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CHAPTER 1 INTRODUCTION 

1.1 Biofouling and Antifouling Polymers 

Biofouling is the accumulation of biomolecules, microorganisms, algae, or 

animals to underwater surfaces. Such accumulation causes many issues. For naval 

industry, animals sticking to ship hulls can damage the surfaces, slow the ships, and cost 

extra fuel, which places a heavy financial burden to surface cleaning, replacement, and 

energy consumption.1 For industrial engineering, biofouling on membranes, pipelines, 

and chemical reactors greatly impairs the efficiency of manufacturing and production.2 

Biofouling can also occur on biomedical devices being applied inside human body, 

because cells and microorganisms accumulate on the surfaces in body fluid, which may 

lead to malfunction of the devices and health complications.3 

Antifouling materials can prevent surface adsorption of molecules and organisms 

and have a wide range of applications.4 A variety of antifouling materials have been 

developed recently, which have different molecular structures and antifouling 

mechanisms. For example, biocides that can deter or kill microorganisms have been used 

to modify coatings to form antimicrobial surfaces (Figure 1.1A).5 Such coatings can 

prevent the initial formation of biofilms created by microorganisms to prevent successive 

attachment of larger organisms. However, biocide based coatings may degrade overtime, 

which may result in leaking of the biocides and contamination of the environment. 



 

Alternative approaches have been pursued to develop

prevent anything from sticking

nonfouling zwitterionic materials have been 

adsorption of biomolecules, cells, and organ

environments. They have wide applications in marine industry and biomedical 

engineering.9-12 It is believed that strong surface hydration is critical for the 

property of the zwitterionic materials. The 

other molecules cannot replac

antifouling materials include amphiphilic polymers. Usually hydrophilic zwitterionic or 

poly(ethylene glycol) (PEG) groups an

incorporated into one polymer,

water.20 Due to the presence of both

coatings are generally both antifouling and fouling release

something attaches to the surface, it is easily washed off

omniphobic surfaces have been developed to combat biofouling.

advantage of liquid fluorocarbon molecules trapped in a porous material and are super 

slippery. 

Figure 1.1 Schematic showing antifouling surfaces with different mechanisms: (A) 
antimicrobial, (B) nonfouling, and (C) fouling release surfaces.

2 

Alternative approaches have been pursued to develop environmental benign coatings

ing to the surfaces (Figure 1.1B).6-8 For example, h

zwitterionic materials have been developed recently, which can prevent the 

adsorption of biomolecules, cells, and organisms to their surfaces in complex 

have wide applications in marine industry and biomedical 

It is believed that strong surface hydration is critical for the non

materials. The surfaces bind water molecules so strongly that 

other molecules cannot replace the water molecules and adsorb onto the surfaces.

antifouling materials include amphiphilic polymers. Usually hydrophilic zwitterionic or 

poly(ethylene glycol) (PEG) groups and hydrophobic silicone or fluorocarbon are 

incorporated into one polymer,14-19 which demonstrates surface restructuring from air to 

Due to the presence of both hydrophilic and hydrophobic groups, amphiphilic 

antifouling and fouling release (Figure 1.1C), i.e., 

something attaches to the surface, it is easily washed off. In addition, bio-inspired 

omniphobic surfaces have been developed to combat biofouling.21,22 These coatings

advantage of liquid fluorocarbon molecules trapped in a porous material and are super 

 

Schematic showing antifouling surfaces with different mechanisms: (A) 
antimicrobial, (B) nonfouling, and (C) fouling release surfaces. 

environmental benign coatings to 

For example, hydrophilic 

recently, which can prevent the 

in complex 

have wide applications in marine industry and biomedical 

nonfouling 

surfaces bind water molecules so strongly that 

the surfaces.13 Other 

antifouling materials include amphiphilic polymers. Usually hydrophilic zwitterionic or 

fluorocarbon are 

surface restructuring from air to 

, amphiphilic 

, i.e., even if 

inspired 

coatings take 

advantage of liquid fluorocarbon molecules trapped in a porous material and are super 

Schematic showing antifouling surfaces with different mechanisms: (A) 
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As mentioned above, antifouling materials can be designed with many different 

molecular structures which determine their antifouling mechanisms and performances. 

However, detailed molecular level studies of the material surfaces have been proved 

challenging because commonly used surface sensitive techniques such as X-ray 

photoelectron spectroscopy (XPS) and electron microscopy often require vacuum to 

operate. Vacuum is a completely different environment compared to that where 

antifouling materials are being applied. Alternatively, sum frequency generation (SFG) 

vibrational spectroscopy is an intrinsically surface sensitive technique, which can be used 

to probe material surfaces in water and provide molecular-level structural information.23 

In this thesis, SFG has been applied to study the surfaces of various antifouling materials 

in contact with aqueous environments in situ. The SFG results have revealed the 

molecular mechanisms of the antifouling materials. Specifically, the surface molecular 

structures (i.e. the presence and orientation of certain functional groups) of the 

antifouling materials were investigated in air and aqueous environments. The 

configuration of such functional groups on the material surfaces were correlated to their 

antifouling properties. Because antifouling materials are expected to be used in aqueous 

environments, we focused on the surface structures of the materials in various aqueous 

solutions (with different pH and ions). Further, the critical role of the water molecules at 

the material surfaces under various conditions was examined and then related to the 

antifouling properties of the materials. The specific antifouling materials to be examined 

in this thesis are presented in Section 1.4 with more details, and the surface structures of 

these materials were for the first time revealed using SFG spectroscopy and correlated to 

the antifouling properties. The SFG results will guide the design of new and effective 
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antifouling materials. The background of SFG spectroscopy is discussed in more detail in 

Section 1.3. 

1.2 Bio-inspired Adhesive Materials 

Although biofouling causes many troubles, it presents a good model for 

underwater adhesion. Inspired by marine organisms that cause biofouling such as mussels 

and barnacles, a number of adhesive polymers have been synthesized that can adhere in a 

wet environment.24-26 Particularly, the amino acid 3,4-dihydroxyphenylalanine (DOPA) 

(Figure 1.2) found in mussel foot proteins (MFPs) has been proven essential for mussel 

adhesion, and DOPA has been extensively incorporated into polymers for adhesion 

purposes.27-29 

 

Figure 1.2 Molecular structure of DOPA. 

The adhesion of DOPA has been extensively observed, but its adhesion 

mechanisms are challenging to study because commonly used techniques cannot probe 

adhesive interfaces in situ. Such interfaces generally involve buried polymer interfaces or 

polymer surfaces in water. In this thesis, SFG has been applied to study the molecular 

structures of biofouling interfaces of mussel proteins on various coatings and a DOPA 
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inspired polymer at various interfaces. Their underwater adhesive mechanisms will be 

revealed, which will guide the design of new adhesive and antifouling materials. 

1.3 Sum Frequency Generation (SFG) Vibrational Spectroscopy 

SFG vibrational spectroscopy is an intrinsically surface-sensitive and in situ 

vibrational spectroscopic method.30,31 An SFG process involves two input photons and 

one outgoing photon. The outgoing photon has the sum frequency of the input photons 

(Figure 1.3A). Therefore, SFG signal is related to two input optical beams by a second-

order nonlinear optical process. Experimentally, visible and infrared (IR) input lasers 

penetrate a CaF2 or SiO2 substrate (window or prism), and overlap spatially and 

temporally at the sample surface in air, water, or an aqueous solution (Figure 1.3B). The 

wavelength of the visible beam is 532 nm, whereas the IR beam is frequency tunable. 

The reflected SFG signal is collected by a monochromator along with a photomultiplier 

tube as a function of the wavenumber of the IR beam.  

 

Figure 1.3 (A) SFG energy level diagram; (B) Experimental scheme of SFG vibrational 
spectroscopy. Top: Window geometry; Bottom: Prism geometry. 

Ground

Virtual

ωVis

ωIR

ωSFG

Vibrational

ωVis + ωIR = ωSFG

Water

IR

Vis
SFG

SiO2, CaF2

Polymer

Water
Polymer

SiO2, CaF2

IR

Vis
SFG

A
B



6 
 

SFG is surface sensitive because of its selection rule. According to the selection 

rule, SFG signal intensity is proportional to the square of the second order nonlinear 

optical susceptibility, χ(2), of the material under the electric dipole approximation. As a 

polar third-rank tensor, χ(2) changes sign under the inversion operation: χ(2)(r) = −χ(2)(−r). 

For materials with inversion symmetry, χ(2)(r) = χ(2)(−r). The only possible solution for 

the above two equations is χ(2) = 0. Therefore, for materials with inversion symmetry, no 

SFG signal can be generated. Most solid polymer systems do have inversion symmetry, 

because the functional groups in the bulk of these polymeric materials are generally 

randomly oriented; therefore they would not generate SFG signals. However, because 

inversion symmetry is broken at the surface/interface, for molecules or functional groups 

on polymer surfaces or at polymer interfaces, χ(2)(r) does not equal to χ(2)(−r). Here, χ(2) 

can be non-zero, and SFG signals can be detected from surfaces and interfaces. Due to 

this selection rule, SFG is intrinsically surface/interface sensitive. The surface/interface 

sensitivity of SFG is not determined by the penetration depth of the input laser beams 

into the sample. Even when the input laser beams can penetrate the entire sample, only 

molecules or functional groups on the surfaces or at the interfaces contribute to the 

signals due to the SFG selection rule. As signals detected in other vibrational 

spectroscopic methods, SFG vibrational peaks can be assigned to different vibrational 

modes of various functional groups in the molecules. SFG spectra can be used to 

determine what types of molecules/functional groups are present on the surface/at the 

interface according to the peak centers of the vibrational bands in the spectra.  
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1.4 Dissertation Overview 

In this thesis, SFG spectroscopy along with other techniques was used to probe 

the surface structures of various antifouling materials and reveal their antifouling 

mechanisms. To understand biofouling, the molecular structures at the adhesion 

interfaces of mussel adhesives and a mussel inspired polymer were probed by SFG 

spectroscopy, and the adhesion mechanisms was elucidated. 

The surface structures of biocide modified PDMS coatings are firstly discussed. 

Such coatings are able to prevent the surface growth of microorganisms underwater by 

killing the microorganisms on the surfaces. This work aims to optimize the formula of a 

biocide, quaternary amine salt (QAS), modified poly(dimethyl siloxane) (PDMS) 

material, and to reveal its anti-bacterial mechanism. Two different QAS silanes (methoxy 

and ethoxy terminated) and PDMS with two different molecular weights (18 000 and 49 

000 g/mol) were mixed to prepare four different biocide coatings. The surface structures 

of the four coatings in air and sea water were revealed by probing their surfaces using 

SFG spectroscopy. The effects of the chain length of PDMS and the reactivity of the 

silanes on the surface structures of the coatings are discussed. The antimicrobial activity 

of the coatings was correlated to their surface structures. The research results of the SFG 

studies on the QAS modified PDMS coatings are presented in Chapter 2, Section 2.1. 

Environmentally benign amphiphilic polymers provide another solution to 

antifouling material research. SFG spectroscopy combined with infrared spectroscopy is 

used to probe the surface structures of amphiphilic polymers in air and water. These 

amphiphilic polymer coatings were prepared with a hydrophilic betaine group and 

various hydrophobic or hydrophilic side chains. Their different surface structures in air 
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and water are discussed and correlated to their antifouling performance. The research 

results of the SFG studies on the polybetaines with different side chains are presented in 

Chapter 2, Section 2.2. 

Another type of amphiphilic polymers, polypeptoids, was then investigated. 

Unlike most polymers, polypeptoids can be designed with specific sequence; therefore 

they serve as a great model for polymer physics and chemistry studies. The surface 

structures and hydration of a series of polypeptoids with different sequences and 

compositions were probed using SFG spectroscopy and correlated to their different 

antifouling/fouling release behaviors. This work aids in the design of polypeptoids with 

improved performance through optimizing the sequence and composition and is 

presented in Chapter 2, Section 2.3. 

Polymer coatings that can resist oil fouling in water can be used for oil/water 

separation. In this work, the surface structures of polymer coatings for oil/water 

separation are examined. The coatings were prepared via layer-by-layer assembly of 

poly(diallyldimethylammonium chloride) (PDDA) and poly(sodium styrene sulfonate) 

(PSS) to form polyelectrolyte multilayer films. The oil repellency of the films in water 

was tested. The orientation of the functional groups on the surfaces of the films was 

probed by SFG spectroscopy. The surface structures of the films were correlated to their 

oil/water separation performance. The research results of the oil/water separation films 

are presented in Chapter 2, Section 2.4. 

In addition to the polymer structures, surface hydration of the polymers plays an 

important role in resisting biofouling. Zwitterionic polymers are promising nonfouling 

materials, and their strong surface hydration is believed to be crucial to their nonfouling 
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performance. SFG spectroscopy is used to probe the surface hydration of zwitterionic 

materials with different molecular structures. The effects of polymer structures and 

environmental factors such as pH and salts on their surface hydration are discussed. The 

surface hydration of zwitterionic and PEG materials was compared. The interaction 

between the materials and proteins were investigated to further reveal their nonfouling 

mechanisms. Furthermore, isotopic dilution technique was applied to better interpret the 

SFG spectra of water and reveal the surface hydration of the materials. The correlation 

between the strongly hydrogen bonded water molecules at the material surfaces and their 

nonfouling properties are discussed. The SFG studies on the hydration of nonfouling 

zwitterionic materials are presented in Chapter 3. 

While antifouling materials are being developed to combat biofouling, we can 

learn from biofouling to develop underwater adhesive materials. Mussel is one of the 

marine animals that can adhere to surfaces in wet environments leading to biofouling. 

The adhesion mechanisms of mussel have been extensively studied with isolated and 

purified mussel foot proteins, but the buried adhesive interfaces of live mussels have 

never been examined in situ. In this research, the buried interfaces between mussel 

adhesives and various substrates were probed in situ using SFG spectroscopy. The 

importance of surface dehydration to mussel adhesion underwater is discussed. The 

interactions between mussel proteins and the substrate materials were also examined. The 

research on the adhesion interfaces of mussel proteins are presented in Chapter 4, Section 

4.1.  

Inspired by mussel adhesion, a DOPA-containing adhesive polymer has been 

developed.32 The molecular structures of this polymer at various interfaces were revealed 
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using combined SFG and infrared spectroscopy. The effect of oxidation of DOPA was 

also discussed. The interfacial structures of the polymer were related to its adhesion 

properties. The study on the adhesion mechanisms of the DOPA-containing polymer is 

presented in Chapter 4, Section 4.2. 

In this thesis, we get a comprehensive understanding of biofouling and antifouling 

materials by using SFG spectroscopy as a main technique for probing a wide range of 

material surfaces and interfaces. The surface structures of novel antifouling materials at 

water interfaces were elucidated to interpret their antifouling performances. The adhesion 

interfaces underwater relevant to biofouling was studied to reveal the adhesion 

mechanisms. 

In Chapter 2, Section 2.1 is adapted with permission from Langmuir 2013, 29, 

2897-2905. Copyright (2013) American Chemical Society; Section 2.2 is adapted with 

permission from ACS Macro Lett. 2013, 2, 1011-1015. Copyright (2013) American 

Chemical Society; Section 2.3 is adapted with permission from Langmuir 2015, 31, 

9306-9311. Copyright (2015) American Chemical Society; and Section 2.4 is adapted 

with permission from Angew. Chem. Int. Ed. 2015, 54, 4851-4856. Copyright (2015) 

John Wiley & Sons, Inc. In Chapter 3, Section 3.1 is adapted with permission from J. 

Phys. Chem. C 2014, 118, 15840-15845. Copyright (2014) American Chemical Society; 

Section 3.2 is adapted with permission from ACS Appl. Mater. Interf. 2015, 7, 16881-

16888. Copyright (2015) American Chemical Society; and Section 3.3 is adapted with 

permission from J. Phys. Chem. C 2015, 119, 8775-8780. Copyright (2015) American 

Chemical Society. Chapter 4 Section 4.2 is adapted with permission from Langmuir 2013, 

29, 6659-6664. Copyright (2013) American Chemical Society. 
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CHAPTER 2 SURFACE STRUCTURES AND HYDRATION OF 

NOVEL POLYMERS FOR ANTIFOULING/FOULING 

RELEASE AND OTHER APPLICATIONS 

2.1 Surface Structures of Poly(dimethyl siloxane) (PDMS) Coatings 

Modified with Quaternary Amine Salts (QAS) for Antifouling and 

Fouling Release Applications 

2.1.1 Introduction 

Marine biofouling is generally defined as the undesirable attachment and growth 

of macro- and micro-organisms on surfaces immersed in seawater. Once established, it 

can cause a multitude of problems for ships in operation and in the harbor. Extensive 

research has been performed in recent years to develop new antifouling coating 

technologies that possess superior antifouling efficiency, longer performance lifetimes, 

and non-toxic mechanisms of activity.1 

Polydimethysiloxane (PDMS) materials have demonstrated good fouling release 

performance due to their low surface energy, low glass transition temperature, and low 

elastic modulus.1 In addition, biocides have been incorporated into PDMS matrices to 

form successful antibacterial materials.2 Thus, researchers have applied this idea to 

generate fouling release and antifouling coatings using PDMS with chemically bound 
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(i.e., tethered) biocide moieties. Quaternary ammonium salts (QAS) are one of the most 

widely used biocides to inhibit microbial growth. They are very effective in killing a 

broad spectrum of microorganisms such as Gram-positive and Gram-negative bacteria, 

yeast, and mold.3,4 

Extensive research has demonstrated that QAS-incorporated PDMS materials are 

good candidates for coatings that possess both fouling release and antifouling 

capabilities.5,6 To optimize the performance of various coating materials, it is crucial to 

characterize their surface chemical structures at the molecular level because such surface 

structures determine their antifouling properties. More importantly, because these 

materials are used underwater, it is crucial to monitor their surface structures in situ in 

water. However, most of the currently available surface sensitive analytical techniques 

cannot meet the above requirements simultaneously.  

Sum frequency generation vibrational spectroscopy (SFG) has been shown to be a 

powerful tool to study polymer surface structures at the molecular level in different 

chemical environments. SFG can provide information such as functional group 

composition and orientation at surfaces/interfaces with submonolayer sensitivity.7 In 

addition, SFG can be used to study in situ surface restructuring behavior of polymer 

materials in water.8,9 

In this work, SFG was used to monitor the surface structures of QAS-incorporated 

PDMS coatings. Emphasis was placed on the effects of the types of the silanes used to 

incorporate QAS into PDMS and the molecular weight of the PDMS chains. A previous 

study indicated that PDMS materials with QAS tethered using the ethoxysilane exhibited 

better antifouling activity than those prepared with methoxysilane.4 The SFG results here 
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indicate that densely packed alkyl chains on the coating surfaces are crucial to kill 

bacteria, correlating well to the previously published experimental observations in 

antifouling properties, thus providing an in-depth understanding on the surface structure-

function relationships of PDMS materials incorporated with QAS biocides. 

