amounts of sorbed water indicative of a diffuse PEO-peptoid/water interface. 

(b) Addition of 20 Torr water vapor both increases polypeptoid components and instigates 

sorption of a small amount of water into the surface. 
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Both of the polypeptoid-containing surfaces induce sorption at 100% humidity 

(Figure 3-3). The PEO-peptoid surface in particular shows significant water sorption due 

to the hydrophilicity of both the PEO and polypeptoid backbone, while the PDMS-peptoid 

sample sorbs much smaller amounts of water under the same conditions. For the latter, the 

presence of water is notably correlated with an increase in polypeptoid peak composition. 

The addition of water incentivizes restructuring of the polypeptoid to the surface, which in 

turn facilitates increased water sorption. These events must be considered in tandem when 

evaluating large scale changes in material behavior, particularly for fouling applications: 

differences in the settlement of marine organisms may come from changes in surface 

chemistry as well as changes in water affinity. 

The distribution of water within the polymer surface is also not homogeneous: 

water sorption as observed on the amphiphilic PDMS-peptoid surface is associated 

exclusively with the polypeptoid. An unmodified PDMS prepolymer sorbs no water 

(Figure B4), while a free polypeptoid surface indicates 2.8 water molecules per averaged 

peptoid monomer (derived from an observed 1.5 water : peptoid oxygen ratio as described 

in the SI). Given the amphiphilic polypeptoid is composed of fluorinated and ether 

monomers, this value is likely indicative of either 2 or 3 water molecules bound by each 

monomer. This suggests that slight adjustments in polypeptoid functional group content 

could enable control over the degree to which the surface binds water. 

Polypeptoid water affinity was not seen to differ when incorporated as side chains 

in the PDMS-peptoid. When sorbed water in the PDMS-peptoid surface is only considered 

to come from the polypeptoid components, 2.8 waters are bound per peptoid monomer, 

which is similar to previously seen water concentrations for pure polypeptoid surfaces. 
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This also indicates that the amount of water bound to the PDMS-peptoid surface is directly 

proportional to the amount of polypeptoids; no reservoirs of free water (unaffiliated with 

the polypeptoid) were observed within the surface. It is worth noting that these findings do 

not verify or discount the possibility of a skin layer of peptoids directly at the polymer-

water interface, which would contribute minimally to these XPS spectra that receive signal 

~30 nm into the surface. However, sum frequency generation and marine antifouling 

experiments suggest amphiphilic polypeptoids restructure at this top surface based on 

substantial changes in surface hydrophilicity and algal adhesion resistance, 

respectively.34,35 

For the PEO-peptoid sample, both PEO and polypeptoid components associate with 

water and make it necessary to identify the depth-dependent composition of the material in 

order to relate the surface chemistry with the amounts of sorbed water. This composition 

is not uniform, as the polypeptoids in the PEO-based copolymer were designed to be 

present at the surface in vacuum conditions courtesy of the surface-driving fluorine 

components. XPS taken at synchrotron light sources can characterize surface composition 

in the z-direction via depth profiling. Changing the incident X-ray photon energy causes 

emitted photoelectrons travel with different kinetic energy and therefore different inelastic 

mean free paths (IMFPs). Total probing depth is typically represented as 3 times the IMFP, 

with the majority of signal coming from the top of the surface and reduced contributions 

below. Tuning the photon energy from 335 to 850 eV changes the depth probed from ~2.1 

nm to ~5.7 nm for a C 1s photoelectron in poly(ethylene oxide).63 
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Figure 3-4. Top: Depth profiling of 

polypeptoid-modified PS-P(EO-stat-AGE) 

shows escalating fluorinated carbon 

content from polypeptoid monomers as 

probing depth decreases, with no effect 

seen when 800 mTorr water vapor is added 

to the system. Fluorocarbons measured 

using 4 keV X-rays are comparable in 

number to those measured with 850 eV 

photons at vacuum and 500 mTorr water 

vapor. Bottom: Schematic of polypeptoid 

content and organization at the surface. 

Signal from lower photon energies (which 

reduces probing depth) has increased 

contributions from surface-driven 

polypeptoid fluorinated groups. A linear 

model shown to the right was leveraged for 

characterizing sorbed water distribution. 

 

 

Fluorinated carbon content in the C 1s was found to depend significantly on the 

probing depth (incoming photon energy), with increasing overexpression at the most 

surface-sensitive low photon energies (Figure 3-3). A fully saturated, but homogeneous, 

polypeptoid surface would be expected to have 3.6% and 7.2% of its carbons be primary 

and secondary fluorocarbons, respectively, based on the molecular formula. This is reached 

at ~5 nm depth, then greatly surpassed: not only are polypeptoids saturated at the interface, 

but the fluorinated monomers are located closest to the surface. This arrangement does not 

change with the addition of a small amount of water vapor to the chamber (5% humidity), 

and no water adsorption was observed. At the highest photon energies, primary and 
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secondary fluorocarbon content is reduced to approximately 3% and 6%, respectively. This 

content does not significantly change between probing depths of 5.7 and 24 nm (photon 

energies of 850 and 4000 eV), likely due to the high contribution of buried polypeptoids 

within the bulk polymer to the overall signal. The differences seen between experiments 

with low and moderate probing depths further highlight the importance of surface 

sensitivity in characterizing the surface presentation of polymer chemistries, as slight 

polypeptoid enrichment is detected at the highest photon energies while full saturation is 

suggested with more surface-sensitive low energy X-rays. APXPS with tunable 

synchrotron radiation is particularly well-suited for quantitatively identifying changes in 

surface chemistry with depth on the order of nanometers, providing more a complete 

understanding of the organization of the surface within the top 20 nm (Figure 3-3). 

Leveraging the surface composition gained via depth profiling allows further 

insight into the ways in which water sorbed into the PEO-peptoid water/polymer interface 

is shared between both PEO and polypeptoid monomers. Accounting for enhanced 

polypeptoid content in the top 5 nm and bulk polypeptoid content below, and given the 1.9 

water molecules per PEO monomer anticipated for the polymer backbone and the 2.8 

waters per polypeptoid monomer (Figure B4), the PEO-peptoid surface should have ~1.7 

water molecules per polymer oxygen as described in the SI. This matches the 

experimentally derived surface water/polymer oxygen ratio of 1.7:1 in the O 1s spectrum 

(Figure 3-3a), corroborating both the depth profile of the surface and amount of bound 

water by the polypeptoid and PEO components. 
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Figure 3-5. Polypeptoid surface presentation and 

effects on water affinity for PEO- and PDMS-based 

copolymers. Polypeptoids are drawn to the surface 

under vacuum by their fluorinated monomers 

(orange) in PEO, while their hydrophilic backbone 

and ether monomers (blue) instigate restructuring 

under hydrated conditions in PDMS. Polypeptoid 

components retain their affinity for water (averaged 

2.8 water molecules per monomer) in both PDMS 

and PEO copolymers. 

 

 

Overall, the water affinity of the amphiphilic polypeptoids remains constant 

regardless of the polymer system in which they are incorporated at 2.8 waters per monomer 

(Figure 3-5). The polymer components similarly contributed water affinity additively, with 

PDMS not participating in water sorption and PEO facilitating further water sorption. The 

amount of sorbed water is also directly proportional to polymer chemical content, 

suggesting that sorbed water interacts primarily with the polymer rather than other sorbed 

water molecules. Furthermore, this work indicates that water interactions in these polymers 

can be finely tuned by manipulating side chain chemistry or changing overall polypeptoid 

content. Ensuring surface presentation of the side chains is therefore the more significant 

challenge, one which requires knowledge of relevant functional group chemistries that 

enhance surface segregation in a given polymer system. While the fluorinated monomer 

chemistries enabled significant surface enrichment of polypeptoid side chains in the PEO-

peptoid polymer, they were less effective in the PDMS-based system. Instead, the 

hydrophilic polypeptoid backbone enabled some restructuring to occur upon exposure to 

water. Ambient pressure XPS enables quantitative in situ characterization of the changes 
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in surface composition under different stages of hydration, and as such would be useful for 

identification of potential surface segregating groups and the conditions that trigger 

restructuring. 

 

3.4 Conclusions 

To investigate in situ surface composition of polymers for applications like marine 

antifouling, the surface composition of polypeptoid-modified PEO-based and PDMS-

based block copolymers was analyzed via APXPS from ultrahigh vacuum conditions 

through 100% humidity at room temperature. Amphiphilic polypeptoids were seen at the 

surface under hydrated conditions for both polymers, but were present due to different 

driving forces. For the PDMS-based system, the hydrophilic polypeptoid backbone 

facilitated restructuring under humid conditions, while the PEO-based one relied on 

surface-active fluorinated polypeptoid monomers to drive organization under vacuum 

while annealing.  