2.1.2 Experimental Section 

Silanol-terminated PDMS with molecular weights (MW) of 18,000 and 49,000 

g/mol (18K-PDMS and 49K-PDMS) were purchased from Gelest, Inc. (Tullytown, PA) 

and were diluted in toluene to 80 wt%. Quaternary ammonium salts, 

octadecyldimethyl(3-trimethoxysilylpropyl) ammonium chloride (C18-TMS) and 

octadecyldimethyl(3-triethoxysilylpropyl) ammonium chloride (C18-TES), were 

synthesized using a published protocol.4 Tetrahydrofuran, tetrabutylammonium fluoride 

(TBAF) in tetrahydrofuran (1.0 M), and 4-methyl-2-pentanone (MIBK) were purchased 

from Aldrich (Milwaukee, WI). For coating solutions, a TBAF catalyst solution (50 mM) 

was prepared by dispensing 1.25 mL of 1.0 M TBAF solution in a 25 mL volumetric 

flask and adding MIBK volumetrically to 25 mL. Coating samples were prepared by 

blending 18K-PDMS or 49K-PDMS, the cross-linker methyltriacetoxysilane (MTAC), 

the TBAF catalyst solution, and different amounts of a methanol solution (50% w/w) of 

QAS (Table 2.1). The coating solutions were stirred overnight and then spin-coated on 

fused silica windows (1 inch in diameter, 1/8 inch thick, ESCO Products Inc.) at 3000 

rpm for 30 s. The spin coated films were cured at ambient condition for 24 h followed by 

heated at 50 °C overnight. Molecular formulas for PDMS, cross-linker, catalyst and QAS 

are shown in Figure 2.1. 



 

Table 2.1 Compositions of the PDMS coatings incorporated with QAS (all values are in 
grams) 

Sample 

PDMS 

type amount

A 49K 6.25

B 49K 6.25

C 18K 5.00

D 18K 5.00

Figure 2.1 Molecular structures of the QAS incorporated PDMS system

Details about SFG theories and instrumentation have been published elsewhere 

and will not be reiterated here.

selectively probes systems with no inversion symmetry. Since most bulk materials have 

inversion symmetry, SFG is an intrinsic surface sensitive technique and has been proven 

to provide submonolayer surface sensitivity. In this study, face

was used in which two input laser beams travel

overlapped on the polymer/air or polymer/liquid (Millipore water or artificial sea water) 

interface (Figure 2.2). SFG spectra with a polarization combination of ssp (s

16 

Compositions of the PDMS coatings incorporated with QAS (all values are in 

QAS 

MTAC 50 mM Catalyst

amount type amount 

6.25 C18-TMS 1.24 0.75 

6.25 C18-TES 1.61 0.75 

5.00 C18-TMS 1.24 0.75 

5.00 C18-TES 1.61 0.75 

structures of the QAS incorporated PDMS system. 

Details about SFG theories and instrumentation have been published elsewhere 

here.7,10 SFG is a second order nonlinear optical process which 

ystems with no inversion symmetry. Since most bulk materials have 

inversion symmetry, SFG is an intrinsic surface sensitive technique and has been proven 

to provide submonolayer surface sensitivity. In this study, face-down sample geometry 
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sum frequency output, s-polarized visible input, and p-polarized infrared input) were 

collected. All SFG spectra were normalized according to the intensities of the input IR 

and visible beams. SFG signals are dominated by the polymer/air or polymer/liquid 

interface, with almost no polymer/substrate or polymer bulk contributions to the spectra 

collected using this experimental geometry.11 

 

Figure 2.2 SFG experimental face-down sample geometry. 

2.1.3 Results and Discussion 

2.1.3.1 In air  

The ssp SFG spectra collected from the surfaces of the four samples are 

dominated by peaks centered at 2850, 2875, 2915, 2940 and 2965 cm-1, which are 

assigned to the CH2 symmetric stretching, CH3 symmetric stretching, Si-CH3 C-H 

symmetric stretching, CH3 Fermi resonance, and C-H asymmetric stretching of regular 

methyl and/or Si-CH3 groups, respectively (Figure 2.3).8,9,11-13 The 2850, 2875, 2940, and 

2965 cm-1 peaks are contributed from QAS while the peaks at 2915 cm-1 and 2965 cm-1 

are from the Si-CH3 C-H symmetric and asymmetric stretching modes in PDMS. This 

was concluded because SFG spectra detected from the pure PDMS surface reported 

before contain only two peaks in the C-H stretching frequency region from the Si-CH3 C-

H symmetric (∼2915 cm-1) and asymmetric (~2965 cm-1) stretching modes.12 The four 

materials did not display discernible differences in their surface structures in air; both 
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PDMS and the QAS molecules are present on the surface and the PDMS generates the 

dominating signal from these surfaces. Therefore PDMS dominates the surfaces of the 

coatings, responsible for their fouling release property. 

 

Figure 2.3 SFG ssp spectra collected from QAS-tethered PDMS systems in air. The four 
samples studied are (A) 49K-PDMS, C18-TMS; (B) 49K-PDMS, C18-TES; (C) 18K-
PDMS, C18-TMS; (D) 18K-PDMS, C18-TES. 

2.1.3.2 In artificial sea water (ASW)  

SFG spectra were also collected from the material/ASW (Aldrich, Milwaukee, WI) 

interface. Salt ions in sea water may induce surface reorientation of the coating materials 

which might provide a better understanding of their antifouling performance (Figure 2.4). 

The ions in ASW randomize the orientation of the interfacial water molecules resulting in 

no detected water O-H stretching signal. As a result, only SFG spectra in the C-H 

stretching frequency are displayed. The spectral signatures and relative intensities are 

different for each of the four samples, indicating that both the silane head group on QAS 

and the MW of PDMS play a role in determining the surface structures of these materials 
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in ASW. These differences show that the QAS molecules on the surfaces, especially the 

alkyl chains attached to the quaternized nitrogen atoms, organized differently in ASW. 

Two observations can be made from the four SFG spectra in Figure 2.4. Firstly, 

the materials made from C18-TES have notably stronger CH3 signals at 2880 and 2940 

cm-1 than the analogues made from C18-TMS. Strong SFG signals mean that the 

interfacial molecules or functional groups are more ordered along the surface normal. 

This suggests that on the coating surfaces in ASW, the alkyl chains on the QAS prepared 

with TES-QAS have a longer extension and protrude out farther from the surfaces (or 

standing up on the surface) while the alkyl chains on the QAS prepared with TMS-QAS 

fold back and are more disordered. Secondly, the materials made from 18K-PDMS have 

relatively stronger SFG signals than those made from 49K-PDMS. As a result, the alky 

chains on the surface of 18K-PDMS are better ordered than those on 49K-PDMS surface 

in ASW. 

 

Figure 2.4 SFG ssp spectra collected from QAS-tethered PDMS systems in ASW. The 
four samples studied are (A) 49K-PDMS, C18-TMS; (B) 49K-PDMS, C18-TES; (C) 
18K-PDMS, C18-TMS; (D) 18K-PDMS, C18-TES. 
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2.1.3.3 Antifouling activity 

According to antifouling experiments performed previously, using various marine 

microorganism-based laboratory assays, the QAS-tethered PDMS materials prepared 

with TES-QAS were more effective in preventing microbial biofilm growth than those 

prepared with TMS-QAS.4 Furthermore, the biofilms attached to the surfaces of the 

QAS-tethered PDMS materials prepared with TES-QAS were much easier to remove. 

Previous atomic force microscopic (AFM) results indicated that QAS-tethered PDMS 

prepared with TES-QAS leads to greater segregation of QAS groups to the coating 

surface than that prepared with TMS-QAS.4 This may be attributed to the lower reactivity 

of the ethoxysilane groups, which resulted in additional time for the diffusion of TES-

QAS to the surface. 

The reported AFM results on the aggregation morphology of the surfaces are 

consistent with our SFG data, as QAS-tethered PDMS prepared with TES-QAS exhibited 

stronger methyl signals in aqueous environment, especially in ASW. As discussed above, 

it is necessary to have the alkyl groups of the QAS protruding out from the surface of the 

QAS-tethered PDMS to kill bacteria. It can be deduced from the SFG results that the 

alkyl chains on surfaces prepared from TES-QAS were densely packed with ordering and 

extended out in ASW whereas coatings from TMS-QAS do not have extended alkyl 

chains on the surfaces (Figure 2.5), due to the different reaction dynamics of 

methoxysilane and ethoxysilane. 



21 
 

 

Figure 2.5 Illustration showing the surface structures of QAS-tethered PDMS system in 
aqueous environment. Different silane groups on QAS lead to different alkyl chain 
ordering of the system. 

2.1.4 Conclusions 

In this study, SFG has been applied to investigate surface structures of PDMS 

materials incorporated with QAS-based biocides in situ for fouling release and 

antifouling coatings. Polymers prepared from TES-QAS resulted in better antifouling 

coatings. SFG studies showed that they generated stronger signals from alkyl groups in 

aqueous environments, especially in ASW. This shows that the different reaction 

dynamics of methoxysilane and ethoxysilane can lead to different surface structures of 

QAS-tethered PDMS, resulting in different antifouling activities. In addition, coatings 

prepared from QAS-tethered 18K-PDMS generated stronger SFG signals from the QAS 

alkyl chains than those prepared from the QAS-tethered 49K-PDMS because 18K-PDMS 

could provide more end groups for QAS tethering. The degree of extension of the alkyl 

chains in QAS plays an important role in preventing bacterial biofilm growth. The 

correlations made between the SFG studies and antifouling properties in this study also 

agreed well with our previous studies on PDMS materials incorporated with QAS 

possessing different alkyl chain lengths.6 This study provides a general set of guidelines 

to follow when designing PDMS materials incorporated with QAS to generate antifouling 

coatings: The QAS groups need to aggregate to the surface and the QAS alkyl chains 
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need to extend fully into the aqueous environment. As a result, the long alkyl chains can 

penetrate into the cell membrane and kill microorganisms. 

2.2 Surface Restructuring of Antifouling Amphiphilic Polybetaines in 

Water 

2.2.1 Introduction 

Anti-biofouling materials have great use in a wide range of important applications 

from ship hulls to biomedical implants.14 Poly(dimethyl siloxane) (PDMS),  

poly(ethylene glycol) (PEG)15 and zwitterionic based materials16 have been extensively 

studied for fouling-release and non-sticky coatings. Solely hydrophobic or hydrophilic 

surfaces are believed to be inadequate to completely resist biofouling, because proteins 

and larger organisms are intrinsically amphiphilic and can attach to surfaces with 

different mechanisms.17 To address this issue, there is an increasing awareness that 

amphiphilic materials may offer superior anti-biofouling properties. Such materials can 

resist biofouling by restructuring their surfaces depending on their environment, similar 

to living organisms.18  

A typical amphiphilic material combines both hydrophilic PEG and hydrophobic 

fluorinated polymer segments, which can resist biofouling better than the sole use of PEG 

or fluorinated polymers.19 Based on the same principle, surface active block copolymers 

(SABC) were synthesized with amphiphilic side chains containing both PEG and 

fluorinated components, which showed strong resistance to the attachment of various 

organisms.20-22 Polypeptoids, a non-natural bio-mimetic polymer, have also been 

designed for anti-biofouling. The property of the polypeptoids could be tuned by varying 
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the amount and sequence of PEG and fluorinated blocks.23 Recently, an entirely new 

class of amphiphilic polybetaines with different side chains were synthesized via ring-

opening metathesis polymerization.24,25 These materials take advantage of the hydrophilic 

zwitterionic functional groups while their surface properties are further tuned by 

hydrophilic or hydrophobic side chains (Figure 2.6). For example, the polybetaine 

containing oligo(ethylene glycol) side chain (ZI-OEG) is hydrophilic, while the polymers 

bearing octyl or fluorinated side chains (ZI-C8 or ZI-F13) are hydrophobic. The anti-

biofouling assays showed that the ZI-OEG and ZI-F13 surfaces resisted the non-specific 

adsorption of several types of proteins, while protein adsorption on the ZI-C8 coating was 

greater than the other betaines.24  

The anti-biofouling capability of amphiphilic materials often depends on their 

surface structures in water. In previous reports, the surface structures of various polymers 

were determined by X ray spectroscopy in vacuum20-22,26,27 and their surface restructuring 

in water was deduced from atomic force microscopy and dynamic water contact angle 

experiments.23-25 However, none of these characterization methods provided direct 

evidence of the polymer surface restructuring at the molecular level in water. Hence, an 

in situ technique is needed to probe the polymer/water interface. 
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Figure 2.6 Preparation of the amphiphilic polybetaine coatings. Briefly, (a) cationic 
polymers were spin-coated on SiO2 substrates and cured to form (b) cationic coatings, 
followed by hydrolysis in 0.1 M NaOH to form (c) amphiphilic coatings. 

As discussed above, SFG has been extensively applied to study structures of 

polymers and biomolecules at various interfaces28-31 and has proved to be particularly 

powerful in revealing polymer/water interfacial structures in ambient environments.32-35 

Here surface structures of three amphiphilic polybetaines with different side chains 

(Figure 2.6) were probed in air and water with SFG in situ. The SFG signals from the 

OEG, C8 and F13 side chains were obtained in air and then compared to signals from the 

water interface to understand their different restructuring behaviors. Moreover, the SFG 

signals from the betaine group showed its affinity towards water. The SFG results on the 

surface restructuring of the polymers in water were used to explain their anti-biofouling 

mechanisms. 
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2.2.2 Experimental Section 

Cationic polymers with OEG, C8 and F13 side chains (N(+)-OEG, N(+)-C8 and 

N(+)-F13) (Figure 2.6a) were synthesized by our collaborators (Prof. Gregory Tew’s lab 

at University of Massachusetts) according to the previously published method with 

molecular weight and compositions presented in the literature.24,25 Millipore water (18.2 

MΩ‧cm) was used in all the experiments. 

Right angle SiO2 and CaF2 prisms were purchased from Altos Photonics 

(Bozeman, MT). A layer of 100 nm SiO2 was deposited onto each CaF2 prism by an 

electron-beam deposition process using an SJ-26 Evaporator system at a pressure below 

10-5 Torr. The deposition rate is 5 Å/s. The SiO2 prisms and SiO2 coated CaF2 prisms 

were treated with O2 plasma for 4 minutes in a PE-25-JW plasma cleaner (Plasma Etch, 

Carson City, NV). The amphiphilic polybetaine coatings were prepared according to our 

prior report (Figure 2.6).24 The ZI-OEG and ZI-C8 coatings were prepared on SiO2 

prisms and the ZI-F13 coating was prepared on the SiO2 coated CaF2 prism. The 

thicknesses of the spin-coated films are around 30 nm measured by a LSE model 

Gaertner Scientific Stokes Ellipsometer.24,25 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were 

collected on a Thermo Scientific Nicolet 6700 spectrometer with a Harrick germanium 

attenuated total reflection accessory and a liquid N2-cooled HgCdTe amplified detector. 

Polymer films were prepared on freshly cleaned Si surfaces, which were pressured 

against the germanium crystal for ATR-FTIR measurements. 

We used the same SFG spectroscopic system as reported previously.36 Briefly, the 

visible and infrared (IR) input beams penetrate a right angle SiO2 or CaF2 prism and 
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overlap spatially and temporally at the sample surface/interface, as shown in Figure 2.7. 

The incident angles of the visible and IR beams are 60° and 54° with respect to the 

surface normal, and the pulse energies of the visible and IR beams are 30 and 100 μJ, 

respectively. The reflected SFG signal is collected by a monochromator along with a 

photomultiplier tube. All SFG spectra were collected using the ssp (SFG output, visible 

input, and IR input) polarization combination. 

 

Figure 2.7 SFG sample geometry with polybetaine film on a right angle prism in contact 
with water. 

2.2.3 Results and Discussion 

The conversion from the cationic coatings (N(+)-OEG, (N+)-C8 and N(+)-F13, 

Figure 2.6b) to the zwitterionic coatings (Figure 2.6c) was characterized by ATR-FTIR. 

The ATR-FTIR spectra collected from all cationic coating samples showed a peak at 

1706 cm-1 (Figure 2.8A, B and C) contributed from the imide group. After ring-opening 

in NaOH, for all coating samples, the peak at 1706 cm-1 disappeared and two new peaks 

at 1587 and 1662 cm-1 from the carboxylate or amide groups appeared (Figure 2.8D, E 

and F), indicating the complete conversion from the imide ring to the negatively charged 

carboxylate group. In addition, signals from the side chains for all the polymers were 

observed in the IR spectra. The peak at 1102 cm-1 for both N(+)-OEG and ZI-OEG was 

H2O

IR

Visible
SFG

Prism

Polybetaine 
coating



27 
 

assigned to the vibration of C-O-C on the OEG chain (Figure 2.8A and D). Both N(+)-C8 

and ZI-C8 showed IR absorption at the range of 2850~2930 cm-1 due to the alkyl chain 

(Figure 2.8B and E). For both N(+)-F13 and ZI-F13, the peaks at 1146~1238 cm-1 were 

attributed to the C-F vibration (Figure 2.8C and F). The assignment of the IR signals will 

guide proper assignment of the peaks in the SFG spectra below.  

 

Figure 2.8 ATR-FTIR spectra of cationic (A) N(+)-OEG, (B) N(+)-C8 and (C) N(+)-F13 
coatings and zwitterionic (D) ZI-OEG, (E) ZI-C8 and (F) ZI-F13 coatings. 

For SFG experiments, we initially characterized the polymer surfaces in air before 

studying the surface restructuring in water. In the SFG spectra in the C-H stretching 

vibrational frequency region in air (Figure 2.9A), characteristic signals from the OEG and 

C8 side chains were observed. The peak at 2820 cm-1 was assigned to the O-CH3 end 

group on the OEG chain.37 The peaks at 2850 and 2880 cm-1 were contributed from the 

symmetric stretching of the CH2 and CH3 groups on the C8 chain respectively.8 The SFG 

signals detected from the OEG and C8 chains indicated their presence on the coating 
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surfaces in air. No SFG signal was observed for the ZI-F13 coating in this frequency 

region, showing that no ordered CH groups were present on the surface.   

 

Figure 2.9 SFG spectra of ZI-OEG, ZI-C8 and ZI-F13 surfaces (A) in air and (B) in 
contact with D2O in the C-H stretching vibrational frequency region. 

To study the polymer/water interfaces, D2O was used to avoid signal interference 

between the polymer CH groups and H2O. Figure 2.9B displays the SFG spectra of the 

interfaces between the three coatings and water. All samples exhibit a peak at 2975 cm-1, 

possibly from the N-CH3 or N-CH2 groups, indicating that the cationic quaternary amine 

might migrate to the surface in contact with water.  

The ZI-OEG sample showed a peak at 2860 cm-1, which was contributed from the 

O-CH2 group on the OEG chain,37 indicating the presence of the OEG chain at the water 

interface. PEG has been extensively used to prepare anti-biofouling materials due to its 

hydrophilicity.15,38-40 Here, the OEG chain at the surface is critical to resist biofouling on 

the ZI-OEG coating. The ZI-C8 sample showed peaks at 2845 and 2880 cm-1, assigned to 

the symmetric stretching of the CH2 and CH3 groups, indicating that the C8 chain was 

presence on the surface in water. The hydrophobic C8 chain was present at the water 

interface most likely because the C8 chain was directly connected to the quaternary 
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amine which has strong affinity towards water. The C8 chain at the water interface could 

lead to protein adsorption by hydrophobic interactions, which explains the reported 

fouling properties of the ZI-C8 material.25 It is worth mentioning that the 2975 cm-1 

signal detected from ZI-OEG and ZI-C8 may also contain some contribution from the 

asymmetric C-H stretching of the OCH3 and CH3 groups respectively. 

In addition, SFG spectra were taken for the ZI-F13 coating between 1000 and 

1350 cm-1 to study the C-F vibrational signals (Figure 2.10A). In air, a peak at 1235 cm-1 

was detected. According to the IR spectra (Figure 2.8C and F), this peak was assigned to 

C-F stretching from the F13 chain, again confirming the surface presence of the F13 

chain in air. When the film was in contact with water, this peak disappeared, indicating 

that the fluorinated chain either became random or withdrew from the water interface due 

to the unfavorable interactions between the hydrophobic fluorinated chain and water. 

This result is well correlated to the SFG C-H studies of the ZI-F13 sample, where no CH 

groups were observed on the surface in air, however CH signals were detected on the 

surface in water.  

In order to study the surface behavior of the carboxylate group in the ZI-F13 

sample, SFG spectra were collected from 1500 to 1800 cm-1 in the C=O stretching 

vibration frequency range (Figure 2.10B). In air, a peak at 1660 cm-1 was detected, while 

in water, a stronger peak around 1610 cm-1 was observed. The signals here were 

contributed from the carboxylate group. The higher signal intensity in water than in air 

indicated that the carboxylate group was present and had better ordering at the water 

interface. The red shift of the peak from air to water could be caused by hydration or 

hydrogen bonding of the carboxylate group with water. The signal at 1610 cm-1 could not 
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be contributed by the amide, because the hydrogen bonding between amide and water 

would not shift the signal of amide to as low as 1610 cm-1.41 Therefore, combining the 

SFG results of the ZI-F13 sample in water (Figure 2.9B and Figure 2.10), we believe that 

the betaine group containing the quaternary amine and the carboxylate groups moved to 

the water interface while the F13 chain withdrew from water. Previously, zwitterionic 

polymers have been reported as promising anti-biofouling materials due to their surface 

hydration.16,42-44 Here, the exposure of the betaine group to the water interface and its 

hydration were responsible for resisting biofouling, as detected previously.24,25 

 

Figure 2.10 SFG spectra of the ZI-F13 coating in air and water in the (A) C-F and (B) 
C=O vibrational frequency region. 

SFG studies indicated that the three polymers with the same backbone but 

different side chains exhibit different surface structures in water. Surface restructurings of 

polymers were observed using SFG in situ. The schematics of the three polymer surfaces 

in water are depicted in Figure 2.11. The SFG results on surface restructurings are 

consistent with the dynamic water contact angle data reported previously.24 The contact 

angle hysteresis of the ZI-F13 surface is much larger than that of the ZI-OEG and ZI-C8 

surfaces, indicating its more distinct surface restructuring upon contacting water. 
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Figure 2.11 Schematic representation of the polymer surface structures in water. 

2.2.4 Conclusions 

In this work, we probed the surface restructuring behavior of three polybetaines 

with different side chains in water using SFG spectroscopy. The SFG results showed that 

the side chains of the three polymers were all present on the surface in air. In water, the 

OEG and C8 chains remained on the coating surface, while the F13 chain withdrew from 

water. For ZI-F13, both the quaternary amine group and the carboxylate group were 

present at the water interface, where the carboxylate group formed hydrogen bonds with 

water molecules. The surface restructuring information obtained from the SFG data 

provides direct experimental evidence of the anti-biofouling mechanisms of the 

amphiphilic materials: The good anti-fouling properties of ZI-OEG were due to the 

surface presence of the OEG groups on the surface; it has been extensively shown that 

the surface OEG groups lead to improved anti biofouling activity. The poor anti-fouling 

performance of the ZI-C8 was due to the surface presence of the C8 side chain, which 

resulted in protein adsorption due to hydrophobic interactions. The ZI-F13 also exhibited 
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good anti-fouling performance, because the F13 side chain retreated to the bulk in water 

so that the zwitterionic groups were exposed at the surface. It has been demonstrated that 

zwitterionic materials can be good anti-biofouling materials. This research indicates that 

side chains can greatly influence the polymer surface structures in water, resulting in 

different surface properties and thus different anti-biofouling properties.  

2.3 Surface Structures and Hydration of Sequence-Specific Amphiphilic 

Polypeptoids for Antifouling/Fouling Release Applications 

2.3.1 Introduction 

For antifouling purposes, amphiphilic polymers can be designed with different 

molecular structures. Usually hydrophilic poly(ethylene glycol) (PEG) and hydrophobic 

perfluorinated carbon chains or poly(dimethyl siloxane) (PDMS) are incorporated into 

one polymer, which shows good antifouling or fouling release of proteins and living 

organisms.19-22,26,45-48 However, precise control of the amounts and positions of the 

hydrophilic and hydrophobic moieties in one polymer remains a challenge.49 Because the 

antifouling performance of a polymer coating depends on its surface structure, which is in 

turn determined by the molecular formula, there is an increasing awareness of controlling 

the polymer sequence and composition for optimized antifouling property.50 

Biological polymers such as polypeptides exhibit specific amino acid sequence, 

which affects their folding and biofunction. Inspired by nature, polypeptoids (or N-

substituted glycines) have emerged as a class of sequence-specific materials that are 

interesting for polymer physics studies.51 Because the monomer type and sequence can be 

precisely controlled, study of the polypeptoid systems can provide insights into the 
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structure-property relationship of the materials.23 For antifouling purposes, polypeptoids 

can be designed into amphiphilic polymers by incorporating both hydrophilic and 

hydrophobic peptoid units into one polymer. The surface structure and antifouling ability 

of the materials can be tuned by even a subtle change in the number or position of the 

structural units.23,52 

The antifouling property of polymer coatings depends on their surface structures 

in water. In previous reports, the surfaces of amphiphilic polymers were characterized in 

water with atomic force microscopy and dynamic water contact angle measurements to 

deduce their antifouling mechanisms, 23,25,45,53 but they did not provide molecular 

structural information. The surface chemical compositions of the polymers were often 

investigated by X-ray spectroscopy in vacuum,20-23,26,27,52 which is a different 

environment from real antifouling applications. Recently, carbon edge near edge X-ray 

absorption fine structure (NEXAFS) spectroscopy was used to characterize a series of 

amphiphilic polypeptoids with different compositions and sequences, and revealed that 

the changes in the amount or position of the fluorinated units in the polymers greatly 

affect their surface composition.23,52 The sequence-dependent antifouling/fouling release 

mechanism was further proposed from the NEXAFS data. Whereas X-ray spectroscopy 

methods provide valuable information about the surface distribution of elements and 

functional groups, the antifouling ability of the polymers is more closely related to their 

surface structures in water. Further, the water structures at the material surfaces also play 

an important role in determining the antifouling performance.54  

To understand the relationship between the molecular structure, surface structure, 

and hydration of the sequence-specific polypeptoids, here we applied sum frequency 
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generation (SFG) vibrational spectroscopy to probe the material surfaces at the molecular 

level in air and in water in situ. As we discussed above in this thesis, SFG vibrational 

spectroscopy is intrinsically surface sensitive, providing information about molecular 

structures at surfaces and interfaces.10,55-57 It has been extensively applied to study the 

structures of polymers and biomolecules at various interfaces31,58-61 and has proven 

particularly powerful in revealing polymer/water interfacial structures in ambient 

environments.32-35,62 Furthermore, detailed structural information of interfacial water can 

be extracted from SFG spectra.63-68  

In this work, we examined the surface structures and hydration of a series of 

amphiphilic polypeptoids with different sequences (with their abbreviations shown in 

Figure 2.12) using SFG spectroscopy. SFG signals of the polymer surfaces in air are 

well-correlated with the previously reported NEXAFS data, showing inverse surface 

amounts of the hydrophilic N-(2-methoxyethyl)glycine (Nme) units and the hydrophobic 

N-(heptafluorobutyl)glycine (NF) units, which are also dependent on the polymer 

sequences. The SFG signals of water at the polymer surfaces are sensitive to the number 

and position of the fluorinated units. In addition, the underwater restructuring behaviors 

of the polymer surfaces were evaluated with time evolution contact angle measurements. 

The SFG and contact angle data revealed that the strongly hydrogen-bonded water at the 

polymer surfaces is critical for good antifouling property and the underwater surface 

restructuring rate deduced from contact angle data determines their fouling release 

performance, demonstrating the sequence-dependent hydration and antifouling/fouling 

release properties of the amphiphilic polypeptoids. 
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Figure 2.12 Molecular structures of the amphiphilic polymers investigated in this work. 

2.3.2 Experimental Section 

The polypeptoids (Figure 2.12) were synthesized according to the previous 

published method with molecular weights and compositions presented in the literature by 

our collaborators (Prof. Rachel Segalman’s lab at UC-Berkeley and UC-Santa Barbara).52 

The polymer backbone contains 23 kDa (Mn) of polystyrene and 46 kDa (Mn) of 

poly(ethylene oxide).52 The polymers were coated on silica windows (1 inch in diameter, 

1/8 inch thick, from ESCO Optics) via spin-coating and annealing, with a thickness of 

approximately 80 nm.52 The density of the polymers is around 1.2 g/cm3.69 Millipore 

water was used in all the experiments.  
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The hydrophilicity and underwater surface restructuring of the polymer coatings 

were assessed by time-dependent water contact angles measured with a CAM 100 contact 

angle goniometer (KSV Instruments). The SFG spectroscopy was implemented according 

to the protocol reported previously.54 Briefly, the visible and infrared (IR) input beams 

penetrated a SiO2 window and overlapped spatially and temporally at the polymer 

surface/interface (Figure 2.13). The incident angles of the visible and IR beams were 60° 

and 54° with respect to the surface normal, and the pulse energies of the visible and IR 

beams were 50 and 100 μJ, respectively. The reflected SFG signal was collected by a 

monochromator along with a photomultiplier tube. All SFG spectra were shown using the 

ssp (SFG output, visible input, and IR input) polarization combination. The SFG signals 

of the polypeptoids were normalized by the strong peak at 2955 cm-1 generated from a 

spin-coated poly(methyl methacrylate) (PMMA) film11 on a silica window. Average 

spectra of three repetitions were shown and standard deviations were presented as error 

bars for quantitative comparison.  

 

Figure 2.13 SFG measurement of a polymer coating on a silica window in air or water. 

2.3.3 Results and Discussion 

Figure 2.14A shows the SFG spectra of the polymer coatings in air. A distinct 

peak at 2815 cm-1 assigned to the O-CH3 group37,70 on Nme was observed for all the 

Nme-containing polypeptoids, indicating that the O-CH3 end group is present at the 
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polymer surfaces in air. As expected, the spectrum of PFOT does not show any peak at 

2815 cm-1, verifying that the 2815 cm-1 signal for the other polymers is contributed from 

Nme. Because the polymers have similar structures and they are all exposed to the same 

environment (e.g. air), we assume that the ordering of the O-CH3 group at the polymer 

surfaces in air is similar.8,12 Thus, the intensity of the peak at 2815 cm-1 can be used to 

estimate the surface coverage of the Nme unit. 

For comparison, Figure 2.14B summarizes the intensity of the peak at 2815 cm-1 

detected from the polymer surfaces in air, which shows a clear trend as a function of the 

polypeptoid sequence. The strongest intensity was detected for 15mer-1NF, in which one 

NF unit is attached to the outer edge of the peptoid (farthest from the polymer backbone). 

The surface presence of Nme is owing to the migration of the adjacent hydrophobic NF 

unit to the polymer surface in air, which has been observed in other C-F containing 

amphiphilic polymers.70 In other words, the NF unit can “drag” the adjacent peptoid units 

to the air interface.23 As the number of the NF units at the outer edge of the peptoid 

increases from one to three (comparing 15mer-1NF, 15mer-2NF, and Seq1), the SFG 

signal of Nme decreases. Because fluorocarbon chain is known to have low surface 

tension, it tends to stay at the surface in air. Thus the increase of the NF components 

suppresses the surface coverage of Nme. For Seq1, Seq2, and Seq3, in which the number 

of the NF units stays constant at three in the peptoid chain, the O-CH3 signal increases 

when the NF units are moved from the outer edge to the middle of the peptoid close to 

the polymer backbone. Unlike those at the end of the peptoid, the three NF units in the 

middle of peptoid can drag the Nme units at both sides to the surface, thereby increasing 

the surface coverage of Nme. Comparing Seq3, 10mer, and 5mer, in which peptoid chain 
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becomes shorter but the ratio of Nme to NF and the position of NF are kept the same, the 

O-CH3 signal increases as the length of peptoid chain decreases. Although the absolute 

amount of Nme is lower in the shorter peptoid chains, the decrease of the NF content at 

the same time allows more surface coverage of Nme. For all the polymers, no signal of 

the phenyl ring above 3000 cm-1 was detected (Figure 2.14A), indicating the absence of 

the polystyrene component at the polymer surfaces in air or the surface phenyl groups lie 

down on the surface. According to the previous research, surface phenyl groups in air 

always tilt on the surface, instead of lying down.71-75 Because no SFG signal of phenyl 

ring could be obtained using sps polarization as well, we believe that indeed here the 

polystyrene component is absent on the surface and present only in the polymer bulk. 

This is consistent with a previous report which showed that the NF units in peptoid could 

effectively suppress the surface presence of the phenyl rings.23 
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Figure 2.14 (A) SFG spectra of the polymers in air. (B) Peak intensity at 2815 cm-1 from 
the spectra of the polypeptoids in (A). (C) The SFG intensity at 2815 cm-1 assigned to O-
CH3 of Nme is negatively correlated to the partial electron yield (PEY) at 293.8 eV from 
NEXAFS assigned to the fluorine element on NF.52 

The surface coverage of the Nme units is dependent on both the sequence of the 

peptoids and the surface presence of the NF units. Figure 2.14C shows a negative 

correlation between the SFG signal at 2815 cm-1 in air detected in this work and the 

NEXAFS signal at 293.8 eV that was published previously.52 Here, the partial electron 

yield (PEY) at 293.8 eV of NEXAFS is proportional to the amount of the surface fluorine 

element at the top 2 nm.76 This negative correlation indicates the inversely related surface 

coverage between the Nme and NF units due to their different surface energies, 

meanwhile demonstrating the consistency between the results from SFG and NEXAFS 

measurements. 
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Whereas SFG data of the amphiphilic polymers collected in air provides insight 

into the relationship between the polypeptoid materials’ molecular formulas and surface 

structures in air, marine antifouling/fouling release properties are determined by the 

surfaces in aqueous environments, thereby we need to probe the surfaces of the 

polypeptoid coatings in contact with water with SFG. As shown in Figure 2.15A, the 

SFG spectra of all the polymers in water show little C-H stretching signals from the 

polymers, indicating a lack of ordering of the polymer surface structures in water. The 

random orientation of the surface functional groups may result from the surface 

restructuring processes that amphiphilic polymers are expected to experience 

underwater.45,53 Water signals dominate the SFG spectra at the polymer/water interfaces, 

with a stronger band at 3200 cm-1 and a weaker signal at 3400 cm-1, assigned to strongly 

hydrogen bonded and weakly hydrogen bonded water respectively.63,64 While the shape 

of the water spectra is similar for all the polymers, the signal intensity varies depending 

on the polymer surface structures, indicating the different ordering of the interfacial water 

molecules on different polymer surfaces.  

Comparing SFG spectra collected from 15mer-1NF, 15mer-2NF, and Seq1 in 

water, an increase in the number of the NF units at the outer edge of the peptoid leads to a 

decrease of water signal due to the unfavorable interaction between the hydrophobic 

fluorocarbon chains and water molecules, which disrupts the ordering of the interfacial 

water molecules. For Seq1, Seq2, and Seq3, the water signal increases as the NF units are 

moved from the outer edge to the middle of the peptoid close to the polymer backbone. 

Compared to the NF units at the end of the polymer, when NF units are placed in the 

middle of the polymer, they facilitate the migration of the hydrophilic parts of the 
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polymer (e.g. Nme) at both sides of the NF block to the surface. These hydrophilic 

components can interact more favorably with water, order the interfacial water molecules, 

and induce strong hydrogen bonding formation. When both the length of the peptoid 

chain and the number of the NF units decrease, for Seq3, 10mer, and 5mer, the water 

signal is similar for Seq3 and 5mer, and is weaker for 10mer. Whereas three NF units 

effectively drag the Nme chain to the surface and one NF unit allows more surface 

coverage of Nme, the dragging effect of the block containing two NF units in 10mer is 

weaker than that of Seq3, and meanwhile its suppression of the Nme surface coverage is 

stronger than 5mer, resulting in less surface coverage of Nme and the weaker water 

signal of 10mer than Seq3 and 5mer. These SFG water signals demonstrate that the 

hydration of the polymer surfaces is sensitively dependent on the sequence of the peptoid 

(the number and the position of the fluorocarbon chains), revealing a subtle tradeoff 

between the dragging effect on and the surface suppression of the hydrophilic 

components by the NF units.  

To further understand the surface hydration and underwater restructuring of the 

amphiphilic polypeptoids, their water contact angles were measured as a function of time. 

As shown in Figure 2.15B, the water contact angles of 5mer and 15mer-1NF, which 

contain one NF unit in each peptoid chain, are similar and demonstrate faster surface 

restructuring than the other polymers, as evidenced by the sharp decrease of the contact 

angle (>10o) within the first 10 s. This is consistent with a previous report which showed 

that polypeptoids containing longer NF blocks tend to crystallize and reorganize more 

slowly.23 Comparing 15mer-1NF, 15mer-2NF, and Seq1, when the NF units locate at the 

outer edge of the peptoid, more NF units result in higher water contact angles. When the 
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block containing three NF units is moved into the middle of the polymer, the surface 

becomes more hydrophilic. To better interpret the contact angle trend, a negative 

correlation between the SFG signal of the polymers in water at 3200 cm-1 and the water 

contact angles at 50 s was drawn in Figure 2.15C. Thus, the affinity of water to the 

polymers results in the ordering of interfacial water molecules and strong hydrogen 

bonding. 
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Figure 2.15 (A) SFG spectra of the polymer/water interfaces (Solid curves are smoothed 
spectra using 10 points adjacent averaging). (B) Time evolution of the water contact 
angles at the polymer surfaces. (C) The SFG intensity of the polymer/water interfaces at 
3200 cm-1 is negatively correlated to the water contact angles of the polymer surfaces at 
50 s. 