Polypeptoid side chains also modified polymer interactions with water, increasing 

the number of water molecules by virtue of each monomer’s ability to bind between 2-3 

water molecules. For the PDMS-peptoid, all surface water was likely affiliated with the 

polypeptoid chain, based on the polypeptoid and water content that matched ratios for pure 

polypeptoid surfaces. For the PEO-peptoid surface, both the PEO backbone and 

polypeptoid side chains sorbed water, with an increased concentration of polypeptoids 

detected via depth profiling at the upper surface. In both cases, all sorbed water was directly 

associated with specific polymer components rather than present in a subsurface water 
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phase. The total water content can be tuned by modifying the side chain chemistry or 

stoichiometry, though surface-driving groups must always be present in order to ensure the 

side chain is present at the interface. Through these types of systematic modifications, 

novel coatings can be efficiently designed to maximize bound water at the surface for 

antifouling purposes or deliver surface-active groups to the surface. 
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3.6 Appendix B 

3.6.1 Polymer spectral components 

Because of the complexity of the PEO-peptoid C 1s spectrum, the polypeptoid N 

1s amide (N-C = 400.2 eV) was used to calibrate core level positions.61 For the PDMS-

peptoid, the typical calibration of the siloxane oxygen (O-Si = 532.0 eV)62 was used due 

to the minimal polypeptoid content under dry conditions. O 1s carbonyl and ether 

components at 531.7 eV and 533.0 eV, respectively, are representative of literature values 

for peptides and PEO.61,62 Primary and secondary fluorinated hydrocarbons are visible at 

294.0 eV and 291.5 eV, with their F 1s counterparts at 689.4 eV. Carbonyl and ether-

character carbon are at 288.1 and 286.7 eV, respectively, while nitrogen-bond carbon is at 

286.1 eV. Minor amounts of aliphatic carbon from the side chain linker and polymer 

backbone can be seen at 285.1-285.2 eV (PEO-peptoid) and 285.0 eV (PDMS-peptoid). 

For the PDMS-peptoid, silicon-bond oxygen is present at 532.0 eV and silicon-bond carbon 

is present at 284.4 eV. 
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Figure B1. APXPS surface presentation of polypeptoid-modified PEO- and PDMS-based 

copolymers. (a) Representative chemical environments for the PEO-peptoid surface. (b) 

Relevant core levels for the PEO-peptoid surface, which is heavily composed of 

polypeptoid side chains. Measured under UHV with 150 eV photoelectrons. (c) The 

PDMS-peptoid surface is mostly comprised of the siloxane polymer backbone. XP spectra 

were collected under 2 Torr Ar with 4 keV photoelectrons. 

 

3.6.2 Core level quantification 

The amphiphilic polypeptoids contain a wide number of heteroatoms, such as the 

nitrogen- and fluorine- containing functional groups, that provide a number of non-carbon 

core levels to evaluate polypeptoid content at the surface. However, as seen in Figure 3-2,  

this diversity increases the number of species present in the carbon core levels. Cross-

comparison between core levels is necessary for verification of functional group quantities 

(e.g., between O 1s and C 1s for ether or carbonyl components).  
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Figure B2. Ultrahigh vacuum spectra of the PS-PEO-peptoid copolymer surface at a single 

position. Large amounts of carbonyl-character oxygen in the O 1s core level (a) and amide 

nitrogen in the N 1s core level (b) indicate polypeptoids are present in high quantities at 

the surface. These correlate quantitatively with their carbon neighbors in the C 1s spectrum 

(c), matched by color and label. 

Figure B2 depicts XP spectra of the PEO-peptoid surface at a single position. 

Quantification of the oxygen, nitrogen, and carbon core levels is consistent (Table S2), 

lending credibility to the fitting in the convolved, low-binding energy region of the C 1s 

spectrum: the total electron counts were found to be similar between oxygen and nitrogen 

species and their neighboring carbon equivalents in the C 1s spectrum (matched by color 

in Figure B2). Component intensity of X-ray photoelectron spectra is quantitatively related 

to the atomic density n, photoelectron cross section 𝜎, electron inelastic mean free path 𝑙, 

and sample thickness d, as indicated in Equation B1.57,64 For emitted electrons that are not 

elastically scattered, i.e., travel in a straight line, we can approximate the detected intensity 

by integrating over the exponential escape probability:  

𝐼1 ≈ 𝑛1𝜎1 ∫ exp (−
𝑧

𝑙1
) 𝑑𝑧

𝑑

0

= 𝜑1 𝑛1𝜎1𝑙1[1 − exp (−
𝑑

𝑙1
)] 

For a sample with a single layer significantly thicker than the electron inelastic 

mean free path, the ratio between intensities (measured as region or component areas) can 

be simplified to: 

𝐼1

𝐼2
=

𝑛1𝜎1𝑙1

𝑛2𝜎2𝑙2
∙

1 − exp (−
𝑑
𝑙1

)

1 − exp (−
𝑑′
𝑙2

)
=

𝑛1𝜎1𝑙1

𝑛2𝜎2𝑙2
 

The unknown intensity of a C 1s component can thus be solved for given the known 

heteroatom intensity and spectroscopic parameters. Table 1 depicts the values used to 

approximate the polymer component intensities in C 1s spectra. The relative atomic density 

of heteroatom and carbon pairs was determined according to the copolymer molecular 

(Eqn. B1) 

(Eqn. B2) 
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formula. The resulting predictions were used to verify accuracy of C 1s fits within ~10% 

error. 

Table B1. Parameter values for verification of C 1s spectral components. 

 Relative density 𝝈 (690 eV) 𝒍 (690 eV) 𝛔 (4 keV) 𝒍 (4 keV) 

O 1s 

     O-C  

     O=C 

 

𝑛𝑂−𝐶 = (1/2)𝑛𝐶−𝑂 

𝑛𝑂=𝐶 = 𝑛𝐶=𝑂 

0.320 Mb 8.8 Å 2.11 ∙ 10-3 Mb 92.1 Å 

N 1s 

     N-C 

 

𝑛𝑁−𝐶 = 𝑛𝐶−𝑁 

0.208 Mb 12.8 Å 1.21 ∙ 10-3 Mb 95.0 Å 

F 1s 

     F-C 

 

𝑛𝐹−𝐶 = (7/3)𝑛𝐶−𝐹 

-- -- 3.26 ∙ 10-3 Mb 88.6 Å 

C 1s  0.121 Mb 16.3 Å 6.57 ∙ 10-4 Mb 97.5 Å 

 

 

Table B2. Representative prediction and verification of C 1s fits based on heteroatom core 

levels. Listed spectra are from high vacuum conditions at 690 eV at the same position. 

 Heteroatom 

fit 
RSF 

Predicted 

C 1s 
C 1s fit 

Percent 

difference 

N-C 825,848 1.49 1,230,771 1,288,201 4.6% 

O=C 923,930 0.704 650,655 582,487 11.1% 

O-C 1,071,817 1.41 1,507,478 1,576,313 4.5% 

 

 

3.6.3 Soaked and unsoaked PDMS-peptoid samples 

 
Figure B3. Carbon 1s spectra show similar composition between soaked and unsoaked 

samples.  
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3.6.4 Polypeptoid-modified polymer component spectra 

 
Figure B4. Water sorption onto PDMS, polypeptoid, and PEO surfaces show different 

water affinities in terms of sorption. 

 

3.6.5 Quantification of water content 

Because the PDMS-peptoid water content is contained only within the polypeptoid, 

the carbonyl and ether oxygen components were used within the O 1s to identify the ratio 

between sorbed water and polypeptoid oxygen (1.54). The oxygen content of a polypeptoid 

monomer averages to 1.86 O per polypeptoid monomer (1 per fluorinated, 2 per ether), and 

therefore sorbed water exists at a ratio of 2.83 water per polypeptoid monomer. The 

amounts of sorbed water in polypeptoid and PS-PEO-PS surfaces were found using the 

same methods. 

Quantification of water content in the PEO-peptoid surface requires untangling of 

the z-dependent surface composition. Depth profiling indicates larger amounts of 

polypeptoid within the top 5 nm of the surface. By linearly fitting the excess fluorinated 

carbon content, estimates of the polypeptoid and PEO monomer fractions were made for 

the skin and bulk regions. A linear fit was chosen as the simplest gradient estimate since 

all measurements are also affected by the exponentially decaying depth-dependent signal 

intensity (in addition to the depth-dependent composition). 