As shown in Figure 2.16, the above SFG data of the polymers in air and water can 

be correlated to the antifouling (spore attachment) and fouling release (spore removal) 

test results published previously.52 For 15mer-1NF, 15mer-2NF, and Seq1, in which the 
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peptoid chains are of the same length with an increasing number of the NF units at the 

outer edge of each peptoid chain, the most spore attachment was detected on Seq1 and 

the most spore removal was achieved on 15mer-1NF. For these three polymers, the SFG 

signal intensity detected from both Nme and water shows the same order --- 15mer-

1NF>15mer-2NF>Seq1, indicating that limiting the suppression of the surface 

hydrophilic groups by the fluorinated moieties and the ability of the hydrophilic 

components at the polymer surfaces to order and to hydrogen-bond strongly with water 

are important for antifouling/fouling release performances. Comparing Seq1, Seq2, and, 

Seq3, with the same number of NF units at different positions, Seq3 is best to resist spore 

attachment. Similarly, SFG spectra of Seq3 show the strongest signal intensity from both 

Nme and water among the three polymers. The fouling release performances of the three 

polymers, however, are weaker than the other polymers, probably due to the slow surface 

restructuring process as suggested by the water contact angle data. For Seq1, 10mer, and 

5mer, the strongest SFG signals from both Nme and water were detected at the 5mer 

surface, where the most spore removal and the least spore attachment was achieved, 

again demonstrating the relationship between the surface hydrophilicity and 

antifouling/foul-release property. Further, water contact angle results suggest that 

efficient surface restructuring plays an important role in facilitating fouling release at the 

15mer-1NF and 5mer surfaces, which contain only one NF unit in each peptoid chain. 
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Figure 2.16 Correlation between the antifouling/fouling release data and the SFG signals 
of Nme and water for the polypeptoids. The density of the spores on peptoid surfaces was 
measured after 45 min of attachment. The percent removal of sporelings from surface 
was measured after exposure to an impact pressure of 160 kPa, generated by a calibrated 
water jet. The plot was divided into three areas to guide the comparison among three 
materials with similar structures at a time. 

2.3.4 Conclusions 

In this chapter, the surface structure and hydration of a series of sequence-specific 

amphiphilic polypeptoids were investigated with SFG spectroscopy and correlated to 

their antifouling/fouling release performances. SFG spectra of the polymer surfaces in air 

revealed the sequence-dependent surface coverage of the hydrophilic Nme units as a 

function of the number and position of the hydrophobic NF units in the peptoid chain, 

which also has an inverse relation to the surface fluorine concentration. The SFG results 

of the polymer/water interfaces indicate that the ability of the polymer surfaces to orient 

and form strongly hydrogen bonded water is sensitively dependent on the sequence of the 

peptoids, which determines their hydrophilicity and surface restructuring rate underwater. 

The surface coverage of the hydrophilic Nme groups and strong interactions between the 
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polymers and water are well-correlated to their antifouling properties. We have 

investigated interfacial water structure on other anti-biofouling polymer surfaces, e.g., 

zwitterionic polymers.54 Similarly, it was found that strongly hydrogen bonded water is 

important for the antifouling behavior of the zwitterionic polymers. This research also 

shows that the surface restructuring rate is well-correlated with the fouling-release 

properties of the peptoid surfaces.  

2.4 Surface Wetting and Restructuring Behavior of Polyelectrolyte 

Multilayers for Oil/Water Separation 

2.4.1 Introduction 

Studies of water wetting on charged surfaces will not only advance our 

knowledge of many important surface functions, such as lubrication, anti-fouling, and 

self-cleaning, which are encountered in biological systems, but also enhance our ability to 

translate these surface functions into innovative technical applications.77 In general, 

charged surfaces are easily wetted by water, which is a macroscopic expression of strong 

hydration of the surface ionic groups. For a solid surface, air drying is obviously 

inevitable in practice, even if is not required technically. Upon contact with air, charged 

surfaces, like many other polar surfaces with high surface free energy, must orient the 

ionic groups inwards to lower the surface free energy, thus resulting in a noticeable 

increase in surface hydrophobicity. As such, wetting charged surfaces with water, 

characterized by the water contact angle in air (θw/a), has little dependence on the surface 

ionic group, though the interaction of ions or ionic groups with water (hydration) is 

known to be ion-specific.78 In contrast, the present work demonstrates a prominent 
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dependence of the surface hydrophilicity of polyelectrolyte multilayers (PEMs) on the 

molecular nature of the uncompensated ionic groups presented at the surface. 

Herein we study surface wetting of the PEMs, which are obtained by layer-by-

layer (LbL) deposition of polydiallyldimethylammonium chloride (PDDA) and 

poly(styrene sulfonate) (PSS), mainly in water-solid-oil systems. Our results demonstrate 

that the surface hydrophilicity of the resulting PEMs is correlated primarily to the 

molecular configuration. According to a newly developed theory on the correlation 

between the water contact angle and surface polarity,79 the surface hydrophilicity of 

PEMs should be determined by the surface charge density, which can be defined by the 

surface area occupied by the surface ionic groups. For PSS-capped surfaces, the 

uncompensated benzenesulfonate (BS−) groups on the surfaces comprise rigid and 

hydrophobic phenyl (Ph) moieties and hydrophilic, anionic sulfonate (SO3
−) moieties, 

which are well separated in space. Our spectroscopic results show that in water, the 

surface BS− groups orient their Ph moieties in an orderly and upright position out of the 

surface of the plane. This orientation maximizes surface charge density and transforms 

the surface hydration of the SO3
− moieties into oil repellency with an oil contact angle in 

water (θo/w) of greater than 165°. Upon contact with air or oil, the Ph moieties are 

randomly distributed and orient parallel to the surface plane, and thus significantly reduce 

the surface charge density. As a result, the PSS-capped surfaces become poorly wetted by 

water, as evidenced by the water contact angle in oil (θw/o) of greater than 90°. In contrast, 

the uncompensated quaternary amine (QA+) groups on PDDA-capped surfaces have their 

cationic (N+) center enveloped by four alkyl moieties in each pyrrolidine ring. Owing to 

this configuration, the surface charge density and surface hydrophilicity of the PDDA 
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capped surfaces are insensitive to the orientation of the quaternized pyrrolidine ring. 

They remain well wetted by water in air and in oil (θw/o=42°), though the weak hydration 

of the surface QA+ groups cannot effectively prevent oil adhesion in water (θo/w=ca. 

133°). Thus, our results demonstrate a pronounced dependence of the wetting behavior of 

charged surfaces on the molecular nature and geometric configuration of the surface ionic 

groups. This dependence will also provide a better model to describe how ionic species 

interact with water, air, and oil at interfaces where a marked conformational change is 

essential for adsorption and translocation. 

Surface wetting is conventionally studied in water-solid-air systems, and our 

study mainly focused on water-solid-oil systems because of the academic importance and 

strong relevance in industry. In this context, oil/water separation is an important technical 

application. To date, the prevailing strategy is to make hydrophilic nanostructures on the 

surfaces of separation membranes, inspired by the oil-repellent skins of fish and other 

aquatic organisms.80,81 Such surface nanostructures are designed for water trapping, and 

can effectively offset the potential surface hydrophilicity loss because of their air-drying-

induced surface reconstruction, thus ensuring underwater surface superoleophobicity. 

Here we discover that upon immersion into water, PSS-capped PEMs exhibit excellent 

oil-repellency regardless of aging treatment in air. This repellency has encouraged us to 

coat conventional steel meshes with PSS-capped PEMs, thus enabling highly efficient 

separation of water from oil/water mixtures at high flux, and opening promising 

prospects in the oil-water separation industry. 
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2.4.2 Experimental Section 

PDDA (Mw 100 000-200 000), PSS (Mw 70 000), n-hexadecane, oil red O, and 

methylene blue were purchased form Sigma-Aldrich. NaCl, acetone, isopropanol, ethanol, 

chloroform and cyclohexane were purchased from Chem-Supply, Australia. All the 

chemicals were used as received without purification. Stainless steel meshes with 

aperture of 25 μm were purchased from Sefar Pty Ltd, Australia. Si wafers were 

purchased from Si-Mat Silicon Materials, Germany. CaF2 prisms were purchased from 

Altos Photonics (Bozeman, MT). 

Silicon wafers were cleaned by immersing in Piranha solution (1:3 (v/v) mixture 

of 30% H2O2 and 98% H2SO4), followed by heating until no bubbles were released. Note 

that Piranha solution reacts violently with organic materials and should be handled 

carefully. Afterwards, the Si wafers were thoroughly rinsed with water and dried with N2 

flow. (PDDA/PSS)n PEMs were readily grown on the freshly cleaned silicon wafers via 

alternatingly immersing the wafers into the aqueous solutions of PDDA and PSS, 

respectively, for 20 min, followed by thorough rinsing with water. After the desired layer 

number was reached, the resulting PEMs were thoroughly rinsed by water and gently 

dried with N2 flow. The concentration of PDDA and PSS in water were 1.0 mg/mL in the 

presence of 1.0 M NaCl. With the same method, PEMs were also prepared on plasma 

cleaned CaF2 prisms for sum frequency generation (SFG) vibrational spectroscopy 

measurements. 

Stainless steel meshes were cleaned by successive sonication in acetone, 

isopropanol, ethanol and water. The cleaned stainless steel meshes were further cleaned 

by oxygen plasma to enhance the surface hydrophilicity and ionization. The freshly 
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hydrophilized stainless steel meshes were modified by (PDDA/PSS)4 PEMs following the 

protocol described above.     

Contact angle measurements were implemented on a Dataphysics OCA 20 contact 

angle system at ambient temperature using a 2 µL liquid droplet as an indicator. 

Colorimeter glass cells, purchased from Starna, were used for measurement of the θo/w on 

solid surfaces. Atomic force microscopy (AFM) imaging was performed with a 

MultiMode 8 AFM from Bruker in a ScanAsyst mode at ambient condition using Si 

cantilevers. X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Kratos 

Axis Ultra with a Delay Line Detector photoelectron spectrometer using an Al 

monochromatic X-ray source. Scanning electron microscopy (SEM) images were 

obtained on FEI Quanta 450 operated at 10-20 kV. SFG vibrational spectroscopy 

measurement was conducted according to the method reported by Chen et al.54 Typically, 

the visible and infrared (IR) input beams penetrate a right angle CaF2 prism and overlap 

spatially and temporally at the sample surfaces. The incident angles of the visible and IR 

beams are 60° and 54° with respect to the surface normal, and the pulse energies of the 

visible and IR beams are 30 and 100 μJ, respectively.  

2.4.3 Results and Discussion 

PDDA and PSS are the most commonly used, permanently charged 

polyelectrolytes. Here they were alternatingly deposited onto Si wafers in the presence of 

1.0 M NaCl, and the resulting PEMs were denoted as (PDDA/PSS)n where “n” represents 

the bilayer numbers. In this work, we mainly studied (PDDA/PSS)3-PDDA and 

(PDDA/PSS)4 PEMs (Figure 2.17) with a surface roughness of less than 3 nm as shown 



 

in their AFM images (Figure 

wetting could be ignored. 

Figure 2.17 Molecular structures of PDDA and PSS, and the
capped PEMs prepared from LbL assembly. 

Figure 2.18 AFM images of (a) (PDDA/PSS)

We also studied oil wetting on (PDDA/PSS)

water (Figure 2.19). When the PEMs were

hexadecane (2 μL) in water, both 

exhibit a θo/w value above 150°. With the pr

a. (PDDA/PSS)3-PDDA
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Figure 2.18), so the impact of the surface roughness on surface 

 

Molecular structures of PDDA and PSS, and the (a) PDDA and (b) PSS 
prepared from LbL assembly.  

AFM images of (a) (PDDA/PSS)3-PDDA and (b) (PDDA/PSS)4 

We also studied oil wetting on (PDDA/PSS)3-PDDA and (PDDA/PSS)

). When the PEMs were brought in contact with a pendant droplet of 

μL) in water, both (PDDA/PSS)3-PDDA and (PDDA/PSS)4 PEMs initially 

value above 150°. With the prolonged contact time, however, the θ

b. (PDDA/PSS)4

roughness on surface 

(a) PDDA and (b) PSS 

 

 films. 

(PDDA/PSS)4 PEMs in 

brought in contact with a pendant droplet of 

PEMs initially 

olonged contact time, however, the θo/w value 
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of the PDDA-capped surfaces gradually dropped from 152° to 133° in 30 minutes while 

that of the PSS-caped surfaces remained as high as 165° with no detectable change. 

When the PEMs were removed from the hexadecane droplet, the oil droplets stayed on 

the PDDA-capped surfaces, whereas complete oil detachment was observed on the PSS-

capped surfaces, even after the surfaces were kept in tight contact with the oil droplets for 

12 hours. 

 

Figure 2.19 Photographs taken when the (a) (PDDA/PSS)3-PDDA and (b) (PDDA/PSS)4 
surfaces were approaching (a1, a2, b1, b2) and leaving (a3, a4, b4, b5) a droplet of n-
hexadecane (2 µL) pending on a needle in water. a5 is 30 min after a4, b3 is 12 h after b2. 
The arrows indicate the directions of the sample movement. 

To reveal the molecular rationale for their complicated wetting behavior, the 

surface molecular structures of the (PDDA/PSS)3-PDDA and (PDDA/PSS)4 PEMs were 

investigated by SFG vibrational spectroscopy (Figure 2.20). Figure 2.20a shows that in 

water the uncompensated QA+ groups on the (PDDA/PSS)3-PDDA PEMs exhibit fairly 

strong C-N+ stretching vibrational signal, thus indicating the surface QA+ groups 

preferentially orient perpendicular to the surface plane (Figure 2.21b). The strong CH3 

stretching signal in water suggests that each QA+ group has two CH3 moieties normal to 

the surface in direct contact with water. The CH2 stretching signal is also strong in water 

(compared to that in air), though weaker than the CH3 one, thus indicating that the two 

12 hr later

30 min later

Oil repellency 
in water
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CH2 moieties of the pyrrolidine ring are also ordered on the surface and directly in 

contact with water. Note that the CH2 moieties of the PDDA backbone should have a 

small contribution to the CH2 stretching vibration signal as they may be either shielded 

by the pyrrolidine ring of the QA+ groups or randomly oriented within the surface plane  

This orientational configuration agrees with the molecular structures of the surface QA+ 

groups where the N+ center isotropically enveloped by two CH3 and two CH2 moieties in 

each pyrrolidine ring, and accounts for the wetting behavior of the PDDA-capped surface 

in water. This alkyl envelopment greatly lowers the hydration effectiveness of the N+ 

center and, at the same time, facilitates oil adhesion on the PDDA-capped surface in 

water. When the PDDA-capped surface is exposed to air, the CH3 stretching signal 

becomes weaker than that of CH2 (Figure 2.20a), thus indicating that the surface QA+ 

groups orient parallel to the surface plane with two CH2 moieties of the pyrrolidine ring 

protruding more from the surface plane than the two CH3 moieties (Figure 2.21a). This 

orientation change may just slightly change the surface area occupied by each QA+ group 

and in turn the surface charge density on the PDDA capped surface, because quaternized 

pyrrolidine rings are inserted as bulky repeating units in the PDDA backbone and the N+ 

center of each ring is enveloped by two CH3 and two CH2 moieties. The distinct C-N+ 

stretching signal in air, albeit weaker than that in water, indicates that the surface QA+ 

groups point the N+ centers towards air, and facilitates the surface hydration. Hence the 

surface charge density on the PDDA-capped surfaces is little altered and, therefore, the 

water wetting remains effective regardless of the orientation of the surface QA+ groups in 

response to the environmental change. 
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Figure 2.20 SFG spectra of (a) (PDDA/PSS)3-PDDA and (b) (PDDA/PSS)4 PEMs 
measured in air (upper panel) and water (lower panel). Deuterated water is used instead 
of water to distinctly reveal the vibration signal of alkyl and phenyl moieties. 

Figure 2.20b shows that the SO3
− moieties of the uncompensated BS− groups on 

the (PDDA/PSS)4 PEMs are present both in air and water, but the aromatic C=C 

stretching signal of the Ph moieties appears only in water, thus indicating the different 

orientation and ordering of the Ph moieties in air and water. Since surface BS− groups 

have the SO3
− and Ph moieties placed side by side, and when their Ph moieties orient 

perpendicular to the surface plane with ordering in water, individual surface BS− groups 

on the PSS-capped surfaces will occupy minimal surface area (Figure 2.21b), thus 

maximizing the surface charge density and transforming the strong surface hydration of 

the SO3
− moieties into strong oil repellency in water. In air, however, the Ph moieties 

randomly orient parallel to the surface plane, so the surface area occupied by each surface 
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BS− group is maximized (Figure 2.21a), thus significantly reducing the surface charge 

density and in turn the surface hydrophilicity. This arrangement explains the poor water 

wetting on PSS-capped surfaces in oil/air. 

Whereas neither SO3
−  nor Ph moieties of BS− groups are visible in the SFG 

spectra collected from the (PDDA/PSS)3-PDDA PEM, the C-N+ and CH3 signals of the 

QA+ groups were detected in the SFG spectra of the (PDDA/PSS)4 PEM (Figure 2.20b). 

This detection implies that despite the surface charge overcompensation upon PSS 

adsorption in 1.0 M NaCl, a small number of the QA+ groups from the PDDA layer 

beneath, as evidenced by their weaker intensities compared to those observed on the 

PDDA-capped PEM surface, remain exposed to the environment, along with the BS− 

groups of the PSS capping layer. This finding inspires us to focus on understanding the 

internal structure of (PDDA/PSS)n PEMs, as it is still under debate. Figure 2.20b 

indicates the absence of the CH3 stretching vibrational signal of the QA+ groups in water. 

This is reasonable because the surface BS− groups stand up on the surfaces in water, 

which is beneficial for the PSS-capped surfaces to keep hydrated and repel oil in water. 

 

Figure 2.21 Schematic illustration of the orientational configuration of the 
uncompensated QA+ groups on (PDDA/PSS)3-PDDA PEMs and the uncompensated BS− 
groups on (PDDA/PSS)4 PEMs in response to the surrounding environmental change. 
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Encouraged by the surface hydration of PSS-capped surfaces, our collaborators 

(Prof. Dayang Wang’s lab at University of South Australia) coated stainless steel meshes 

with apertures of 25 μm by (PDDA/PSS)4 PEMs for oil/water separation . The 

(PDDA/PSS)4 PEMs film is thick enough to fully cover the stainless steel mesh surface, 

as evidenced by the disappearance of metal signals in the XPS spectra (Figure 2.22a). 

The resulting meshes allow easy filtration of water from an oil/water mixture at high flux 

of about 610 L m−2 s−1 (Figure 2.22b) with high separation efficiency. The surface 

roughness of the (PDDA/PSS)4 coating is less than 3 nm, and the notches and scratches 

present on the steel meshes are on the scale of tens to hundreds of micrometers. Thus, the 

contribution of the surface roughness to the high oil/water separation efficiency can be 

ignored. Since the (PDDA/PSS)4 coating were produced by LbL deposition in 1.0 M 

NaCl, its superior oil-repellency in water exhibited long term stability against acid, 

alkaline, and salt at high concentrations, and will be advantageous for technical 

applications such as oil-spill cleanup in seawater. 

 

Figure 2.22 (a) XPS wide scan spectra of a stainless steel mesh with (red) and without 
(black) (PDDA/PSS)4 film. The insets show the corresponding high-resolution spectra of 
Fe in the steel mesh. (b) Photos shot during filtration of the mixtures of hexadecane, 
stained by Oil Red O, and water, stained by methylene blue, through a (PDDA/PSS)4-
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coated stainless steel mesh (left panel) and after the filtration (right panel), in which 
water is selectively filtered through the steel mesh while hexadecane is retained on the 
top of the mesh. The aperture of the steel mesh is 25 μm. 

2.4.4 Conclusions 

In summary, we demonstrate a prominent impact of the nature of the surface ionic 

groups on the surface wetting behavior of (PDDA/PSS)n PEMs, which hinges mainly on 

the configurational geometry of the uncompensated ionic groups on the surfaces. For 

PDDA-capped surfaces, the orientation of the surface QA+ groups with isotropic 

configuration with respect to the surface plane hardly affect the surface hydrophilicity. 

For PSS-capped surfaces, the strong hydration of the surface BS− groups with anisotropic 

configuration can be translated into excellent oil-repellency in water (poor water de-

wetting) depending on the orientational order and directionality of the BS− groups with 

respect to the surface plane. This configurational effect should be a better framework to 

interpret the wetting behavior of a charged surface according to the molecular nature of 

surface ionic groups. We hope that it will stimulate studies to revisit experimental and 

theoretical molecular design of surface wetting, and that future research will focus more 

on the molecular features of the substituents next to the ionic centers of surface groups, 

such as size, shape, flexibility, and spatial arrangement with regard to the ionic centers 

rather than simply on the hydration strength of the ionic centers alone. 

Further, the lessons learnt from the correlation between the surface wetting 

behavior of PEMs and their surface local structures will shed light on the study of the 

PEM internal structures, which are still under debate. Thanks to the operational simplicity 

and versatility of LbL deposition, our success in using (PDDA/PSS)4-coated meshes for 
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efficient oil-water separation also endorses the technical significance of PEMs in self-

cleaning applications. 
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CHAPTER 3 SURFACE HYDRATION OF NONFOULING 

ZWITTERIONIC POLYMERS 

3.1 Structural and Environmental Effects on the Surface Hydration of 

Zwitterionic Polymers 

3.1.1 Introduction 

Nonfouling materials have a wide range of applications for biosensors, 

biomedical implants, and marine industry.1-6 Recently, zwitterionic polymer brushes 

synthesized on gold or glass substrates have been reported as promising materials to 

resist biofouling in complex environments.7,8 It is believed that the non-fouling ability of 

zwitterionic polymers is closely related to an electrostatically induced hydration layer at 

the surface, because the tightly bound water molecules form a physical and energy barrier 

to prevent non-specific adsorption of biomolecules and organisms.9 

However, zwitterionic materials can be designed with different molecular 

structures which change their non-fouling properties. For example, poly(carboxybetaine 

acrylamide)s (pCBAAs) have been synthesized with one to five carbon atoms 

(pCBAA1~5) between the positively charged quaternary amine and the negatively 

charged carboxyl groups. When the number of carbon atoms is greater than two, protein 

adsorption will start to occur on pCBAA, particularly in complex media.10 In addition, 
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environmental parameters like pH and ionic strength alter their non-fouling performances. 

Carboxybetaine polymers can resist non-specific protein adsorption at pH>5 but have 

protein adsorption at low pH values, while anti-fouling performance of sulfobetaine 

materials is insensitive to pH.11 Meanwhile, the increase of ionic strength up to 200 mM 

leads to low protein adsorption on zwitterionic polymer surfaces.12 As surface hydration 

is proposed to play a key role to prevent biofouling, in situ examination of the 

polymer/water interface is highly desired. 

As we presented above, sum frequency generation (SFG) vibrational spectroscopy 

is an intrinsically surface sensitive and in situ vibrational spectroscopic method, 

providing information about chemical structures at a molecular level.13-16 It has been 

extensively applied to study the structures of polymers and biomolecules at various 

interfaces17-24 and has proved particularly powerful in revealing polymer/water interfacial 

structures in ambient environments.25-29 Furthermore, detailed structural information of 

interfacial water can be extracted from SFG spectra.30-36  

In this work, we applied SFG spectroscopy to study the surface hydration of three 

zwitterionic polymer brushes, pCBAA1, pCBAA2 and poly(sulfobetaine methacrylate) 

(pSBMA) prepared on silica substrates (Figure 3.1). The surface structures of the 

materials in air and water were characterized by SFG. The effects of ions and pH on the 

interfacial water structures were investigated and the different binding affinities of the 

ions to the polymers were deduced from the water signals. The SFG results indicate that 

the surface hydration properties of zwitterionic materials are mediated by the chemical 

structures of the materials as well as the environmental parameters including ionic 

strength, ionic size and charge, and pH. 
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Figure 3.1 Molecular structures of pCBAA1, pCBAA2 and pSBMA polymer brushes 
synthesized on silica substrates. These materials were provided by Prof. Shaoyi Jiang’s 
lab at the University of Washington.  

3.1.2 Experimental Section 

The polymer brushes were synthesized on SiO2 prisms (Altos Photonics, 

Bozeman, MT) according to the previous reports with thicknesses of 20-30 nm, which 

showed good non-fouling properties (Figure 3.1).12,37 To probe the polymer/water 

interfacial structures, the surfaces of the polymer brushes were placed in contact with 

Millipore water. Various amounts of NaCl, KCl, MgCl2 and CaCl2 were added to water 

to study the ion effect at the polymer surfaces. The pH of water was adjusted to 5, 7 and 9 

with HCl or NaOH to study the pH effect.  

We used the same SFG spectrometer as reported previously.38 Briefly, the visible 

and infrared (IR) input beams penetrate a right angle SiO2 prism and overlap spatially and 
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temporally at the sample (zwitterionic polymer on prism) surface/interface (Figure 3.2). 

The incident angles of the visible and IR beams are 60° and 54° with respect to the 

surface normal, and the pulse energies of the visible and IR beams are 30 and 100 μJ, 

respectively. The reflected SFG signal is collected by a monochromator along with a 

photomultiplier tube. All SFG spectra were collected using the ssp (SFG output, visible 

input, and IR input) polarization combination. 

 

Figure 3.2 SFG measurement of a zwitterionic polymer on a right-angle SiO2 prism in 
contact with water or an aqueous solution. 

3.1.3 Results and Discussion 

Before studying the zwitterionic polymer/water interfaces, the surface structures 

of pCBAA1, pCBAA2 and pSBMA in air were characterized using SFG spectroscopy. 

All three polymers showed almost the same spectra in air, with a stronger peak at 2845 

cm-1 and a weaker peak at 2920 cm-1 (Figure 3.3). The common 2845 and 2920 cm-1 

peaks are most likely from the symmetric and asymmetric stretching of the CH2 groups in 

the backbone and/or side chains.39 Nevertheless, the SFG spectra indicate the similar 

good ordering of the three polymer brushes in air. Besides, no water signal above 3000 

IR

Visible

SFG

SiO2

prism

H2O/Aqueous solution

Zwitterionic 
polymer brush



 

cm-1 could be detected in air, showing that 

zwitterionic polymer surface in air, or the water molecules on the zwitterionic polymer 

surfaces in air are disordered.

Figure 3.3 SFG spectra of pCBAA

When contacting H2O, the spectra of all three materials showed strong C

vibration signals below 3000 cm

of the polymer brushes in water, due to the electrostatic attraction of the 

negative charges. Here we noticed that all spectra under wa

cm-1 and 2950 cm-1 (Figure 3

come from the N-CH3, N-CH

surface restructuring of the polymers in water

spectra were contributed from 
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air, showing that either no water molecule is present

zwitterionic polymer surface in air, or the water molecules on the zwitterionic polymer 

. 

pCBAA1, pCBAA2 and pSBMA in air. 

O, the spectra of all three materials showed strong C

vibration signals below 3000 cm-1 (Figure 3.4A-F, black lines), indicating good ordering 

of the polymer brushes in water, due to the electrostatic attraction of the positive

negative charges. Here we noticed that all spectra under water showed new peaks at 2895 

3.4A-F) compared to those in air (Figure 3.3), which 

CH2 or O-CH2 groups in the polymer structures, indicating the 

surface restructuring of the polymers in water. The bands centered at 3180 cm

ributed from interfacial water molecules. Prior SFG studies on water 

is present on the 

zwitterionic polymer surface in air, or the water molecules on the zwitterionic polymer 

 

O, the spectra of all three materials showed strong C-H 

F, black lines), indicating good ordering 

positive and 

ter showed new peaks at 2895 

), which may 

indicating the 

The bands centered at 3180 cm-1 in the 

water molecules. Prior SFG studies on water 



 

showed that water peaks around 3200 cm

hydrogen bonded and relatively weakly hydrogen bonded

the water molecules form strong hydrogen bonding at the zwitterionic 

Such strong bonding was likely induced by electrostatic attraction, and the 

immobilized hydration layer is crucial to resist biofouling.

Figure 3.4 SFG spectra of (A)(D) 
contact with (A)(B)(C) NaCl or KCl solutions and (D)(E)(F) MgCl
The NaCl solutions were prepared with various concentrations. Inset of (C) is an enlarged 
figure of water spectra in (C) for a clear comparison. (G) The corresponding normalized 
H2O signal intensity (Each intensity was measured at least three t
less than 2%). 
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water peaks around 3200 cm-1 and 3400 cm-1 are contributed by 

relatively weakly hydrogen bonded water, respectively.

strong hydrogen bonding at the zwitterionic polymer

Such strong bonding was likely induced by electrostatic attraction, and the tightly

er is crucial to resist biofouling. 

SFG spectra of (A)(D) pCBAA1, (B)(E) pCBAA2 and (C)(F) pSBMA
contact with (A)(B)(C) NaCl or KCl solutions and (D)(E)(F) MgCl2 or CaCl2
The NaCl solutions were prepared with various concentrations. Inset of (C) is an enlarged 
figure of water spectra in (C) for a clear comparison. (G) The corresponding normalized 

(Each intensity was measured at least three times and the error is 

 the strongly 

water, respectively.32,33,40 Here, 

polymer surfaces. 

tightly 

 

pSBMA in 

2 solutions. 
The NaCl solutions were prepared with various concentrations. Inset of (C) is an enlarged 
figure of water spectra in (C) for a clear comparison. (G) The corresponding normalized 

imes and the error is 
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Since the zwitterionic materials will be used in complex environments such as 

seawater and body fluid, we investigated the binding and hydration effects of several ions 

onto the pCBAA1, pCBAA2 and pSBMA polymer brushes by contacting the materials 

with the salt solutions. Ion binding at various surfaces could be characterized by SFG 

through the signal of interfacial water.41-47 Figure 3.4A-F showed the SFG spectra of the 

polymers in contact with the salt solutions and Figure 3.4G summarized the normalized 

intensity of the water signals, in which the water signal intensity detected without the salt 

addition was set to 100% for the three polymers. Firstly, we placed the polymer brushes 

in the NaCl solutions with various concentrations. The water signal decreased as the 

concentration of NaCl increased, as shown in Figure 3.4A-C, indicating the increasing 

amount of Na+ and Cl- binding to the surfaces which disrupted the ordering of interfacial 

water molecules. Secondly, we tested the KCl solution with the same concentration as the 

NaCl solution to compare binding affinity of K+ with Na+. For pCBAA1 and pCBAA2, 

the decrease of the water signal in the KCl solution was smaller than that in the NaCl 

solution, showing that they both bind K+ more weakly than Na+. In contrast, for pSBMA, 

the decrease of the water signal in the KCl solution was slightly greater than that in the 

NaCl solution, showing that pSBMA binds K+ more strongly than Na+. The SFG results 

on the binding of monovalent cations to pCBAAs and pSBMA polymer brushes are 

consistent with prior simulation results on the ion binding properties of small 

carboxybetaine (CB) and sulfobetaine (SB) molecules.48 Thirdly, we tested the MgCl2 

and CaCl2 solutions to compare the divalent cations with the monovalent cations. For all 

three materials, the decrease of the water signal in the MgCl2 and CaCl2 solutions is 

greater than that in the NaCl or KCl solutions (Figure 3.4D-F), indicating that all 
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polymers bind divalent cations more strongly than monovalent cations. In addition, we 

observed that pCBAA2 binds Mg2+ and Ca2+ stronger than pCBAA1. This is reasonable 

because the CB-2 molecule has a higher pKa than CB-149 thus tends to have greater 

affinity towards Lewis acids. The difference between pCBAA1 and pCBAA2 in binding 

divalent cations is well-correlated with a previous report on the different polysaccharide 

adsorption at zwitterionic surfaces.50 Overall, the difference in the binding of cations to 

the polymers originates from a combination of cation hydration energy, size of the cation 

and the size of the polymer headgroups. Besides, as shown in Figure 3.4A-F, all three 

materials showed strong C-H vibration signals below 3000 cm-1 in the presence of salts, 

indicating that the good ordering of the polymer brushes was not disrupted by salt 

addition. 

In addition to ions, the pH of the aqueous environment is also an important 

parameter that affects the surface hydration of zwitterionic materials with different 

structures. Here, we investigated pCBAA1, pCBAA2 and pSBMA in contact with water 

at various pH. As shown in Figure 3.5A-C, sharp peaks from C-H vibrations below 3000 

cm-1 indicated the good ordering of all polymers in contact with water with pH ranging 

from 5 to 9. For both pCBAA1 and pCBAA2, the SFG water signal decreased as the pH 

of the water decreased from 9 to 5 due to reduced ordering of the interfacial water (Figure 

3.5A and B). At pH 5, while water signal is still observable for pCBAA1, no water signal 

was detected at the pCBAA2/water interface, indicating complete loss of the interfacial 

water ordering at the latter interface. The difference between pCBAA1 and pCBAA2 at 

pH 5 could be attributed to their different pKa’s. The pKa values of CB-1 and CB-2 

molecules are 1.8 and 3.3 respectively,49 therefore CB-2 is more easily protonated 
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(Figure 3.5D). Because the ordering of water molecules around the positively charged 

quaternary amine is much weaker than that around the negatively charged carboxyl 

group,51 neutralization of the carboxyl group could weaken the electrostatically induced 

hydrogen bonding and reduce the ordering of the interfacial water.  

We also compared pSBMA with pCBAAs. Figure 3.5C showed the SFG spectra 

of pSBMA in contact with water at pH 5, 7 and 9. Different from pCBAAs, the intensity 

of water signal did not change with pH varying from 5 to 9, indicating that the interfacial 

water ordering at the pSBMA/water interface is not affected by pH. Generally, sulfonic 

acid has a negative pKa and is a much stronger acid than carboxylic acid, therefore 

sulfobetaine is harder to protonate compared to carboxybetaine even when there is an 

extra methylene group present in the molecule. When pH is in the range of 5 to 9, the 

sulfonate group cannot be protonated and the charge balance of pSBMA does not change. 

As a result, the ordering of interfacial water stays the same.  
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Figure 3.5 SFG spectra of (A) pCBAA1, (B) pCBAA2 and (C) pSBMA in contact with 
water at pH 5, 7 and 9. (D) Protonation and deprotonation of a pCBAA2 unit. 

For the above pH experiments, pure water with varied pH adjusted by very small 

amount of HCl or NaOH was used instead of buffers to exclude the interference of salt. 

Since biofouling tests were generally done in phosphate buffer saline (PBS) solutions, we 

repeated the pH experiments using 10 mM PBS at pH 4.8, 7.0 and 9.1 prepared from 

sodium phosphates. The water signals at the polymer/PBS interfaces showed exactly the 

same trend as a function of pH as in pure water but were weaker due to salt screening 

(Figure 3.6).  
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Figure 3.6 SFG spectra of (A) 
(D) Enlarged H2O spectra for 
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interfacial binding of ions like Na+ and K+ at low salt concentrations would not cause the 

loss of non-fouling property of the zwitterionic polymer materials. All three materials 

bind divalent cations more strongly than monovalent cations and pCBAA2 binds Mg2+ 

and Ca2+ more strongly than pCBAA1. Furthermore, for pCBAAs, lower pH of water 

leads to weaker ordering of the interfacial water molecules. At pH 5, water was still 

ordered at the pCBAA1/water interface but was completely random at the 

pCBAA2/water interface. Different from pCBAAs, the ordering of water at the 

pSBMA/water interface was not affected by pH in the same range. Recently, significant 

biomedical and engineering applications of CB materials have been reported and CB 

materials were shown to have excellent properties because they are derived from 

naturally occurring betaines and have excellent bio-compatibility.52,53 We believe that 

zwitterionic polymers will be more and more widely used in many important applications 

in the future. Therefore it is important to elucidate their surface hydration behavior in 

different chemical environments. 

3.2 Surface Hydration of Zwitterionic and PEG Materials in Contact with 

Proteins 

3.2.1 Introduction 

Nonfouling materials have been extensively investigated for a wide spectrum of 

applications ranging from marine industry to biomedical engineering.3,5,6,54-56 Two types 

of most widely studied nonfouling materials are zwitterionic polymers7 and poly(ethylene 

glycol) (PEG).57 It is believed that the nonfouling property of these materials results from 

their strong surface hydration, which is formed at the zwitterionic polymer surfaces 

through electrostatic induced hydrogen bonding, and at the PEG surfaces through 
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hydrogen bonding between water molecules and the ether oxygen atoms.9,28,58 The tightly 

bound hydration layer is theorized to act as a physical and energy barrier and the water 

molecules are difficult to be replaced by biomolecules and organisms. However, this 

straightforward correlation between the nonfouling behavior of a material and its surface 

hydration may be questionable, because the presence of biological molecules such as 

proteins or organisms complicates the adsorption behavior and the interfacial water 

structure.59 Deeper understanding of the nonfouling performance of a material needs a 

comprehensive molecular picture of the hydration at the material surface and the protein 

surface, which, however, has not been completely established. Therefore, it is imperative 

to probe the local water structures at both nonfouling material and protein surfaces and 

especially their temporal evolution when the nonfouling materials are brought to interact 

with the proteins  in water or vice versa.  

Zwitterionic polymers and PEG differ in molecular structure, which may result in 

their different hydration properties. Molecular dynamics simulation results suggested that 

there are hydrophobic interactions between PEG and proteins.60 Due to the hydrophobic 

interactions, PEG can block the active sites of enzymes, leading to reduction in the 

catalytic activity of PEG-enzyme conjugates. In contrast, the bioactivity of enzymes can 

be retained or even improved after conjugation with zwitterionic polymers, because the 

superhydrophilicity of the zwitterionic polymers offers a hydration environment that 

favors enzyme-substrate interaction.53 Further, the surface coatings of zwitterionic 

polymers exhibit better in vivo performance than PEG, including minimal biomolecule 

binding,61 resistance to foreign body reaction,52 and long circulation.62 Because their 

molecular structures are distinctly different, it is not a surprise that zwitterionic polymers 
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and PEG have different mechanisms to interact with water, proteins, and organisms. This 

hypothesis is plausible but has not been validated by direct experimental evidence so far. 

In this context, it is of essential importance to probe the local water structures at the 

zwitterionic polymer and PEG surfaces and their responses to the presence of protein 

molecules. We believe that this fundamental study will allow better design and tailoring 

of the nonfouling performance of materials in a variety of technical applications, for 

instance in biomedicine, where contact with biological environments containing proteins 

or organisms is inevitable at the material surfaces. 