 
The amount of bound water per monomer differs for the PEO (𝑤𝑃𝐸𝑂= 1.9) and 

polypeptoid (𝑤𝑝𝑒𝑝= 2.80) components. Therefore, the estimated net amount of water per 

monomer depends on the relative fractions in the skin and bulk layers: 
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𝑊𝑠𝑘𝑖𝑛 =  0.48𝑤𝑝𝑒𝑝 + 0.52𝑤𝑃𝐸𝑂 =  2.33 water molecules/polymer monomer 

𝑊𝑏𝑢𝑙𝑘 = 0.30𝑤𝑝𝑒𝑝 + 0.70𝑤𝑃𝐸𝑂 =   2.17 water molecules/polymer monomer 

The model can be verified by comparing the amount of sorbed water relative to the 

polymer in the O 1s spectrum with the model prediction. The amount of oxygen molecules 

per monomer differs between the skin and bulk layers due to changes in polypeptoid 

content. Given an average of 1.86 O per polypeptoid monomer (1 per fluorinated, 2 per 

ether) and 1.03 per polymer backbone (1 per EO, 2 per AGE), the skin and bulk consist of 

1.43 and 1.28 oxygen atoms per polymer monomer, respectively. Dividing 𝑊𝑠𝑘𝑖𝑛  and 

𝑊𝑏𝑢𝑙𝑘 by each layer’s oxygen content per monomer yields the ratio of water molecules per 

polymer oxygen. 

 It is important to note that the skin layer contributes approximately ~48.9% of total 

signal from the polymer surface. Thus, weighting both layers’ water composition yields an 

estimate of 1.66 water molecules per polymer oxygen for the O 1s spectrum, a value that 

is close to the 1.7 ratio found experimentally. 

 

3.6.6 Polypeptoid synthesis 

Solid-phase synthesis was conducted with minimal modifications to published 

procedures23, 27 on a Prelude synthesizer (Protein Technologies, Inc.).18,34,35 Rink amide 

resin (0.40 mmol g-1 loading) was first deprotected with 20% 4-methylpiperidine solution 

in dimethylformamide (DMF) for 20 minutes, before washing in DMF. The free amine 

chain end was acylated with 0.6 M bromoacetic acid and 0.4 M N,N-

diisopropylcarbodiimide (DIC) in DMF for 20 min. Following washing in DMF, 

nucleophilic displacement of the bromine was performed with either 2-methoxyethylamine 

or 1H,1H-heptafluorobutylamine to yield ether or fluorinated peptoid monomers, 

respectively. A concentration of 1 M in DMF was used for both 2-methoxyelthylamine and 

2,2,3,3,4,4,4-heptafluorobutylamine. The heptafluorobutylamine additions proceeded for 

3 hours at 50 °C and the methoxyethylamine additions proceeded for 1 hour at room 

temperature. After the monomer solution was drained from the resin using the Prelude, the 

resin was again washed with DMF before repeating additions. The polypeptoid was 

functionalized with a thiol endgroup using S-trityl-3-mercaptopropionic acid and N,N’-

diisopropylcarbodiimide (DIC) (both 0.4 M in DMF). 2 mL of solution per 50μmol peptoid 

were added, bubbled with N2 for 30 minutes, and washed with DMF. 

Polypeptoids were cleaved from the solid support using a cocktail of trifluoroacetic acid : 

dicholoromethane : triisopropylsilane: water (47.5 : 47.5 : 2.5 : 2.5, v/v/v/v) for 20 minutes, 

a process which simultaneously deprotected the thiol. The resin was filtered and rinsed 

with dichloromethane and the collected solution was dried under vacuum and lyophilized 
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from water and acetonitrile (1 : 1, v/v).  MALDI was performed to confirm the completion 

of the synthesis. 

 
Figure B4. MALDI trace of the synthesized polypeptoid. The desired 15-mer polypeptoid 

was shown to be a majority product, with a detected mass of 2226.01 Da (+Na+). A 

moderate amount of 14-mers was also detected containing two of three fluorinated 

monomers, and a small amount of 13-mers with only one fluorinated monomer. 
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3.6.7 Click efficacy 

a) PEO-peptoid click attachment

 

b) PEO-peptoid click attachment 

 
Figure B5. Reduction in allyl and vinyl components were indicative of polypeptoid 

attachment during thiol-ene click reaction. Due to steric hindrance resulting from the 

trivinyl siloxane comonomer, the PDMS-peptoid copolymer reached approximately 60% 

completion. This represents attachment at approximately two of the three vinyl groups 

per comonomer. 
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Chapter 4  

Investigating solvent adsorption affinity 

for organic surfaces with ambient-

pressure XPS 
 

 

 

 

Adsorption-mediating interactions between the surface and small molecules crucially 

affect material functionality for many applications including pervaporation and water 

purification membranes, medical implants, and antifouling coatings. While recent research 

efforts have elucidated interactions between water molecules and the surface, 

understanding the affinity of organic species is also critical for materials design in 

circumstances where these species will interact with the surface either in vapor or solution 

phases. Hydrogen bonding interactions are known to significantly affect adsorption affinity, 

but the strength of interactions between polar solvents and the surface is variable dependent 

on chemistry, makes comparisons difficult. Self-assembled monolayers (SAMs) serve as 

an excellent model system for investigating such interactions, presenting a single 

functional group at a surface with sub-nanometer roughness. In this work, the adsorption 

affinities of acetic acid, 1-butanol, and water for methyl (CH3), hydroxyl (OH), and 

carboxylic acid (COOH) SAMs were quantitatively probed using ambient pressure X-ray 



 112 

photoelectron spectroscopy. Acetic acid displayed higher adsorption affinity for OH and 

COOH SAMs than butanol and water, but showed differences in electronic environment 

once adsorbed, deprotonating only on the COOH SAM surface. The effects of surface and 

solvent identity were not interchangeable: acetic acid adsorbed onto the OH SAM surface, 

but butanol failed to adsorb onto the carboxylic acid SAM. These findings suggest that the 

role of the surface in facilitating adsorption is distinct from that of the adsorbing species, 

possibly due to the spacing of functional groups, and that the surface chemistry can be 

tuned to induce particular interactions, such as deprotonation.  

 

4.1 Introduction 

Adsorption-mediating interactions at organic surfaces are significant for many 

fields, especially water/gas filtration membranes, biology, medicine, and marine 

antifouling coatings. For membrane applications, understanding of surface-mediated 

interactions between water, solutes, and the surface is especially critical for improving 

selectivity and overall yields. Recently, experimental and computational efforts have vastly 

improved current understanding of the way that water and surfaces interact.1,2 While this 

is essential for water purification, most separations involve highly complex aqueous 

mixtures with other species that also interact with membrane surfaces. Small organic 

molecules are highly prevalent in waste streams,3,4 and others have high economic potential 

in biofuel production. For instance, butanol is advantageous as a replacement for motor 

fuel, even more so than ethanol:5–7 it contains close to the same energy density as gasoline 

(nearly 1.5 times that of ethanol), has a lower vapor pressure that allows it to be used in 
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existing gasoline supply channels, and is less to partition with water when present in 

gasoline mixtures.8 However, its high toxicity to microorganisms means that separations 

must be able to remove it at very low concentrations in water.9 Pervaporation is similarly 

dependent on solvent–surface interactions. Leveraging a thin membrane that separates 

liquid-phase and low vacuum environments, this process allows for the removal of organic 

solvents from aqueous mixtures and vice versa, or for separation of organic mixtures.10,11 

In order for separation to occur, the solvent must preferentially adsorb onto the membrane 

material and travel to the low-pressure side: acetic acid is a common byproduct in biofuel 

production pretreatment stages, but due to its toxicity must be removed in order to avoid 

interference with microorganism metabolism.12 Removal of this acid via pervaporation is 

known to be challenging,13 but is enhanced by the incorporation of Brønsted acidic sites,14 

which likely increase affinity. 