In this work, SFG spectroscopy was applied to systematically study the surface 

hydration of the polymer brushes of sulfobetaine methacrylate (SBMA) and 

oligo(ethylene glycol) methacrylate (OEGMA), denoted as pSBMA and pOEGMA, 

anchored on silica surfaces (Figure 3.7A) in the absence and presence of proteins (Figure 

3.7B). The SFG spectra of water at the polymer surfaces were taken before, during, and 

after contacting several protein solutions, and the time-dependent SFG signals of the 

interfacial water were monitored to probe the structural changes of water upon contact 

with the protein solutions. The SFG results revealed that pSBMA and pOEGMA surfaces 

showed different surface hydrations upon contact with the protein solutions. In addition, 

the effects of sulfobetaine (SB), PEGs with molecular weight of 300 and 2000 (PEG-300 

and PEG-2000), and PEG-2000-coated gold nanoparticles (PEG-2000-AuNP) (Figure 

3.7C) on the surface hydration of proteins were investigated (Figure 3.7D) with SFG 

spectroscopy, which further elucidated the different hydration behaviors between SB and 

PEG in contact with proteins. 
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Figure 3.7 (A) Molecular structures of pSBMA and pOEGMA brushes anchored on silica 
surfaces. (B) SFG measurement of a polymer coating on a right-angle SiO2 prism in 
contact with a protein solution. (C) Molecular structures of SB, PEG-300, PEG-2000, and 
PEG-2000-AuNPs. (D) SFG measurement of a protein layer physically adsorbed on a 
deuterated polystyrene (d8-PS) coated CaF2 prism in contact with an SB, PEG-300, PEG-
2000, or PEG-2000-AuNP solution. 

3.2.2 Experimental Section 

Bovine serum albumin (BSA, 99%), lysozyme (90%), fibrinogen (Type I-S, 65-

85%, may contain 10% sodium citrate and 15% sodium chloride), fluorescein 

isothiocyanate labeled BSA (FITC-BSA), dimethylethylammoniumpropane sulfonate 

(sulfobetaine, SB), PEG-300, PEG-2000, PEG-2000-AuNP (diameter = 20 nm, optical 

density (OD) = 50) dispersed in water, and phosphate buffered saline (PBS, prepared 
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from Na2HPO4 and KH2PO4, contains 11.9 mM phosphates, 137 mM NaCl, and 2.7 mM 

KCl, pH = 7.4±0.1) were purchased from Sigma-Aldrich. Deuterated polystyrene (d8-PS) 

(Mw = 207,500 g/mol) was purchased from Polymer Source Inc. Right angle SiO2 and 

CaF2 prisms were purchased from Altos Photonics.  Millipore water was used in all 

experiments.  

The brushes of pSBMA and pOEGMA were grown on SiO2 prisms (Figure 3.7A) 

via atomic transfer radical polymerization (ATRP) according to previous reports by our 

collaborators (Prof. Shaoyi Jiang’s lab at University of Washington).63,64 The thicknesses 

of the identical polymer brushes prepared on silicon wafers were measured to be 25-30 

nm by an alpha-SE ellipsometer (J. A. Woollam). The hydrophilicity of the polymer 

coatings was assessed by static water contact angles measured with a CAM 100 contact 

angle goniometer (KSV Instruments).  

To test the protein adsorption on the polymer surfaces, the pSBMA and 

pOEGMA samples were immersed into the PBS solution of FITC-BSA (5 mg/mL) for 1 

hr, followed by rinsing with water and drying with N2 flow. The surface adsorption of 

FITC-BSA molecules was assessed with an inverted fluorescence microscope (Olympus, 

Melville, NY) equipped with a Xenon arc lamp (Sutter instrument company, Novato, CA) 

and an electron multiplier CCD camera (Hamamatsu, Bridgewater, NJ). A bare silica 

substrate was used as a control.  

To probe the water structure at the polymer brush/water interfaces in the absence 

and presence of proteins, the polymer brush samples were placed in water and the 

aqueous solutions of BSA, lysozyme, and fibrinogen (1.0 mg/mL), respectively (Figure 
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3.7B). SFG spectra were collected from the polymer brush/water (with or without protein) 

interfaces. 

To study the effects of proteins on the surface hydration of the polymers, we 

adopted the following procedure. The polymer sample was first measured with SFG in air 

from 2800 to 3100 cm-1 (for C-H signal) and then placed in water for another SFG 

measurement from 2800 to 3600 cm-1 (for C-H and O-H signals). Then time-dependent 

SFG signal at the wavenumber of OH stretching vibration (around 3200 cm-1) was 

monitored while water was switched to a protein solution in situ. When the OH signal at 

the protein solution interface was stable, an SFG spectrum was taken from 2800 to 3600 

cm-1. Finally, the sample was rinsed with water with a regular wash bottle, dried under N2 

and measured with SFG in air and water again.  

To study the effects of SB, PEG-300, PEG-2000, and PEG-2000-AuNPs in water 

on the surface hydration of proteins, a protein layer was physically adsorbed on a prism. 

Firstly, a d8-PS solution in toluene (1% w/w) was spin-coated on a clean CaF2 prism at 

3000 rpm for 30 sec with a P-6000 spin coater (Speedline Technologies). Secondly, the 

d8-PS coated prisms were immersed in the PBS solutions of BSA, lysozyme, and 

fibrinogen (5.0 mg/mL), respectively, for 30 min. Thirdly, the protein coatings on the 

prisms were rinsed with water and dried under N2. The presence of d8-PS and the 

proteins was confirmed by water contact angle measurements (Table 3.1). The protein 

surfaces were then measured with SFG in contact with water and the aqueous solutions of 

SB (0.5 M), PEG-300 (0.5 M), PEG-2000 (0.08 M), or PEG-2000-AuNP (OD = 5) 

(Figure 3.7D).   
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Table 3.1 Water contact angles of the surfaces of CaF2, d8PS coated CaF2 (d8PS-CaF2), 
and BSA, lysozyme, and fibrinogen adsorbed on d8PS-CaF2 (BSA-d8PS-CaF2, 
lysozyme-d8PS-CaF2, and fibrinogen-d8PS-CaF2). 

Surface Water contact angle 

CaF2 <5o 

d8PS-CaF2 89±1 o 

BSA-d8PS-CaF2 39±1 o 

Lysozyme-d8PS-CaF2 54±2 o 

Fibrinogen-d8PS-CaF2 37±1 o 

3.2.3 Results and Discussion 

3.2.3.1 Surface Characterization and Hydration of pSBMA and pOEGMA 

To study the surface hydration of nonfouling materials, the as-prepared pSBMA 

and pOEGMA were selected in this work considering the following factors: Firstly, 

proteins can adsorb onto charged surfaces through Coulomb interaction.11,65-68 Both 

pSBMA and pOEGMA herein are overall neutral, so Coulomb interaction induced 

protein adsorption is excluded. Secondly, the hydrophilicity and nonfouling properties of 

the polymer brushes are affected by their thicknesses.63,64,69 The pSBMA and pOEGMA 

films with a thickness of 25-30 nm herein demonstrated strong resistance to protein 

adsorption.63,64 Thirdly, high packing density is crucial to the nonfouling performance of 

the polymer brushes.63,70 Here, to ensure the high packing density, the initiators were 

anchored on the silica surface to form a self-assembled monolayer with high density.63,64 

Fourthly, the polymer chemical composition influences their nonfouling properties. For 

example, ethylene glycol (EG) oligomer molecules anchored on surfaces with six or more 

EG units demonstrate strong protein resistance.71 The nonfouling property of polymers 
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made from carboxybetaine is affected by environmental pH, whereas that of sulfobetaine 

is independent of pH.11 Therefore, pSBMA and pOEGMA (EG unit = 6) were selected 

for study in this work. 

The surface hydrophobic/hydrophilic properties of the polymer brushes studied 

here were characterized by sessile drop contact angle measurements. As shown in Figure 

3.8, the static water contact angles of the pSBMA and pOEGMA brushes anchored on 

silica substrates were measured to be 20±1o and 42±1o, respectively, which agree with 

those reported in the literature,63,69,72-74 and were smaller than those of the commonly 

used polymers such as poly(methyl methacrylate),75 polyethylene terephthalate,75 

polycarbonate,75 polyvinyl chloride,76 poly(dimethyl siloxane),76  or polystyrene.77 The 

water contact angle of the pSBMA surfaces is noticeably smaller than that of the 

pOEGMA surfaces, suggesting that the zwitterionic groups of the pSBMA brushes can 

interact more strongly with water for more effective surface hydration than the ethylene 

oxide groups of the pOEGMA brushes. 

 

Figure 3.8 Images of the static water contact angles on the pSBMA and pOEGMA 
brushes anchored on silica substrates. The blue dashed lines indicate the surface plane. 
The diameter of the syringe needle is 0.8 mm. 

pSBMA pOEGMA

42±1o20±1o

0.8 mm
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The resistance of pSBMA and pOEGMA to protein adsorption determined by 

surface plasmon resonance and ellipsometry measurements has been well-

documented.57,63,64,78,79 To verify the nonfouling performance of the as-prepared pSBMA 

and pOEGMA, FITC-BSA was used as a model protein and its adsorption on the polymer 

brushes and a bare silica substrate (as a control sample) was measured with fluorescence 

microscopy. As shown in Figure 3.9, whereas strong FITC-BSA adsorption on bare silica 

surface was detected, no protein adsorption was observed on pSBMA or pOEGMA, 

indicating that both of the polymer surfaces were effectively resistant to protein 

adsorption in water as reported.63,64 This provides the basis for the interpretation of the 

SFG results below. 

 

Figure 3.9 Summary of the average fluorescence intensities of FITC-BSA adsorbed on 
pSBMA, pOEGMA, and bare silica surfaces compared to the background. 
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Figure 3.10 SFG signals of (A~C) pSBMA and (D~F) pOEGMA before, during, and 
after contacting the solutions of BSA, lysozyme, and fibrinogen. SFG spectra of (A) 
pSBMA and (D) pOEGMA were collected in air before and after contacting each protein 
solution. Time-dependent water signals of (B) pSBMA and (E) pOEGMA were 
monitored in situ as the aqueous phase was switched from water to each protein solution. 
SFG spectra of (C) pSBMA and (F) pOEGMA in contact with water and the protein 
solutions were also collected. The spectra in (A), (C), and (D) are stacked and offset by 
vertical translation for a clear view. 

Figure 3.10 shows the SFG spectra collected from the pSBMA and pOEGMA 

surfaces in air, in water, and in various protein solutions. The time dependent SFG 

signals detected from the interfaces between the polymers and aqueous media before and 

after the addition of the proteins to the aqueous media are also shown. In air, both the 

pSBMA and pOEGMA surfaces show a strong peak at 2845 cm-1 and a weak peak at 

2920 cm-1 from symmetric and asymmetric stretching modes of the methylene groups80 in 

the polymer backbone and/or side chains (Figure 3.10A and D, black curves), indicative 

of good ordering of the polymers at the polymer/air interfaces. The polymer surfaces also 

show strong C-H signal below 3000 cm-1 in water, indicative of good ordering of the 

polymers at the polymer/water interfaces as well (Figure 3.10C and F, black curves). The 

water signal above 3000 cm-1 at the pSBMA surface consists only one band centered 
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around 3180 cm-1 with hardly observable signal at 3400 cm-1. Differently, the water 

signal at the pOEGMA surface is dominated by the band centered around 3170 cm-1 with 

a shoulder around 3400 cm-1, which are assigned to strongly and weakly hydrogen-

bonded water molecules,40 respectively. Thus, the majority of the ordered water 

molecules are associated via strong hydrogen bonding at both the pSBMA and pOEGMA 

surfaces, but some water molecules via weak hydrogen bonding at the pOEGMA surface. 

The different water structures at the pSBMA and pOEGMA surfaces may reflect the 

differences in hydrogen bonding mechanisms. Water molecules form hydrogen bonds 

with the hydrophilic zwitterionic groups in pSBMA or the oxygen atoms in the repeating 

units of the OEG chains, while the former is enhanced by electrostatic attraction.  

3.2.3.2 Impact of Proteins on the Surface Hydration of pSBMA and pOEGMA 

To study the impact of proteins on polymer hydration, proteins were prepared in 

water instead of PBS because the ionic strength of PBS is high enough to change the 

interfacial water structure and affect the SFG water signal (Figure 3.11). Moreover, we 

excluded the possibility that the low concentration of salts in the protein solutions (e.g., 

150 mg/L (2.6 mM) sodium chloride and 100 mg/L (0.47 mM) monosodium citrate) may 

affect the SFG signal of water (Figure 3.11). Here, we selected BSA, lysozyme, and 

fibrinogen to represent typical proteins because they have a wide range of molecular 

weight and isoelectric point (Table 3.2).  
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Figure 3.11 SFG spectra of (A) pSBMA and (B) pOEGMA in contact with water, an 
aqueous solution of 150 mg/L (2.6 mM) NaCl and 100 mg/L (0.47 mM) NaH2C6H5O7 
(monosodium citrate), and PBS. 

Table 3.2 Molecular weight (MW) and isoelectric point (pI) of BSA, lysozyme, and 
fibrinogen.  

Protein MW (g/mol) pI 

BSA 69,000 4.8 

Lysozyme 14,000 11.1 

Fibrinogen 340,000 5.5 

The SFG signal intensity of water was monitored in real time when the aqueous 

phase was switched from water to a protein solution at the polymer surface (Figure 3.10B 

and E). For pSBMA, the intensity of the water SFG signal at 3180 cm-1 remains the same 

when the aqueous phase is switched from water to different protein solutions (Figure 

3.10B), indicating that the strongly hydrogen-bonded water structure is hardly disturbed 

by proteins. The SFG spectra collected from the pSBMA/protein solution interfaces are 

almost identical to those taken at the pSBMA/water interface, indicating the same 

interfacial polymer and water structures at the pSBMA/protein solution and 

pSBMA/water interfaces (Figure 3.10C). This indicates that the interfacial water 

molecules are strongly bonded with pSBMA and cannot be disturbed by the protein 

molecules under the current experimental condition. After the surface was rinsed with 
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water, the SFG spectra of the pSBMA surface collected in air and water are identical to 

those obtained from the original pSBMA surface before contacting protein solutions, 

indicating no change of the polymer surface structure and no adsorption of the proteins 

onto the pSBMA surface (Figure 3.10A, C, and Figure 3.12A).  

 

Figure 3.12 SFG spectra of (A) pSBMA and (B) pOEGMA in contact with water before 
and after contacting lysozyme and fibrinogen solutions and rinsing with water. 

Different from pSBMA, the water signal at 3170 cm-1 at the pOEGMA surface 

becomes either stronger or weaker upon contacting protein solutions, indicating a 

noticeable impact of the presence of proteins on the water molecules at the pOEGMA 

surface (Figure 3.10E). After about 150 sec, the water signal at the pOEGMA surface in 

the protein solutions reaches plateau. When the water signal did not exhibit further 

change, SFG spectra were taken at the pOEGMA/protein solution interfaces. The C-H 

stretching signals taken at the pOEGMA/protein solution interfaces are similar to those at 

the pOEGMA/water interface (Figure 3.10F), indicative of little change in the polymer 

structures upon contact with the proteins and no preferred ordering of the proteins at the 

polymer surface. However, the contact with proteins causes noticeably different changes 

in the water signal intensity, suggesting that the ordering of the water molecules adjacent 

to the polymer surface is very sensitive to the presence of proteins and the protein nature. 
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Note that whereas the water signal intensity at 3170 cm-1 greatly changes upon contacting 

each protein solution, the change of the peak area of the 3400 cm-1 component is much 

smaller than that of the 3170 cm-1 component. This suggests that protein molecules near 

the pOEGMA surface primarily disturb the structural ordering of the strongly hydrogen-

bonded water molecules that most likely hydrogen-bonded with the oxygen atoms on the 

OEG chains. After the pOEGMA surface was removed from the protein solutions and 

rinsed with water, their SFG spectra in air show the same signals as that taken before 

contacting the protein solutions (Figure 3.10D). Furthermore, the water signal at the 

pOEGMA surface is completely recovered when the surface was placed in pure water 

again (Figure 3.10F and Figure 3.12B). These data demonstrate little change in the 

polymer structures and negligible protein adsorption, which is consistent with the 

aforementioned fluorescence measurements. 

A clean silica surface interacting with the proteins was monitored as a control. 

The water contact angle of the silica surface was measured to be less than 5o. As shown 

in Figure 3.13, there was no SFG signal visible in the C-H stretching frequency region in 

air. After contacting the protein solutions and rinsed with water, the surface in air showed 

the peaks at 2880 and 2925 cm-1, which were assigned to the hydrophobic groups of the 

proteins at air interface (Figure 3.13A), indicating the protein adsorption on the silica 

surface.81,82 The water signal was monitored when the aqueous phase in contact with the 

silica surface was switched from water to the protein solutions. As shown in Figure 3.13B, 

the time-dependent SFG water signal intensity increased or decreased upon contacting 

protein solutions, due to the disturbance of the interfacial water structure by the proteins. 

These data were similar to those obtained with pOEGMA (Figure 3.10E). However, after 



87 
 

the surface was rinsed with water and placed in water again, the interfacial water signal 

detected at the silica/water interface could not be recovered to its original intensity due to 

the irreversible protein adsorption (Figure 3.13C). 

 

Figure 3.13 (A) SFG spectra of a silica surface in air before and after contacting the 
aqueous solution of BSA, lysozyme, and fibrinogen. (B) Time-dependent water signals of 
the silica surface monitored in situ when the aqueous phase is switched manually from 
water to protein solutions. Due to manual operation, the switching time may vary. (C) 
SFG spectra of the silica surface in contact with the BSA solution and with water before 
and after contacting the BSA solution. 

The above SFG results highlight that pSBMA, pOEGMA, and silica surfaces 

exhibit different surface hydration and protein adsorption behavior. A layer of strongly 

hydrogen-bonded interfacial water molecules protects the pSBMA surface from protein 

contact. At the pOEGMA surface, the proteins can disturb the interfacial water structure 

and may possibly directly interact with the polymer surface. However, proteins can be 

rinsed off from the pOEGMA surface, suggesting that the OEG chains interact with water 

more strongly than with the proteins, leaving behind no proteins adsorbed on the 

pOEGMA surface. For silica, the proteins change the interfacial water structure and 

irreversibly adsorb onto the surface. 

3.2.3.3 Impact of SB and PEG on Protein Surface Hydration 

To further reveal the difference in surface hydration between zwitterionic 

materials and PEG, we applied SFG to investigate the effects of the structural unit of 
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pSBMA and pOEGMA, SB and PEG-300 (Figure 3.7C), on the surface hydration of 

proteins. Figure 3.14 demonstrates that the water structures at the protein surfaces are 

dependent on the protein nature. The signal centered at about 3200 cm-1 dominates the 

SFG water spectra at the BSA and fibrinogen surfaces, whereas the signal around 3500 

cm-1 is stronger at the lysozyme/water interface. The observation on the lysozyme surface 

is consistent with the results presented in Figure 3.10E and F, which shows that lysozyme 

(originally with weak hydration) affects the hydration layer of pOEGMA more than BSA 

and fibrinogen. The different features of the water spectra should be correlated with the 

different conformation and charge of the proteins and the different ways in which the 

proteins orient surface water molecules. For example, lysozyme is known to be more 

rigid than the other two proteins and has a higher isoelectric point. The detailed study of 

the correlation of the water structures with the protein nature, however, is beyond the 

scope of this work. The present work focuses on the water signal change at the protein 

surfaces after SB and PEG are introduced into the surrounding environment of the protein 

surfaces. Regardless of the different water structures at the protein surfaces, the surface 

hydration of different types of proteins is affected by SB or PEG-300 in a rather similar 

way, as discussed below. 
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Figure 3.14 SFG spectra of (A) BSA, (B) lysozyme, and (C) fibrinogen adsorbed on d8-
PS coatings in contact with water and aqueous solutions of SB (0.5 M), PEG-300 (0.5 M), 
PEG-2000 (0.08 M), and PEG-2000-AuNPs (OD = 5). 