For both aqueous and vapor phase separations of polar organic molecules, hydrogen 

bonding plays a key role in initiating surface interactions.15 This has been particularly 

followed by the antifouling community, which uses either materials with a strong affinity 

for water (such as zwitterions, PEG, or polysaccharides)16–19 or materials with low surface 

energy (including fluorinated functionalities and siloxanes)16,17,20 to mitigate adsorption 

interactions. While hydrophilicity has often been used as a metric for preventing adsorption, 

it is apparent that hydrogen bonding can instigate water structuring and still also lead to 

stronger interactions with solutes or microorganisms.21 Common design rules note that 

hydrophilicity without the use of hydrogen bond donors produces a superior antifouling 

surface than one where hydrogen bond donors are incorporated.22–24  
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However, the nuances and breadth of hydrogen bonding interactions is still under 

exploration, particularly by computational methods.25 In addition to the molecular makeup 

of the hydrogen bond donor or acceptor itself, the electronegativity of adjacent 

functionalities can further strengthen or weaken hydrogen bonds as electron donators or 

acceptors.26 The distance between hydrogen bonds as well as the number of participating 

groups can further increase strength: a single hydrogen bond donor or acceptor can interact 

with two acceptors or donors in a “bifurcated” hydrogen bonding system, while bidentate 

hydrogen bonds involve two adjacent hydrogen bond donor/acceptor pairs.25,27 The effects 

of varying hydrogen bonding interaction strengths are widely apparent in nature, giving 

promise for better design of future materials. For instance, bidentate catechol 

functionalities provide mussels with the ability to adhere to many types of underwater 

surfaces (despite the presence of water that screens hydrogen bonding interactions)28 and 

have become adopted in many bioinspired adhesives and self-healing materials.29–31 

Despite the pressing need for widescale design rules to support or suppress 

adsorption, the chemical and structural complexity of most coatings and membranes make 

direct relations of chemistry to adsorption-mediating interactions difficult. Self-assembled 

monolayers (SAMs) are advantageous for investigating the roles of particular functional 

group chemistries without the effects of morphology or heterogeneity.32 These consist of 

densely packed monomolecular layers made by the adsorption and spontaneous assembly 

of organic molecules, and contain a head group that presents at the outer surface, an 

oligomeric backbone chain, and a reactive linker for binding to the substrate. Ultimately, 

the surface consists of the singular head group chemistry with sub-nanometer roughness, 

enabling study of interactions between functional groups on a flat, homogeneous 
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surface.33,34 While several distinctive classes of SAM molecular chemistries have been 

formed, the most prevalent consist of thiols linked to gold or other oxide-free metals, or 

silanes bound to hydroxylated surfaces such as silica.35 The former are known to 

consistently form a well-packed single molecule layer and provide access to a wide range 

of surface chemistries such as methyl, alcohol, and carboxylic acid terminal 

functionalities.32,36 Experimental adsorption affinity of solvents can thus be linked to 

common biological and polymeric functional groups. 

Ambient pressure X-ray photoelectron spectroscopy (APXPS) has gained 

recognition for its ability to quantify surface-mediated processes such as adsorption and 

subsequent reactions.37–40 This technique uses ejected photoelectrons to characterize the 

composition and electronic environment of the top few nanometers of the surface with fine 

control over the pressure and temperature within the analysis chamber.41 In addition to 

exploring adsorption of water onto a variety of organic36,42,43 and inorganic44–47 surfaces, 

APXPS has been useful for probing the adsorption of organic solvents, such as 

isopropanol,48 acetone,49 and acetic acid,50 onto the surface of ice. Notably, these three 

solvents were shown to follow a Langmuir adsorption isotherm, indicating primary 

interactions with the surface are necessary and limit coverage to a singular molecular 

layer.51 As a result, APXPS is highly useful for understanding surface interactions as are 

relevant for membrane processes as well as other similar applications. 

In this work, the affinity of model polar solvents (i.e., acetic acid, butanol, and 

water) for SAM surfaces containing methyl (CH3), hydroxyl (OH), and carboxylic acid 

(COOH) head groups was probed using APXPS (Figure 1). The functional group 

chemistries of both the solvent and surface collaboratively determined surface affinity. 
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Only acetic acid was found to adsorb at the explored pressures, doing so on the hydrogen 

bonding OH- and COOH-terminated surfaces, with widespread deprotonation on the latter. 

Notably, the role of the surface and solvent species was not interchangeable: acetic acid 

easily adsorbed onto hydroxylated surfaces, but butanol was not found to adsorb onto 

carboxylic acid surfaces. These findings show that surfaces and adsorbing species play 

distinct roles in adsorption and desorption processes, possibly affected by the spacing of 

functional groups on the surface, and that surface chemistries can be tuned to promote 

desirable interactions, such as deprotonation.  

 

Figure 1. Top: Selected polar solvents 

included butanol, acetic acid, and water, 

which contain varying numbers of 

hydrogen bond acceptors and donors. 

Bottom: Thiol SAM chemistries 

displayed surfaces consisting of methyl, 

hydroxyl, or carboxylic acid head groups.  

 

 

4.2 Experimental Methods 

4.2.1 Materials 

1-dodecanethiol, 11-mercaptoundecanol, and 12-mercaptododecanoic acid used in 

preparing self-assembled monolayers (SAMs) were purchased from Sigma Aldrich. 

Glacial acetic acid, 200 proof anhydrous ethanol, and anhydrous n-butanol were also 

obtained from Sigma Aldrich. 
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4.2.2 Template stripping of gold 

Template-stripped gold as a substrate for self-assembled monolayers was leveraged due 

to its ability to provide a clean and ultrasmooth surface on demand.52–54 Briefly, prime 

grade silicon wafers were cleaned with O2 plasma for 5 minutes before vapor deposition of 

250 nm Au. Small droplets of adhesive epoxy (EPO-TEK 377) were then placed onto the 

gold surface and covered with ~1 cm2 silicon wafer pieces. After curing for 1 hour at 150 

C, the wafer piece was attached to the 250 nm Au layer. Immediately before SAM 

preparation, the wafer and gold was stripped from the prime grade silicon substrate, 

revealing a clean and smooth gold surface underneath. 

4.2.3 SAMs fabrication 

Preparation of self-assembled monolayer (SAM) surfaces is well-established in 

literature.32,55 Thiol SAMs were prepared by immersing freshly-exposed gold wafer pieces 

in 3 mM thiol solutions for 24 hours under inert atmosphere. 1-dodecanethiol and 11-

mercaptoundecanol were dissolved in anhydrous ethanol while 12-mercaptododecanoic 

acid was dissolved in a low pH ethanol/water/acetic acid solution (85/10/5, v/v/v).56 After 

24 hours, CH3, OH, and COOH SAMs were rinsed with ethanol to remove excess thiol. 

(OH and COOH SAMs were also sonicated for ~3 minutes to remove any residual 

hydrogen bound thiol.) The SAMs were then dried with nitrogen, placed into a nitrogen 

glove bag, and then loaded into the APXPS preparatory chamber within 30 minutes. 

Exposure to oxygen atmosphere was limited to under 5 minutes. XPS analysis confirms 

that oxidation was insignificant, as the sulfur-Au linkages were bound to gold with no free 

thiol (Figure C3). 
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4.2.4 APXPS measurements 

All XPS measurements were conducted at the Advanced Light Source (ALS) of the 

Lawrence Berkeley National Laboratory with 100 eV pass energy at Beamline 9.3.2.57 X-

ray photon energy ranged from 325-690 eV. Due to the minimal thickness of the SAMs on 

gold, surface charging was insignificant. However, the SAMs exhibited beam-induced 

damage within a few minutes, so rastering methods were used during data acquisition to 

minimize damage.42 Spectra were collected in 1-2 minutes in a single position before 

movement, and were found to be consistent from position to position (Figure C2). 

Summation of these spectra was done to improve the signal-to-noise ratio, particularly for 

the S 2p and O 1s core levels. The gold substrate’s Au 4f core level was used for calibration 

of all peak intensities. No contributions were detected from the cured EPO-TEK 377 epoxy 

used to adhere the gold to the wafer piece due to the thickness of the 250 nm gold 

underlayer. 

For in situ measurements, anhydrous butanol, glacial acetic acid, and Milli-Q water 

were each added to a glass bulb and degassed by three freeze−pump−thaw cycles before 

introduction into the analysis chambers. Using a precision leak valve, pressures of 250 

mTorr for butanol and acetic acid vapor and 750 mTorr for water vapor were added to the 

analysis chamber at Beamline 9.3.2. These are for each solvent 5.5%, 2.1%, and 4.3% of 

the maximum vapor pressure at room temperature, respectively. After introduction of 

solvent to the chamber, samples were equilibrated for at least 15 minutes before data 

collection. No changes were seen thereafter over several hours, indicating equilibrium was 

established. All fitting procedures were performed on Casa XPS software with Shirley 
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background subtraction and 50/50 symmetrical Gaussian/Lorentzian product function line 

shapes for surface components. 

4.2.5 AFM measurements 

Tapping-mode  AFM  measurements  were  made  using  a Veeco MultiMode 

Scanning  Probe Microscope. Images were collected using Nanosensors long cantilevers at 

1.00 Hz. 
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4.3 Results and Discussion 

4.3.1 Chemistry of SAMs and solvents 

The ways that organic surfaces interact with solvents in the vapor phase for 

applications such as pervaporation are determined in large part by the chemistry of both 

the solvent and surface. Three relevant solvents for industry include water, butanol, and 

acetic acid. All three have similar vapor pressures, reducing the likelihood of differences 

in coverage being ascribed to differences in partial pressure in the Langmuir adsorption 

model.51 All are also capable of participating in hydrogen bonding interactions: butanol 

and water have one and two hydrogen bond donors, respectively, while acetic acid has both 

a hydrogen bond donor and acceptor. Furthermore, each has a potentially labile proton, 

with acetic acid predictably being the strongest Brønsted acid, followed by water and 

finally butanol (Table C1). Use of SAMs terminated with methyl, alcohol, and carboxylic 

acid functionalities enables similar comparisons among the chemistries, while still being 

relevant as groups commonly present in biological and polymeric systems. From these 

properties, it is most likely that acetic is best at adsorbing onto surfaces, containing both a 

hydrogen bond donor and acceptor. The relatively higher vapor pressure of water would 

be expected to limit adsorption at 250 mTorr, so measurements were also taken at 750 

mTorr water vapor pressure (4.3% RH) to be similar to butanol (5.5% P0) and acetic acid 

(2.1% P0) at 250 mTorr.  

To isolate the effects of functional group chemistry on adsorption interactions, self-

assembled monolayers (SAMs) were fabricated on gold. An ultrasmooth surface was 

created by template stripping of the gold from silicon (RMS roughness <0.2 nm; Figure 

C1), and the chemical purity of the produced SAM surfaces was investigated using XPS. 



 121 

The monolayer samples were confirmed to be attached during measurement by their 

negligible thiol content and the S-Au 3/2 peak at 162.1 eV (Figure C3).  

 
Figure 4-2. C 1s (445 eV) and O 1s (690 eV) spectra of (a) CH3, (b) OH, (c) majority 

protonated and (d) majority deprotonated COOH self-assembled monolayer surfaces under 

ultrahigh vacuum conditions. Minor amounts of oxygen impurity were detected in methyl 

SAM surfaces, while the degree of protonation for COOH SAM surfaces affected COOH 

position in the C 1s and C-OH magnitude. 

CH3, OH, and COOH SAMs all share a large C 1s 284.9 eV peak indicative of the 

SAM alkyl chain plus the sulfur-linked hydrocarbon (Figure 4-2). The terminal hydroxyl 

carbon is found at 286.7, while the primary and secondary carboxylic acid carbons (C=O 

and O=C-C, respectively) are present at 289.5 eV and 285.7 eV. Oxygen components 

probed to the same depth (Figure 4-2) are unique to each SAM chemistry. Small amounts 

of an impurity can be detected in the CH3 SAM O 1s spectra, while the OH SAM’s alcohol 
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component can be found at 533.8 eV. The acidic (HO-C) and carbonyl oxygens in the 

COOH SAM at 533.9 eV and 532.5 eV were found in different ratios depending on the 

method of preparation: low pH solutions yielded SAMs that were ~80% protonated as 

shown in Figure 4-2c, which is consistent with previous efforts in literature.36 

Deprotonated carboxyl groups (Figure 4-2d) have both reduced acidic oxygen intensity 

and lower electron binding energy to the primary carboxylic acid carbon (C=O). The 

asymmetry of the acid carbon peaks above are likely due to the presence of minority 

deprotonated and protonated groups in Figures 4-2c and 4-2d, respectively.  

4.3.2. Adsorption by solvent vapor 

To investigate the affinity of relevant solvents in industry, the samples were 

exposed to 1-butanol, acetic acid, and water. All three solvents can participate in hydrogen 

bonding, and have a lower vapor pressure that makes adsorption more conducive during 

APXPS measurements. The SAM surfaces were found to display chemistry-dependent 

responses to vapor exposure (Figure 4-3).  
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Figure 4-3. C 1s (445 eV) spectra of (a) CH3, (b) OH, and (c) COOH SAMs exposed to 

750 mTorr water (left), 250 mTorr butanol (center) and 250 mTorr acetic acid (right) 

vapors. Methyl-terminated SAMs have previously been shown to not participate in water 

adsorption36 and here show no interaction with any organic vapor species. OH and COOH 

SAMs both show acetic acid adsorption, but not butanol adsorption. As expected, addition 

of water has minimal effect on C 1s composition. 
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The methyl-terminated SAM never showed adsorption to butanol or acetic acid, 

and has been previously shown to not interact with water at low pressures.36 Exposure to 

water, as expected, did not affect the C 1s composition of either the OH or COOH SAM 

surfaces. At 250 mTorr, butanol was not found to adsorb onto either COOH or OH SAM 

surfaces. Because the OH SAM and butanol consist of the same alcoholic carbon and 

oxygen chemical environments, quantitative core level comparisons were made according 

to a layered model to definitively confirm a lack of adsorption. Further details can be found 

in Appendix C.  

However, acetic acid was found to adsorb onto both the OH- and COOH-terminated 

self-assembled monolayer upon exposure to 250 mTorr acid vapor, the same pressure at 

which butanol failed to adsorb. Molecular adsorption in the C 1s spectrum can be identified 

with the appearance of broad (salmon-colored) primary and secondary carboxylic acid 

peaks. For the OH SAM, the primary acid carbon is centered at 289.4 eV, indicating the 

acid is predominantly protonated, and is much broader than other components with a 

FWHM at 1.7 eV. It is possible that this wide breadth could be due to variability in 

hydrogen bonding interactions with the surface, such as bidentate or bifurcated H-bonds, 

though simulations would be necessary to confirm. The COOH SAM gains additional 

primary and secondary acid carbons from adsorption that are visible by the increased peak 

intensity near 289 eV and more significant shoulder at 285.7 eV. Unlike the OH SAM, the 

COOH SAM’s combined acid peak is positioned in between the binding energies of 

protonated and deprotonated acidic carbons. Consequently, the adsorbed and SAM acid 

carbons are likely split into COOH and COO- subcomponents. Because the components 
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overlap, it is difficult to ascertain whether the SAM surface or adsorbed acid participate 

equally in deprotonation or if one largely dominates.  

O 1s spectra of surfaces in contact with water, butanol, and acetic acid vapor 

confirm that adsorption is limited to acetic acid. Water adsorption measurements were 

collected up to 750 mTorr water vapor pressure, but no increases in oxygen content or 

changes in trace shape were seen for either the OH or COOH SAM component (Figures 

4-4a and 4-4e, respectively). No adsorbed butanol was detected either (Figures 4-4b and 

4-4f), corroborating observations of the C 1s spectra for the OH and COOH SAM.  

 
Figure 4-4. O 1s spectra of COOH (top; a-d) and OH (bottom; e-g) SAM surfaces at 

equivalent depths with C 1s. Measurements were taken of (a,e) 750 mTorr water, (b,f) 250 

mTorr butanol, and (c,d,g) acetic acid vapors, which are 4.3%, 5.5%, and 2.1% of the room 

temperature vapor pressure. (h) Schematic showing all adsorbed and vapor species for the 
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OH and COOH SAMs; acetic acid has a higher affinity than water or butanol. CH3 SAM 

O 1s spectra can be found in Appendix C. 

Further information on acid deprotonation can be ascertained from the O 1s 

spectrum, where the ratios of the carboxyl oxygen components are indicative of the degree 

of protonation. When a carboxylic acid deprotonates, the extra electron is shared equally 

amongst the two oxygens with an O 1s binding energy matching that of the O=C 

component.36 This causes even slight deprotonation to be visible as increases in carbonyl-

character oxygen are 1:1 with decreases in hydroxyl-character oxygen. For the COOH 

SAM surface, introduction of acetic acid reduced the protonation of carboxylic acid groups 

by nearly 30% (Figure 4-4c). Interestingly, the initial degree of protonation had little effect 

on the final equilibrium content: COOH and COO- surfaces that initially were 80% and 30% 

protonated, respectively, both reached 55% protonation under exposure to 250 mTorr 

acetic acid vapor (Figure 4-4d). This contrasts strongly with the OH SAM, where the C 1s 

core level suggests that deprotonation is not occurring, and the position of O 1s carbonyl 

and acidic oxygen components are within ~10% of full protonation depending on the fit 

(Figure 4-4g).  