When the protein surfaces are placed in contact with a 0.5 M SB solution, the 

SFG water spectra are dominated by the signal centered at about 3200 cm-1 for all three 

proteins (Figure 3.14, red curves), which is assigned to strongly hydrogen-bonded water 

molecules.40 As suggested by Figure 3.10C, strongly hydrogen-bonded water molecules 

are present at the pSBMA/water and pSBMA/protein solution interfaces, which are 

hardly affected by the proteins. Similarly, free SB molecules are expected to have 

strongly hydrogen-bonded water molecules in their hydration shells. When they are in 

close proximity to the protein layers, their hydration shells remain hardly changed. The 

strong hydration shells on the SB molecules effectively prevent the near-surface contact 

between the proteins and SB molecules. This agrees with the results presented in Figure 

3.10. To further reveal the importance of a zwitterion (inner salt) in surface hydration 

rather than independent ions, a salt solution of ammonium sulfate with the same 

concentration (0.5 M) was investigated as a control. As shown in Figure 3.15, for all the 

proteins, the interfacial water signals decreased to almost zero while in contact with the 

ammonium sulfate solution. Different from SB, here the ammonium and sulfate ions can 

separately interact with the charged domains of the proteins; therefore the hydration of 

the proteins is significantly disrupted. 
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Figure 3.15 SFG spectra of BSA, lysozyme, and fibrinogen adsorbed on d8-PS coatings 
in contact with water and aqueous solutions of SB (0.5 M) and (NH4)2SO4 (0.5 M). 

However, when the protein surfaces were in contact with the PEG-300 solution, 

the SFG signal centered at ca. 3500 cm-1, contributed from weakly hydrogen-bonded or 

less coordinated water,40 becomes noticeably stronger than the signal around 3200 cm-1 

(Figure 3.14, blue curves) for all three types of proteins, though both of these signals 

were largely reduced. This is different from the water signals observed at the BSA/water 

and fibrinogen/water interfaces (Figure 3.14A and C, black curves), and is also different 

from that observed from the pOEGMA/water interface (Figure 3.10F, black curves). PEG 

is a hydrogen bond acceptor, and it can be envisioned that PEG/water hydrogen bonds are 

formed at the cost of the hydrogen bonds between water molecules. Comparison of the 

SFG signals at 3200 cm-1 at the protein/water interfaces in the absence and presence of 

PEG-300 suggests that PEG-300 effectively breaks the strongly hydrogen-bonded water, 

but has less effect on the weakly hydrogen-bonded water. Distinct from the 

pOEGMA/water interface in the presence of proteins in water, at which the majority of 

water molecules are strongly hydrogen-bonded, at the protein/water interfaces in the 

presence of PEG-300 molecules, the majority of water molecules are weakly hydrogen-

bonded. Thereby, we believe that free PEG molecules in water behave differently from 

PEG molecules anchored on a solid surface.  
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Free PEG molecules are expected to interact with proteins via hydrophobic 

interaction between the CH2 moieties on their backbones and the hydrophobic parts of 

proteins.60,83 To confirm the effect of the hydrophobic interaction between PEG and 

proteins, here the protein layers were brought into contact with the aqueous solution of 

PEG-2000, the concentration of which was 0.08 M to achieve the same concentration of 

ethylene glycol unit of PEG-300 at 0.5 M. Figure 3.14 shows that the water signals at the 

protein/water interfaces decrease to almost zero upon contact with PEG-2000. This 

suggests that PEG-2000 substantially disrupts the hydration layer(s) around the proteins 

and interacts with the proteins more strongly than PEG-300. It is possible that the long 

PEG chains can even wrap the protein molecules. Taking into account the results shown 

in Figure 3.10E and F, the studies of the hydration at the pOEGMA surface and at the 

protein layers confirm the direct interaction between PEG and proteins. 

The comparison between Figure 3.10 and Figure 3.14 indicates that free PEG and 

surface-bound PEG may affect the protein hydration differently. To further test this, 

PEG-2000-AuNP was introduced to interact with the protein layers in water to compare 

with free PEG-300 and PEG-2000 molecules. As shown in Figure 3.14 (green curves), 

the water signal at 3200 cm-1 remains stronger than that at 3400 cm-1, particularly for the 

lysozyme surface, at which the original signal at 3200 cm-1 is weaker in contact with 

water (Figure 3.14B, black curves). This result indicates that different from free PEG, the 

PEG chains tethered on the nanoparticles can form and align strongly hydrogen-bonded 

water molecules adjacent to the protein surfaces, which is similar to the pOEGMA 

surface (Figure 3.10F). Similar to those coated on planar surfaces, the PEG chains 

tethered on nanoparticles are closely packed with most of the hydrophobic CH2 groups 
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buried in the film, and have limited freedom to change conformation to interact with 

proteins directly, which, therefore, yields strong hydration shells enclosing the PEG-

2000-AuNPs to prevent the near-surface contact of the nanoparticles with proteins. 

The impact of SB, PEG-300, PEG-2000, and PEG-2000-AuNPs on the surface 

hydration of CaF2 without the proteins was investigated for comparison. As shown in 

Figure 3.16, the spectrum taken with the presence of SB shows a strong band at 3200 cm-

1 with a weak shoulder at 3400 cm-1, whereas the signal intensity obtained with the 

presence of PEG-300 is much lower with a slightly stronger band at 3400 cm-1. The water 

signal decreases to almost zero when PEG-2000 is present. Different from free PEGs, for 

PEG-2000-AuNP, the observed SFG signal at 3200 cm-1 is much stronger, indicating a 

majority of strongly hydrogen-bonded water at the interface. Therefore, the results 

obtained from the CaF2 surface without the proteins are consistent with those obtained 

from the protein surfaces. 

 

Figure 3.16 SFG spectra collected at a CaF2 prism surface in contact with water and 
aqueous solutions of SB (0.5 M), PEG-300 (0.5 M), PEG-2000 (0.08 M), and PEG-2000-
AuNPs (OD = 5). 
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Because PEG is a hydrogen bond acceptor, it is plausible to envision that upon 

adding the PEG chains into water, the hydrogen-bonding of water molecules will be 

broken to liberate free water molecules, which resembles hydrogen-bond disruption of 

chaotropic ions. On one hand, it weakens the hydration of proteins and thus facilitates the 

hydrophobic interaction between the proteins and PEG chains, when free PEG chains are 

present in water. In the case of PEG chains tethered on solid surfaces, on the other hand, 

the hydrophobic interaction between the PEG chains and the proteins is inhibited and, at 

the same time, the liberated water molecules may interact with the proteins via hydrogen 

bonding, which may offset the hydrogen-bond disruption impact of the PEG chains on 

the hydration of the proteins. Overall, one can conclude that the impact of PEG chains on 

the hydration of proteins is strongly dependent on their forms present in water (Figure 

3.17). This dependence can well account for the difference between free PEG chains, 

pOEGMA brushes grafted on solid surfaces, and PEG-2000-AuNPs when they interact 

with the proteins. It also accounts for the nonfouling effect of pOEGMA brush surfaces 

and for the enhancement of protein hydration by PEG-2000-AuNPs (e.g. lysozyme in this 

work). In contrast to PEG, the interaction of SB with water and proteins is determined by 

its zwitterionic nature; it is always strongly hydrogen-bonded with water no matter 

whether it is present in water as free molecules or as surface-bound pSBMA coatings. 

The hydration of SB coatings (e.g. pSBMA) should be stronger than that of PEG (e.g. 

pOEGMA), because the latter can be disturbed by proteins. 
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Figure 3.17 Schematic depiction of different hydration behaviors of PEG and SB (free or 
surface-bound) in contact with proteins. 

3.2.4 Conclusions 

In this work, the surface hydration behaviors of pSBMA and pOEGMA were in 

situ probed in contact with protein solutions using SFG spectroscopy. The polymer 

surfaces are well ordered in air and water, and most of the water molecules at the 

polymer/water interface are strongly hydrogen-bonded. The hydration layer at the 

pSBMA surface was not affected by proteins, whereas that at the pOEGMA surface was 

considerably disturbed. The effects of free SB and PEG on the surface hydration of 

proteins were also investigated. Whereas water was strongly bonded at the protein 

surfaces with the presence of free SB molecules in solution, a significant amount of 

weakly hydrogen-bonded water molecules was observed at the interface between proteins 

and free PEG solutions. Different from free PEG, when the proteins were in contact with 

PEG coated gold nanoparticles, a majority of strongly hydrogen-bonded water was 

observed which is similar to the pOEGMA surface. In summary, the study on the surface 

hydration of both polymers and proteins suggests that for PEG-coated surfaces and 

nanoparticles, although surface hydration is disrupted by proteins to a certain degree, it is 

still relatively strong and resists protein adsorption. However, free PEG binds to proteins, 
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reducing their hydration significantly. For SB-coated surfaces or free SB, surface 

hydration remains strong in contact with proteins. 

3.3 Surface Hydration of Zwitterionic and PEG Materials Studied by 

Isotopic Dilution Spectroscopy 

3.3.1 Introduction 

Interpreting the SFG spectra of water is crucial to understanding the surface 

hydration of various materials. Over all, the water/vapor interface is the system with the 

least signal interference from other materials, and has been extensively studied.40,84-86 

Besides the O-H stretching signal at ~3700 cm-1 for the dangling O-H bonds, the SFG 

spectrum of the water/vapor interface mainly consists of two bands centered around 3200 

cm-1 and 3400 cm-1, which were classically assigned to contributions from “liquid-like” 

and “ice-like” water respectively based on the infrared spectra of liquid water and ice.85 

However, this assignment of the SFG bands of H2O may raise controversy, because the 

mixing of the symmetric O-H stretching mode and the first overtone of the water bending 

mode results in Fermi resonance, and the symmetric stretch, asymmetric stretch, and 

Fermi resonance of H2O vibration overlap heavily and cannot be easily deconvoluted.86,87 

Using HOD instead of H2O can greatly simplify the water spectra by eliminating the 

Fermi resonance (The frequency of the overtone of the bending mode no longer matches 

that of the O-H stretching mode) and combining the symmetric and asymmetric stretches 

into one stretch mode.88 With isotopic dilution, the structure of the water/vapor interface 

was revisited, which distinguished the contribution from Fermi resonance and confirmed 

the presence of strongly and weakly hydrogen-bonded water molecules.84,89,90  
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Jiang’s lab at the University of Washington. (B) SFG measurement of the polymer on a 
right angle silica prism in contact with isotopically diluted water 

3.3.2 Experimental Section 

Thin films of PMMA (Mn=75,000) and PET (Mn=30,000) were prepared by spin-

coating a 1 % (w/w) solution at 3000 rpm for 30 s followed by annealing at 90 oC for 24 

h. The zwitterionic and PEG polymer brushes were synthesized on silica prisms (Altos 

Photonics, Bozeman, MT) via atom transfer radical polymerization (ATRP) according to 

previous reports with thicknesses of 20-30 nm, and they showed good nonfouling 

properties.12,63,64  

To probe the polymer/water interface, the surfaces of the polymers were placed in 

contact with water (Figure 3.18B). Isotopic dilution was performed by mixing H2O and 

D2O at different ratios (1:0, 1:1, 1:2, 1:3, and 0:1). Isotopically diluted water (H:D=1:3) 

was used to study the effects of pH. The pH was adjusted to 4 or 10 with HCl or NaOH. 

SFG spectra were collected from the polymer/water interfaces using the same SFG 

spectrometer and the same experimental parameters as presented above. 
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3.3.3 Results and Discussion 

 

Figure 3.19 SFG spectra of (A) pCBAA1, (B) pCBAA2, (C) pSBMA, and (D) pOEGMA 
in air. 

Before studying the polymer/water interfaces, the surface structures of the 

polymer brushes were characterized by SFG in air. We have presented the SFG spectra 

collected from zwitterionic polymer brushes in air previously;91 these spectra in the C-H 

stretching frequency region are displayed here to compare to that detected from 

pOEGMA. All polymers show similar spectra in air, with a strong peak at 2845 cm-1 and 

a weaker peak at 2920 cm-1 (Figure 3.19), contributed from the symmetric and 

asymmetric stretches of CH2 in the backbone and/or side chains.39 Therefore, in air, all 

the polymer surfaces present substantial coverage of methylene groups. 

Isotopically diluted water was used to study the surface hydration of the polymers. 

Ideally, pure HOD molecules should be used in the experiment which offers the neat 

spectrum of O-H stretching, but experimentally it is difficult to obtain pure HOD 
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molecules. Instead, H2O was mixed with D2O to acquire HOD. In the H2O-D2O mixture, 

in addition to the HOD molecules, there are also some H2O and D2O molecules. The 

percentage of each component in the mixture of H2O and D2O
84 was listed in Table 3.3. If 

H2O is in excess, a significant amount of SFG signal will come from the O-H stretches of 

H2O, which interferes with the SFG O-H stretching signal of HOD. As the percentage of 

D2O increases from 50% to 100%, the ratio between HOD and H2O increases but the 

absolute amount of HOD decreases, which results in less SFG signal interference from 

H2O but weaker HOD signal at the same time. Low HOD SFG signal gives rise to 

spectral noise and impairs the accuracy of spectral data. Therefore, selection of the ratio 

of H2O to D2O is critical for acquiring as much HOD signal as possible to meet the 

sensitivity of the SFG system while reducing the interference from H2O.  

Table 3.3 The percentage of H2O, HOD, and D2O in mixtures of H2O and D2O at 
different ratios. 

H2O:D2O H2O HOD D2O HOD:H2O 

1:0 1 0 0 0 

1:1 1/4 (0.25) 2/4 (0.50) 1/4 (0.25) 2 

1:2 1/9 (0.11) 4/9 (0.44) 4/9 (0.44) 4 

1:3 1/16 (0.06) 6/16 (0.38) 9/16 (0.56) 6 

1:4 1/25 (0.04) 8/25 (0.32) 16/25 (0.64) 8 

1:5 1/36 (0.03) 10/36 (0.28) 25/36 (0.69) 10 

0:1 0 0 1 N/A 
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To find the optimal isotopic dilution ratio, SFG spectra were taken when the 

polymers were placed in contact with water at different H2O to D2O ratios (Figure 3.20). 

As the ratio of H2O to D2O decreases from 1:0 to 1:3, the detected SFG signal band 

centered around 3200 cm-1 experiences a blue-shift due to less interference from the 

combination of symmetric and asymmetric stretches of O-H in H2O, and the signal 

intensity of the O-H stretch decreases. It was noted that the intensity difference between 

the spectra at 1:2 and 1:3 is much less than that between 1:2 and 1:1, and that the spectral 

features of 1:2 and 1:3 are almost identical, which indicate that the decrease of the 

intensity from 1:2 to 1:3 is mostly caused by the decreased concentration of O-H bonds 

rather than the different interferences from H2O signal. Therefore, the spectrum collected 

from the mixture at the H2O to D2O ratio of 1:3 here is a good representation of the HOD 

spectrum, which consists of only one O-H stretch without symmetric/asymmetric 

stretching and Fermi resonance.  
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Figure 3.20 SFG spectra of (A) pCBAA1, (B) pCBAA2, (C) pSBMA, and (D) pOEGMA 
in contact with water with various isotopic dilution ratios. Insets of (A), (B), and (C): the 
corresponding enlarged water spectra. 

Simplified SFG spectra offer a clearer view of the strongly and weakly hydrogen-

bonded water, allowing for better interpretation of the SFG water signals. Pure water 

(without the addition of HCl, NaOH or salts) spectra (H:D=1:3) taken at different 

zwitterionic and pOEGMA polymer surfaces are enlarged in the insets of Figure 

3.21A~D. For the zwitterionic materials, pCBAA1, pCBAA2, and pSBMA, the spectra 

are dominated by the band around 3200 cm-1, indicating that the water molecules are 

strongly hydrogen-bonded84,89 at the zwitterionic surfaces. Differently, the spectrum from 

the pOEGMA/water interface shows a strong band around 3200 cm-1 with a shoulder 

around 3400 cm-1, indicating that some of the interfacial water molecules were weakly 
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hydrogen-bonded,84,89 consistent with a previous report on the water structure at the 

surface of a polyethylene oxide containing coating.28 Therefore, the majority of the water 

molecules form strong hydrogen bonds at both the zwitterionic and pOEGMA surfaces, 

but some water molecules form weak hydrogen bonds at the pOEGMA surface. The 

different water structures at the zwitterionic and pOEGMA surfaces result from the 

different hydrogen bonding mechanisms. Water molecules form hydrogen bonds with the 

hydrophilic charged groups in zwitterionic materials or the oxygen atoms in the repeating 

units of the OEG chains, while the former is enhanced by electrostatic attraction. 

Nevertheless, the surface dominating strongly hydrogen-bonded water molecules prevent 

biological molecules and organisms from directly interacting with the polymer surfaces, 

leading to excellent nonfouling performance of these surfaces. 

In addition, the C-H signals of the polymers in water are easier to interpret than 

those presented in our previous report91 due to the elimination of the interference between 

the signals of C-H and O-H when D2O was used as a major component instead of H2O 

(Figure 3.20, green curves). The signal intensity of the peak at 2845 cm-1 from the 

zwitterionic materials is higher than that from the pOEGMA surface, indicating that in 

water, the zwitterionic polymer surface methylene groups are better oriented towards the 

surface normal than those of pOEGMA. The peak at 2925 cm-1 which shows up in the 

zwitterionic polymer/D2O interface is contributed from asymmetric stretch of CH2 

groups.39 The peak at 2975 cm-1 observed at the CBAA1 and CBAA2 surfaces probably 

comes from the N-CH3 of the quaternary amine.92 Except the peak at 2845 cm-1, the C-H 

signals of pOEGMA are different from the zwitterionic materials, which possibly contain 

some contributions from the OEG chains and indicate a different polymer conformation 
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in water. Since this study focuses on the interfacial water molecules, quantitative analysis 

on the SFG C-H stretching signals will not be performed. 

 

Figure 3.21 SFG spectra of (A) pCBAA1, (B) pCBAA2, (C) pSBMA, and (D) pOEGMA 
in contact with pure water, and water adjusted to pH 4 or pH 10 (H:D=1:3). Insets of (A), 
(B), (C), and (D) are the corresponding enlarged water spectra. 