Acetic acid is well-known to dissociate in aqueous solutions and has been observed 

to deprotonate when it adsorbs onto ice surfaces.50 While the COOH SAM did not change 

protonation upon exposure to water vapor, the COOH SAM surface seemed to interact with 

acetic acid in a way that was comparable to the ice surface. Acid dissociation was apparent, 

with nearly one COOH deprotonated per hydrogen bonding pair. Regardless of whether 

the unbound proton remains nearby or is replaced by another counterion, the surface likely 

dynamically undergoes protonation and deprotonation as the adsorbed layer exchanges 
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with the gas phase. However, the gas phase is predominantly protonated (Figure C4), 

indicating this is a surface-induced phenomenon that affects a negligible fraction of all 

acetic acid molecules, despite its strong effects on the observed SAM and adsorbed phases. 

The absence of this process on the OH SAM suggests the two surfaces interact with 

individual acetic acid molecules with different extents of hydrogen bonding or for different 

durations.  

While acetic acid was seen to interact differently with OH and COOH SAM 

surfaces, deprotonating the latter, both displayed overall similar affinity in terms of 

adsorption. The thickness of the acetic acid layer (daa) can be quantitatively determined 

from the attenuation of peak intensity that occurs as electrons escape through the adsorbed 

acid. Acetic acid C=O integrated intensity (Iaa) through a finite layer can be quantified as 

according to equations previously defined in literature: 

𝐼aa ≈ 𝑁aa𝜎aa ∫ exp (−
𝑧

𝑙aa
) 𝑑𝑧

𝑑aa

0

= 𝑁aa𝜎aa𝑙aa [1 − exp (−
𝑑aa

𝑙aa
)] 

where N is the atomic density, σ represents the X-ray photoionization cross section, and l 

indicates the electron mean free path.58 Values for each of these parameters in the acetic 

acid/SAM system can be found in Table 4-1. Photoelectrons traveling from the SAM 

through an adsorbed layer carry an additional decay prefactor due to attenuation through 

the entire thickness of the adsorbed acid layer: 

𝐼SAM ≈ 𝑁SAM𝜎SAM exp (−
𝑑𝑎𝑎

𝑙𝑎𝑎
) ∫ exp (−

𝑧′

𝑙SAM
) 𝑑𝑧′

𝑑SAM

0

 (Eqn. 4.2) 

(Eqn. 4.1) 
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Integrating and solving for the unknown thickness of the acid layer (daa), the relationship 

between the component intensities becomes: 

𝑑𝑎𝑎 = 𝑙𝑎𝑎  ln ([
𝐼𝑎𝑎𝑁𝑆𝐴𝑀𝜎𝑆𝐴𝑀𝑙𝑆𝐴𝑀

𝐼𝑆𝐴𝑀𝑁𝑎𝑎𝜎𝑎𝑎𝑙𝑎𝑎
] [1 − exp (−

𝑑𝑆𝐴𝑀

𝑙𝑆𝐴𝑀
)]) 

Table 4-1. Parameters for calculation of acetic acid layer thickness.*   

 Acetic acid C=O SAM C-C 

N [cm
-3

] 4.51 × 10
22

 4.51 × 10
22

 

σ [Mb] 0.360 0.360 

l [Å] 9.59 9.55 

d [Å]  10.4 

* N, σ, l, and d represent the carbon atomic density, photoionization cross section,59 TPP-

2M calculated electron inelastic mean free path at 160 eV,60 and layer thickness, 

respectively. The atomic density and layer thickness of the self-assembled monolayer were 

calculated using the contour length of a SAM chain at 30° from the surface normal.55 

Further details are in Appendix C. 

The calculated thickness of an acetic acid layer is 1.4-1.5 Å for the OH and COOH 

SAM surfaces, leveraging the parameter values indicated in Table 4-1. Given that a layer 

of acetic acid is ~3.5 Å with the carboxyl group facing the surface, the surfaces of both 

SAMs are at a coverage of approximately 0.4-0.5 (equivalent) monolayers. This coverage 

is actually denser than acetic acid within its bulk liquid state, due to the high density of 

SAM headgroups (21.4 Å2/chain)55 that serve as available adsorption sites. It is likely that 

both maintain similar orientations with the carboxyl group facing toward the surface, where 

it can participate in hydrogen bonding interactions with the polar headgroups (Figure 4-5). 

While the OH SAM contains only a single proton donor, it is possible that acetic acid could 

interact with multiple headgroups in a bifurcated hydrogen bond (in addition to singular 

H-bonding).25 Uncharged carboxylic acid functional groups are capable of forming two H-

bonds from the donator acidic oxygen and the acceptor carbonyl oxygen. As such, the 

(Eqn. 4.3) 



 129 

COOH SAM surface likely forms bidentate bonds with adsorbed acetic acid. Charged 

acetate groups contain two donor oxygens due to the resonance structure that distributes 

the extra electron, and can interact with either one donator acidic oxygen or two, if 

bifurcated. Because APXPS cannot provide such structural information, further 

experiments on ambient pressure NEXAFS or development of computational models 

would be ideal for investigating the organization of the adsorbed layer. 

Figure 4-5. Possible hydrogen bonding 

interactions that take place at the acetic acid–

SAM surface. It is possible that single and 

bifurcated hydrogen bonds take place on OH 

SAMs, while the COOH SAM can also 

participate in bidentate hydrogen bonding of 

uncharged acids. 

 

4.3.3 Solvent adsorption and kinetics 

The extent of adsorption can be further related to the equilibrium favorability of 

adsorption and desorption processes. The Langmuir adsorption model is applicable for 

ideal, flat surfaces that host up to one full monolayer that adsorb from the gas or vapor 

phase. Adsorption of organic solvents including alcohols and acetic acid onto ice surfaces 

have been shown to follow such a model,48,50 and should interact similarly with SAM 

surfaces. The coverage 𝜃𝐴 of a single species on these system as a function of pressure can 

be approximated as 

𝜃𝐴 =
𝐾𝑒𝑞

𝐴 𝑃𝐴

1 + 𝐾𝑒𝑞
𝐴 𝑃𝐴

            𝐾𝑒𝑞
𝐴 =

kad

𝑘𝑑
  (Eqn. 4.4) 
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where 𝐾𝑒𝑞
𝐴  represents the equilibrium adsorption constant relating the adsorption (kad) and 

desorption (kd) rate constants, and PA is the partial pressure (P0).
51 Because the coverage is 

has been previously shown to be significantly affected by solvent saturation pressure,48  

solvents with similar and low vapor pressures were selected to emphasize differences in 

adsorption and desorption kinetics. At room temperature, the partial pressures of butanol 

(250 mTorr), water (750 mTorr), and acetic acid (250 mTorr) are 5.5%, 4.3%, and 2.1% 

relative to P0, respectively. Among these three solvents, only acetic acid was observed to 

adsorb onto the self-assembled monolayer surface. Differences in its coverage can be 

attributed to differences primarily in desorption rate constants, increasing 𝐾𝑒𝑞
𝑎𝑐𝑖𝑑. For the 

~45% coverage seen, 𝐾𝑒𝑞
𝑎𝑐𝑖𝑑 could be estimated to be approximately 3.3 Torr-1. However, 

a full adsorption isotherm would be beneficial for confirming the Langmuir adsorption 

model and for extracting a more accurate equilibrium constant. 

In general, adsorption was seen to depend on the identity of the solvent and surface, 

but the roles are not interchangeable. In this work, butanol was not found on the COOH 

SAM surface while acetic acid adsorbed in substantial quantities on the OH SAM. While 

there are subtle differences from the slight degree of deprotonation seen on the COOH 

SAM that may have greater scale impacts, these findings suggests that the role of the 

surface in facilitating adsorption may be distinct from that of the adsorbing species that 

initiates adsorption events. These are bolstered by additional past research: organic acids 

and alcohols are known to adsorb onto ice at low pressures (reaching ~1 ML by a partial 

pressure of 0.9% P0),
48,50,61 but water shows much lower adsorption affinity for acetic acid62 

and other organic surfaces under similar conditions.63 Minimally quantifiable (ad)sorption 

onto charged and hydrophilic polymers has been observed at 0.5% relative humidity (RH), 
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increasing sluggishly until reaching 100% RH.42 Compared with oxides such as MgO, ZnO, 

VO2, and Fe3O4 that exhibit water dissociation at ~0.01% RH45,64,65 and molecular 

adsorption at ~0.1% RH66 even these hydrophilic organic surfaces are comparatively 

hydrophobic. Possible explanations for the disparity in adsorption affinity of water for 

organic surfaces (versus the adsorption of organic surfaces onto ice) include differences in 

surface energy between the species and effects from functional group density at the surface. 

Future simulations would be particularly advantageous for investigating these possibilities.  

 

4.4 Conclusions 

Controlling adsorption-mediating interactions between organic surfaces and 

solvents is critical for effective materials function in applications ranging from membrane 

processes, such as pervaporation, to antifouling coatings. Self-assembled monolayers 

(SAMs) are a useful model system for investigating the effects of organic molecule surface 

chemistry on the surface affinity of organic solvents and water. In this work, we 

demonstrated that acetic acid displays higher adsorption affinities for hydrophilic OH- and 

COOH-terminated SAMs than 1-butanol and water, and it adsorbed similar quantities onto 

both surfaces at 0.4-0.5 equivalent monolayers. However, the surface chemistry was seen 

to direct distinctive acetic acid interactions at the surface: adsorbed acid and the COOH 

SAM headgroup were found to participate in deprotonation, which also occurs on the 

surface of ice and other metals, while the OH SAM facilitated molecular acetic acid 

adsorption. These findings suggest that even materials with similar affinities towards a 
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solvent species may be further capable of eliciting distinct interactions, giving widespread 

implications for material design and tunability. 

Furthermore, distinct roles between the surface and solute were observed for 

interactions between alcohol and carboxylic acid functionalities. Butanol was not found to 

adsorb onto the surface of the hydroxylated SAM, but acetic acid adsorbed in large 

quantities. Previous experiments have suggested organic alcohols and acids easily adsorb 

to water at very low pressures (0.9% P0), but our results indicate that water resists 

adsorption even at 5 times that pressure (4.3% RH). This suggests that the role of the 

surface in adsorption and desorption is distinct from that of the adsorbing species, and 

raises additional questions on whether the spacing of functional groups on a surface 

influences adsorption. Future simulations investigating the ability of a single acetic acid 

molecule to participate in multiple hydrogen bonding interactions with hydroxylated 

surfaces may be of use in explaining our experimentally-observed differences. 
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4.6 Appendix C 

4.6.1 AFM images 

 
Figure C1. AFM image showing morphology of (left) fresh template-stripped gold surface 

and (right) representative OH SAM after fabrication. The RMS surface roughness is <0.2 

nm for both surfaces. 

 

Table C1. Solvent and surface properties 

 H-bond 

donors 

H-bond 

acceptors 

Vapor pressure 

(20 °C) 

pKa 

1-butanol 1 0 4.5 Torr67 1668 

Acetic acid 1 1 11.9 Torr69 4.570 

Water 2 0 17.5 Torr71 1472 

COOH SAM 1 1 – ~4.5 

OH SAM 1 0 – ~16 

CH3 SAM 0 0 – ~5073 
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4.6.2 Beam stability 

Beam stability testing and development of rastering protocols was conducted as previously 

described.42 Degradation studies were first performed to identify spectral changes as a 

function of time and the timing of their onset. For instance, the C-OH of the OH SAM was 

found to degrade beginning at around 3-4 minutes of measurement (Figure C2, left). 

Rastering protocols that involved moving the sample every 1.5 minutes prevented this 

damage (Figure C2, right), while summation could be performed as necessary for core 

levels with lower signal-to-noise. 

 
Figure C2. The location and timing of X-ray damage due to beam exposure were identified 

for each sample, and then minimized using a rastering method. For the OH SAM C 1s, 

rastering every 1.5 minutes was sufficient to prevent beam damage artefacts from affecting 

spectra. 
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SAM purity: S 2p core levels 

 
Figure C3. S 2p spectra of CH3, OH, and COOH SAMs. The ratio of S 2p 3/2 and 1/2 

doublets are 2:1 as expected for the case where the bound S-Au is the sole sulfur species.  

 

CH3 SAM spectra 

 
Figure C4. C 1s and O 1s spectra showing SAM composition under UHV, butanol, and 

acetic acid vapors. No adsorption was observed. From reference  
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4.6.3 Vapor phase spectra 

 
Figure C5. Vapor phase O 1s and C 1s spectra for 1-butanol and acetic acid. Ratios and 

gap widths were used to constrain the vapor phase in all surface fits. 

 

4.6.4 General fitting methods 

  For spectra that contained large numbers of overlapping peaks (i.e., SAM, adsorbed, 

and/or vapor), certain key constraints were initially used. The SAM chemistry was 

initialized with the relative component ratios and position as found under vacuum 

conditions. Adsorbed and/or vapor species were initialized with set gap widths and ratios 

based on vapor phase spectra. Several cycles of fitting with varying tightness of constraints 

were then conducted before concluding whether adsorption was occurring. For one 

particular spectrum, the OH SAM C 1s with 250 mTorr butanol, additional quantification 

was necessary due to the ambiguity of the spectra as explained later. 
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4.6.5 Calculations of atomic density 

  Atomic density for the SAM and solvent layer were determined based on published 

densities for alkyl self-assembled monolayer chains. Each chain is reported in literature to 

occupy an area of 21.4 Å at an angle averaging 30 degrees relative to the surface normal.74 

A contour length of 12.0 Å (from the C-C bond lengths for the 10 alkyl carbon atoms) 

therefore indicates a vertical height of 10.4 Å for the alkyl portion of the chain. Combined, 

this suggests a volumetric density of 4.51 × 1021 chains/cm3. Since there are 10 (alkyl) 

carbon atoms per chain, the C-C atomic density is 4.51 × 1022 atoms/cm-3. 

For Langmuir adsorption, the density of adsorbed vapor is presumed to be based on the 

number of available adsorption sites. Consequently, the density of adsorbed acetic acid 

would be 4.51 × 1022 atoms/cm-3 as well up to a one monolayer maximum.  

 

4.6.6 Determination of OH SAM and butanol C 1s spectrum 

  The OH SAM C 1s spectrum in the presence of butanol could involve either 4 or 6 

overlapping components depending on whether adsorption is or is not occurring. Because 

of the degree of overlap, two fits with and without adsorption both were feasible matches 

to the raw spectrum (Figure C4).  

 
Figure C6. Two different fits for the same C 1s spectrum of the OH SAM under 250 mTorr 

butanol vapor. They differ primarily by the intensity of the C-C SAM backbone component 

(𝐼𝑆𝐴𝑀), which is ~40% smaller when adsorption is presumed to be occurring versus not 

occurring. 

 

  However, the overall intensity of the C-C components differs significantly enough 

between the two fits to leverage quantitative analysis based on signal attenuation. 

Specifically, the intensity of the Au 4f spectrum and C 1s spectrum are quantitatively 

related and can be predicted according to a layered model with adsorbed solvent on top of 

the SAM, and finally gold at the bottom. 

  The SAM intensity, measured as the area of the C-C component in the C 1s 

spectrum, can be quantitatively described using equations from literature:58 
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𝐼SAM ≈ 𝑁SAM𝜎SAM𝑙SAM exp (−
𝑑𝑏𝑢𝑡𝑎𝑛𝑜𝑙

𝑙𝑏𝑢𝑡𝑎𝑛𝑜𝑙
) ∫ exp (−

𝑧

𝑙aa
) 𝑑𝑧

𝑑SAM

0

= 𝑁SAM𝜎SAM𝑙SAM exp (−
𝑑𝑏𝑢𝑡𝑎𝑛𝑜𝑙

𝑙𝑏𝑢𝑡𝑎𝑛𝑜𝑙
) [1 − exp (−

𝑑𝑆𝐴𝑀

𝑙𝑆𝐴𝑀
)] 

Here, N represents the atomic density, σ represents the X-ray photoionization cross section, 

l indicates the electron mean free path, and d is the thickness of the layer as before. Electron 

attenuation through a butanol layer is included as an exponential decay term. The intensity 

of the gold substrate is similar to that of the SAM C-C, but accounts for electron attenuation 

due to traveling through the SAM layer. Note that the gold has effectively infinite depth. 

𝐼Au ≈ 𝑁Au𝜎Au𝑙Au exp (−
𝑑𝑏𝑢𝑡𝑎𝑛𝑜𝑙

𝑙𝑏𝑢𝑡𝑎𝑛𝑜𝑙
) exp (−

𝑑SAM

𝑙𝑆𝐴𝑀
) ∫ exp (−

𝑧

𝑙Au
) 𝑑𝑧

𝑑Au

0

=  𝑁Au𝜎Au𝑙Au exp (−
𝑑𝑏𝑢𝑡𝑎𝑛𝑜𝑙

𝑙𝑏𝑢𝑡𝑎𝑛𝑜𝑙
) exp (−

𝑑SAM

𝑙𝑆𝐴𝑀
)  

 

The ratio between the intensities can be approximated as 

 

𝐼SAM

𝐼𝐴𝑢
=

𝑁SAM𝜎SAM𝑙SAM

𝑁Au𝜎Au𝑙Au
[exp (+

𝑑𝑆𝐴𝑀

𝑙𝑆𝐴𝑀
) − 1] 

 

Electrons from the SAM and Au layers experience equal attenuation from all layers above 

them (such as the vapor, adsorbed solvent, and even the SAM headgroup), and the decay 

terms are correspondingly canceled out in this equation. The remaining parameters can be 

calculated and are shown below for X-rays with 445 eV photon energy: 

 

Table C2: Parameters factoring into calculation of predicted component intensities 

 Au 4f  SAM C-C 

n [cm-3] 5.90 x 1022 4.51 × 1022 

σ [Mb] 4.24 0.360 

l [Å] 6.83 9.55 

d [Å] (inf) 10.4 

 

  In addition to predicting SAM content at 250 mTorr butanol, the model was tested 

at lower butanol pressures, under UHV conditions, and with 250 mTorr acetic acid, as 

shown in Table C2. In general, the model shows a ~10% difference from the expected fit, 

making it a suitable estimate. For the 250 mTorr butanol case, the prediction overestimated 

the C-C content by ~20% making the non-adsorption case (Fit #1) much closer than the 

alternative. Therefore, the attenuation quantification results indicate it is more likely that 

butanol is not adsorbing onto the surface at 250 mTorr and 78 mTorr.  

(Eqn. C2) 

(Eqn. C1) 

(Eqn. C3) 
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Table C3: Predicted and fitted intensities for different environmental conditions 

 250 mTorr 

butanol 

78 mTorr 

butanol 

UHV 250 mTorr  

acetic acid 

IAu 8.00 × 106 20.1 × 106 18.5 × 106 5.97 × 106 

IC-C (predicted) 1.4 × 106 3.6 × 106 3.3 × 106 1.1 × 106 

IC-C (Fit #1; no 

adsorption) 

1.1 × 106 3.3 × 106 3.4 × 106 -- 

IC-C (Fit #2; 

adsorption) 

0.8 × 106 3.0 × 106 -- 1.0 × 106 

Percent difference 21% 8% 3% 8% 

 

Table C4: Summary of adsorption results 

SAM Butanol  

(250 mTorr / 5.5% P0) 

Acetic acid  

(250 mTorr / 2.1% P0) 

Water  

(750 mTorr / 4.2% RH) 

CH3 N N N36 

OH N Y (0.4-0.5 ML) N 

COOH N Y (0.4-0.5 ML) N 
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Chapter 5 

Conclusions and Outlook 

 

 

 

 

 

 In summary, this dissertation investigates the complex relationship between 

surface chemistry and interfacial interactions for polymers in aqueous conditions, and how 

each both influence and are influenced by the other. This codependence has significant 

implications for applications ranging from marine antifouling coatings to water purification 

membranes, and exploration of both was made possible by forming highly-controlled 

polymer and organic surfaces that could be studied with recently developed surface 

characterization techniques. 

Chapters 2 and 4 emphasized the effect of hydrogen bonding interactions on fouling 

and adsorption processes, respectively. In Chapter 2, the use of peptoids as side chains in 

PDMS-based fouling release copolymers enabled minor modifications of side chain 

chemistry to determine the ways that hydrogen bonding influences marine antifouling 

coating suitability. The two analogous hydrogen-bonding and non-hydrogen-bonding 
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peptoid surfaces (with peptoids that contained or lacked a single amide bond in the 

hydrophilic pendant group) showed vastly different responses to Ulva linza algae, despite 

presenting similar hydrophilicity in contact angle goniometry. The non-hydrogen-bonding 

surface showed higher initial settlement, but drastically improved fouling release of algae  

left the surface far cleaner than other samples. Sum frequency generation spectroscopy 

showed that these two materials interacted differently with water, with the hydrogen-

bonding surface instigating a structured water layer that likely reduced initial settlement. 

However, these hydrogen bonds also strengthened interactions with algae and inhibited 

removal when compared with the non-hydrogen-bonding material.  

Chapter 4 demonstrates that hydrogen bonding interactions similarly govern 

adsorption from vapor phase conditions. In this study, self-assembled monolayers (SAMs) 

provided ultrasmooth surfaces consisting of either COOH, OH, or CH3 head groups to 

determine the effects of surface chemistry on adsorption of water, 1-butanol, and acetic 

acid. Hydrogen bonds were essential for adsorption, but key differences were observed 

between the surface and solvent pairs. Acetic acid that adsorbed onto COOH-terminated 

SAMs was found to trigger widespread acid deprotonation: approximately 45% of the total 

acetic acid components were deprotonated based on O 1s spectra. This was paired with a 

change in the C 1s carboxyl carbon binding energy to an intermediate value between 

COOH and COO- positions. Conversely, butanol did not show signs of deprotonation in 

either O 1s or C 1s spectra. From this, it is clear that solvent surface affinity can differ 

beyond adsorption to include different electronic environments. 

In addition, Chapters 2 and 3 depicted the changes in surface chemistry that can 

result from exposure to water vapor or immersion underwater. Chapter 3 focused 
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predominantly on the effects of polypeptoids on polymer surface chemistry in vacuum and 

hydrated conditions up to 100% relative humidity (RH). When amphiphilic polypeptoids 

were incorporated into PEO-based block copolymer systems as side chains, fluorinated 

monomers were able to drive surface segregation as had been previously seen by the group. 

The addition of water did not induce restructuring of the polypeptoid components away 

from the surface, likely as a result of the hydrophilic polypeptoid backbone and ether 

monomers. However, restructuring of the PDMS-polypeptoid system was apparent when 

water was added to the system. There, increases in polypeptoid content were directly 

correlated with increases in water affinity. This correlates well with sum frequency 

generational spectroscopy of the antifouling PDMS-based system with shorter peptoid side 

chains from Chapter 2. Side chain surface restructuring was apparent between ambient air 

and underwater conditions by the appearance of the peptoid amide bend for the latter. 

 While this work represents significant progress in understanding interactions that 

take place between the surface and water or organic adsorbates, much must be done in 

order to understand the surface and interactions present in complex aqueous systems. A 

key next step in this process is investigating the effects that water has on surface adsorption. 

To this point, hydrogen bonding has been seen to instigate adsorption of polar solvents to 

the surface (Chapter 4), but also instigate formation of structured water layers in aqueous 

conditions (Chapter 2). These two effects are in opposition, and observing competition 

between water and solvents for adsorption sites will be particularly useful in understanding 

the ways that hydrogen bonding affects adsorption and fouling. 

 Another area for growth lies in the materials studied. Self-assembled monolayers 

were particularly convenient for characterizing surface adsorption onto particular 
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functional groups, but differ rather significantly from polymer coatings or membranes 

which can also sorb water. Future experiments should begin to bridge the gap between 

idealized assembled monolayers and realistic polymers that participate in both adsorption 

and absorption. In particular, development of a surface with flexible brushes that can 

interact with water and solutes all along the chain, rather than solely the end, may be a 

suitable intermediate. Leveraging polypeptoids for this work could be advantageous, as 

they can be studied as surface brushes and as side chains in block copolymers. 

 The final, and perhaps most significant, challenge lies with characterization of these 

surfaces. This dissertation focused on development of ambient pressure XPS (APXPS) for 

characterization of polymeric surfaces in underwater conditions. While we have 

successfully studied polymer materials in hydrated conditions without inducing beam 

degradation or excessive charging, major improvements can still be made. Reaching both 

nanometer-level surface sensitivity and underwater conditions is challenging for any 

spectroscopy that relies on signal from electrons; lower energy electrons (from lower 

energy photons) will more purely come from the surface, but cannot travel far through an 

aqueous layer or even through vapor phases. We have gotten around this problem by 

extrapolating data from the top 2-5 nm in moderate pressures (below ~1 Torr) to data 

collected at full saturation (~20 Torr) with surface sensitivity on the order of 20-30 nm. 

Future efforts must continue until collecting all of this information at a single time is 

possible to answer the key question of functional group surface density at the top surface 

in fully hydrated conditions. 

 Improving polymer compatibility for underwater applications will remain a 

significant focus for research and industry for decades to come. This work lays down 
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methodologies for creating and characterizing tunable polymer surfaces in such conditions. 

As generations of such works develop over time, understanding of and control over 

underwater surfaces will improve, yielding increasingly rapid innovations for underwater 

applications ranging from membranes to antifouling coatings.  