The surface hydration of PMMA and PET control films was compared to that of 

the above studied nonfouling surfaces. PMMA and PET can form hydrogen bonds with 

water, allowing for a better comparison with the nonfouling materials than other 

hydrophobic materials such as poly(dimethyl siloxane), polystyrene, polyethylene, or 

Teflon. The same trend of the water spectra was observed when the isotopic dilution ratio 

increased from 1:0 to 1:3 (H:D) (Figure 3.22A and B).  At the ratio of 1:3, the spectra at 

both surfaces show a strong band at 3400 cm-1 in addition to the 3200 cm-1 band (Figure 
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3.22C), indicating that a significant amount of water molecules are weakly hydrogen-

bonded at the polymer surfaces. As we discussed above, nonfouling performance of 

zwitterionic and pOEGMA polymers may be due to the strong surface hydration - 

whether the water molecules strongly bind to the surfaces. Under such a condition, it is 

difficult for biomolecules or organisms to replace the strongly hydrogen-bonded water to 

attach themselves to the surface. As shown above, for nonfouling zwitterionic and 

pOEGMA polymer surfaces, SFG signals from interfacial water molecules are dominated 

by the contribution from strongly hydrogen-bonded water at 3200 cm-1. Differently, here 

for the two control polymer samples, SFG signals detected from the weakly hydrogen-

bonded water centered at 3400 cm-1 were also very strong. Such water molecules on the 

surfaces may be easily replaced by biomolecules for fouling to occur. This result further 

demonstrates the importance of interfacial water molecules on the nonfouling behavior of 

the polymer materials. 
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Figure 3.22 SFG spectra of (A) PMMA and (B) PET in contact with water with various 
isotopic dilution ratios. (C) A stack view of the SFG spectra of water (H:D=1:3) at the 
PMMA and PET surfaces. The red curves are included for eye guiding. 

Because the nonfouling materials are expected to be used in complex 

environments such as seawater and body fluid, and they have shown different pH 

dependent properties,11 we further investigated the effects of pH on their surface 

hydration with isotopic dilution. Pure water (H:D=1:3) was adjusted to pH 4 or pH 10 

with a small amount of HCl or NaOH. We did not use buffer because we want to 

eliminate the effect of the ionic strength variation. The SFG spectra of water collected at 

the material surfaces are displayed in Figure 3.21.  

For pCBAA1, the water signal decreased when pH decreased from 10 to 4 (Figure 

3.21A) as a result of the reduced ordering of the interfacial water due to the protonation 

of the carboxylate group. Our previous report showed that the water retained some 
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ordering at pH 5.91 Here at pH 4, the water signal decreases to almost zero indicating 

further loss of interfacial water ordering. Moreover, a small band at 3400 cm-1 shows up 

at pH 4 (Figure 3.21A, red curve), indicating the presence of weakly bonded water 

molecules. 

For a different zwitterionic polymer, pCBAA2, our previous report showed that 

the water ordering decreased to zero from pH 9 to pH 5.91 At pH 4 here, however, the 

water signal is strong (Figure 3.21B, red curve), indicating that the interfacial water 

regains ordering when the bulk aqueous medium changed from pH 5 to pH 4. Figure 

3.21B also highlights (in yellow) the different interferences of the C-H stretching peak at 

2975 cm-1 with the O-H stretching signal at different pH values. At pH 4, the interference 

is positive, whereas it is negative under neutral condition or at higher pH (e.g. at pH 10). 

Thus, we can deduce that the water molecules on the pCBAA2 surface flip the overall 

absolute orientation when the bulk aqueous medium changed from pH 7 to pH 4 (Figure 

3.23). Positive interference at pH 4 means that the dipole moments of C-H and O-H have 

the same absolute direction.93 If we assume that C-H points out of the polymer surface 

into the aqueous phase to generate SFG signal, which is true for the reported C-H/water 

interfaces,29,93-95 O-H must also point towards the aqueous phase away from the polymer 

surface. Intuitively this is correct, because at pH 4, the pCBAA2 is positively charged, 

and the oxygen atom of water molecule is expected to associate with the polymer. At pH 

5 of the bulk water medium, no SFG signal was detected from the water molecules on the 

pCBAA2 surface, as reported previously.91  At this pH, the interfacial water molecules 

are randomly oriented, generating no SFG signal. Differently, when the pH of the bulk 

aqueous medium increased further to neutral and basic conditions, the dipole moments of 
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C-H and O-H have opposite directions, suggesting that the negatively charged headgroup 

plays a major role in orienting water molecules.96 Besides, at pH 4, the intensity ratio 

between the water SFG bands at 3200 cm-1 and 3400 cm-1 becomes smaller than that at 

neutral (noticing the crossing of the spectra at pH 4 and at neutral above 3400 cm-1 

(Figure 3.21B)), which again indicates the presence of more weakly bonded water at pH 

4.  

 

Figure 3.23 Schematic diagram of the water molecules flipping at pCBAA2 surface from 
pH 10 to pH 4. 

For pSBMA, our previous research indicated that interfacial water structure does 

not change in the range of pH 9 to pH 5.91 Here, using isotope dilution technique, we 

found that at pH 10, the water ordering is the same as that at pH 7 (Figure 3.21C), 

indicating no change of the surface state, agreed with our previous result. When we 

lowered the pH of the aqueous medium below 5, e.g. at pH 4, water signal decreased, 

indicating the loss of some ordering (Figure 3.21C, red curve). The reduced water 

ordering suggests that the sulfonate group starts to be protonated at pH 4.  

For pOEGMA, the ordering of water at pH 7 and pH 10 is similar (Figure 4D). 

The ordering is reduced at pH 4 probably because a proton can bind to the oxygen atom 

on the OEG chain, which has lone pair electrons, and disturb the water structure. Besides, 

at pH 4, the band at 3400 cm-1 becomes stronger (Figure 3.21D, red curve), indicating a 

significant amount of weakly hydrogen-bonded water molecules. 
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Our current study shows similar results of the pH effect on the interfacial water 

structure to those reported previously for zwitterionic polymers at pH 7 and pH 10.91 We 

further investigated the interfacial water structure at a low pH of 4 for the three 

zwitterionic polymers, showing that at this low pH value the interfacial water structures 

are varied for the materials. For  the carboxybetaine containing materials, CBAA1 and 

CBAA2, the rise of the water signal contributed from weakly hydrogen-bonded water at 

pH 4 may be correlated to their weaker nonfouling ability at lower pH.11 In addition, the 

pH effect on the surface hydration of pOEGMA has been examined for the first time, 

showing that at the pH of 4, the interfacial water signal is dominated by the contribution 

from weakly hydrogen-bonded water. Therefore, we predict that the nonfouling property 

of PEG materials may decrease at a lower pH. 

3.3.4 Conclusions 

In this work, we studied the hydration of three zwitterionic polymer surfaces and 

a PEG surface by SFG with isotopic dilution. The use of isotope diluted water greatly 

simplified the data analysis of SFG O-H stretching signal. Our results showed that the 

polymer surfaces are well-ordered in air and water. With the elimination of Fermi 

resonance, the strongly and weakly bonded water molecules were easily distinguished. 

Only strongly hydrogen-bonded water molecules were observed on the zwitterionic 

surfaces whereas the surface hydration of pOEGMA contained a small amount of weakly 

hydrogen-bonded water. For the two control polymer samples, the weakly hydrogen-

bonded interfacial water molecules generated strong SFG signals. These results 

demonstrated that interfacial water structure is crucial in determining the nonfouling 

performance of the polymer materials. The effect of pH on the surface hydration of the 
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materials was also investigated under isotopic dilution. The surface hydration changes 

differently in response to pH due to the different structures of the materials. The flip of 

the water molecules at pCBAA2 surface from basic to acidic environment was observed 

for the first time. The pH dependent interfacial water structural variations of the polymer 

materials can be well correlated to their changes in nonfouling performance, further 

demonstrating that the interfacial water molecules play an important role in nonfouling 

behavior of polymer materials.  
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CHAPTER 4 MOLECULAR UNDERSTANDING OF ADHESION 

MECHANISMS OF BIOFOULING 

4.1 Surface Dehydration Effect on Mussel Adhesion  

4.1.1 Introduction 

Marine organisms such as mussels and barnacles can deposit adhesive mixtures in 

order to attach themselves onto various surfaces in wet environments which lead to 

biofouling.1-3 On one hand, because marine biofouling causes many issues in the naval 

industry, antifouling materials that resist the adhesion of marine organisms are highly 

desired.4 Probing the adhesive interfaces of marine organisms leads to an understanding 

of the adhesion mechanisms, which aids in the design of effective antifouling materials. 

On the other hand, underwater glue is challenging to prepare. By probing the biofouling 

interfaces, the principles of underwater adhesion can be learned, which will inspire and 

guide the development of novel adhesive materials for underwater applications.5,6 

As a typical example of underwater adhesion, mussel adhesives have been 

extensively investigated, and mussel foot proteins (MFP) have been extracted and 

purified to study their adhesion mechanisms.1,7-10  It is believed that the abundance of a 

special amino acid, L-3,4-dihydroxyphenylalanine (DOPA), in MFPs is responsible to the 

strong adhesion of the proteins11,12 due to the crosslinking and reactions of the catechol 

groups in DOPA.13-15 Recently, adhesion mechanisms other than DOPA-mediated 
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adhesion have been discovered, including thiol-mediated redox reactions,16 adaptive 

hydrophobic interaction,17,18 and synergistic cationic effect.19 However, the adhesion 

mechanisms in these reports were mainly proposed from force measurements, which did 

not offer direct molecular structural information at the adhesion interfaces. In addition, 

the purified MFPs may not behave or react in exactly the same ways as the native 

proteins secreted by live mussels.   

In situ probing the interfaces between native mussel adhesives and the substrates 

offers an opportunity to reveal the adhesion mechanisms that otherwise could not be 

elucidated by studying purified MFPs. Previously reported methods to study the adhesion 

mechanisms including force measurements,10 electrochemistry,18 and various 

spectroscopies12,14 could not provide molecular information at buried interfaces. 

Alternatively, sum frequency generation (SFG) vibrational spectroscopy is a powerful 

technique to probe buried interfaces in situ, providing information about chemical 

structures at the molecular level.20 It has been extensively used to study buried polymer 

interfaces, polymer/water interfaces, and interfacial biomolecules.21-23 Furthermore, the 

detailed structural information of interfacial water can be extracted from SFG data.24-26 

In this work, SFG spectroscopy was applied to probe the interfaces between 

mussel adhesives and various substrates in water (Figure 4.1). The substrates used in this 

work covered a wide range of materials including CaF2, SiO2, poly(methyl methacrylate) 

(PMMA), polystyrene (PS), poly(dimethyl siloxane) (PDMS), poly(oligo ethylene glycol 

methacrylate) (pOEGMA), and poly(sulfobetaine methacrylate) (pSBMA). Among the 

substrates, CaF2 and SiO2 provide analogs to natural rock and earth surfaces; PMMA and 

PS represent widely used plastics; and PDMS, pOEGMA, and pSBMA are the most 
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promising antifouling coatings. SFG signals at the buried interfaces were compared to 

those collected at the substrates without the mussel proteins. Interfacial H/D exchange 

was also applied to investigate the access of water into the buried interfaces. On various 

substrates, surface dehydration by mussel proteins was observed using SFG spectroscopy. 
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Thin films of PMMA, d8-PMMA, PS, and d8-PS were prepared by spin-coating a 

1% (w/w) toluene solution on a clean quartz slide at 3000 rpm for 40 s using a P-6000 

spin coater (Speedline Technologies) followed by annealing at 95 oC for 24 h. To prepare 

the PDMS thin film, the base and curing agents of Sylgard 184 silicone elastomer kit 

were thoroughly mixed in 10:1 ratio and diluted to 1% (w/w) using toluene. The toluene 

solution was immediately spin-coated on a plasma-cleaned quartz slide at 3000 rpm for 

90 s, followed by curing at 110 oC for 35 min. The brushes of pOEGMA and pSBMA 

were prepared by Prof. Shaoyi Jiang’s group at the University of Washington on quartz 

slides via atomic transfer radical polymerization (ATRP) according to the previous 

report.27 The thicknesses of the identical polymer brushes prepared on silicon wafers 

were measured to be 25-30 nm by an alpha-SE ellipsometer (J. A. Woollam). 

To prepare the mussel adhesive plaques on various substrates, live mussels were 

fixed by rubber bands on the substrates until they deposit the plaques. This was dones by 

Prof. Jonathan Wilker’s lab at Purdue University. Figure 4.2 shows the photographs of a 

mussel adhesive plaque deposited on a quartz slide taken with a Mighty Scope 5M USB 

Digital Microscope (Aven Inc). The size of a mussel plaque is around 1 mm in diameter 

and the average thickness is around 0.1 mm. 
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Figure 4.2 Photographs of a mussel adhesive plaque on a quartz slide: (A) bottom view, 
(B) side view, and (C) enlarged side view. 

Total internal reflection Fourier Transform infrared (TIR-FTIR) spectroscopy 

experiments28 were carried out using a Nicolet Magna 550 FTIR spectrometer. A mussel 

adhesive plaque was deposited on the surface of a CaF2 prism and the interface between 

the mussel plaque and the CaF2 substrate was probed using the IR beam (Figure 4.3A). 

The SFG spectroscopy was implemented according to the protocol reported 

previously.29 The visible and infrared (IR) input beams were overlapped spatially and 

temporally at the interfaces between mussel adhesive plaques and the substrates 

immersed in water, or the interfaces between the substrates and water without the plaques. 

All SFG spectra were collected using the ssp (s-polarized sum frequency output, s-

polarized visible input, and p-polarized IR input) polarization combination.30 

4.1.3 Results and Discussion 

4.1.3.1 Mussel plaque/CaF2 interface 

Before SFG measurements were taken at the mussel adhesive interface, a TIR-

FTIR spectrum was collected between a mussel adhesive plaque and the CaF2 surface to 

reveal the major component at the interfacial region (with a thickness of several hundred 

1 mmBottom view

1 mm

Side viewA B C Side view

0.2 mm
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nanometers around the interface) . Figure 4.3B shows that the peaks from the amide 

(C=O and N-H) groups dominate the spectra, indicating the presence of a large amount of 

proteins at the interfacial region. 

 

Figure 4.3 (A) TIR-FTIR experiment of a mussel adhesive plaque on a CaF2 prism and (B) 
the corresponding spectrum. 

 

Figure 4.4 SFG spectra of mussel plaques at (A) CaF2 and (B) quartz interface in water 
(H2O or D2O). 
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To investigate the interfacial structure of mussel adhesives on the CaF2 surface, 

SFG spectra were collected at the CaF2 surface in water with or without the mussel 

plaque. (Because the mussel adhesives deposited on the CaF2 surface do not cover the 

entire surface, the surface is inhomogeneous with regions with or without adhesive.) As 

shown in Figure 4.4A, at the buried interface between the mussel adhesive plaque and 

CaF2, strong protein signals from amide I (contributed mainly from the C=O group) and 

N-H stretching were observed, indicating strong ordering of the MFPs at the interface. 

No discernible water O-H stretching signal was observed, indicating that no ordered 

water molecules were present at the CaF2/mussel adhesive plaque interface. In contrast, at 

the CaF2/water interface, strong water O-H stretching signal was detected, indicating the 

presence of strongly ordered water molecules. Comparing the SFG signals detected from 

the interfaces between CaF2 and mussel adhesive plaque, and between CaF2 and water, 

we believe that during the adhering process of MFPs, the initial hydration layer 

consisting of ordered water molecules on the CaF2 surface was replaced by adhesive 

proteins (Figure 4.5). Therefore, the elimination of the surface hydration layer on a 

surface is crucial for bio-adhesion to occur on the CaF2 surface in water. 

As mentioned above, a strong SFG signal of N-H stretching was detected from the 

buried interface between mussel adhesive plaque and CaF2. The N-H bond of an amide 

group in a protein can be transformed to an N-D bond if the N-H bond is able to directly 

contact D2O molecules around/inside the protein. Whether N-H bond can be transformed 

to N-D and how fast the transformation occurs can reveal the exposure of the N-H bond 

to water. Such information can be used to deduce structural information of a protein.31 

Here we performed H/D exchange experiment to study the mussel adhesive plaque on a 
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CaF2 substrate (Figure 4.4A). After the mussel adhesive sample was immersed in D2O for 

2 h, N-H signal at 3280 cm-1 collected from the mussel adhesive plaque/CaF2 interface in 

D2O decreased by about 1/4 compared to that collected in H2O before replacing the H2O 

with D2O. After the sample was immersed in D2O for five days, the N-H signal did not 

further decrease. Because SFG signal intensity is proportional to the square of the number 

of the functional groups, we believe that about 15% of the N-H groups transformed to N-

D groups, indicating that the majority of the amide bonds of the interfacial proteins were 

not exposed to water molecules. Water could not reach the interfacial protein amide 

bonds even after five days, suggesting limited access of water to the buried adhesive 

interface. The non-permeability of water to the biofouling interface may be critical for 

bio-adhesion underwater.  

4.1.3.2 Mussel plaque/quartz interface 

The SFG spectra of a mussel plaque deposited on a quartz slide were obtained 

(Figure 4.4B). On a clean quartz surface without the mussel plaques, strong SFG signals 

of O-H bonds indicate the strong ordering of the interfacial water structure. At a mussel 

plaque/quartz interface, similar to the mussel adhesive/CaF2 interface, strong N-H signal 

was observed instead of the O-H signals. Therefore, surface dehydration also happened 

on the quartz surface due to the adhesion of the MFPs. H/D exchange experiment was 

performed to evaluate the water permeability of the mussel plaque/quartz interface. After 

H2O was replaced by D2O for 2 h, the N-H peak decreased to about 1/3. The percentage 

decrease of the N-H signal is more significant at the quartz interface than CaF2, 

indicating that water can penetrate more easily to the mussel plaque/quartz interface. 

Although surface dehydration still plays an important role in the adhesion on quartz, 
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other mechanisms may also contribute to mussel adhesion on quartz such as the hydrogen 

bonding and electrostatic attraction between the MFPs and the -O- groups on the quartz 

surface (Figure 4.5).32  

 

Figure 4.5 Schematic showing the mussel adhesion mechanisms on CaF2 and quartz 
surfaces. 

4.1.3.3 Mussel plaque/plastic interfaces: PMMA and PS 

The SFG spectra were taken at the interface between a mussel plaque and PMMA 

or PS (Figure 4.6). At the PMMA/water interface without mussel plaques, SFG signals 

contributed from the PMMA O-CH3 group and H2O dominated the spectra (Figure 4.6A), 

indicating that the O-CH3 group tilted on the surface in water and the interfacial water 

molecules are ordered. At the d8PMMA/water interface, the water spectrum is the same 

(Figure 4.6B). However, at the mussel plaque/PMMA interface in water, the water 

signals significantly decreased, while the N-H signal dominated the spectra, indicating 

surface dehydration on the PMMA surfaces by the MFPs.  Further, with the presence of 

the mussel plaque, the O-CH3 signal disappeared, showing that the O-CH3 group lied 

down at the adhesive interface (Figure 4.7) probably due to the unfavorable interaction 

between the O-CH3 group and MFPs. In addition, H/D exchange experiment performed at 

the plaque/d8PMMA interface showed that the majority of the N-H signal remained 

(Figure 4.6B), indicating low penetration of water into the interface. 
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At the PS/water interface without mussel plaques, only weak SFG signals of 

water were observed (Figure 4.6C), indicating that the phenyl ring on PS lied down at the 

water interface and the water molecules are weakly ordered, due to the unfavorable 

interaction between the hydrophobic PS surface and water. At the d8PS/water interface, 

the water spectrum is the same (Figure 4.6D). However, at the mussel plaque/PS interface 

in water, both the N-H signal from the mussel plaque and the phenyl signal from the PS 

were observed, indicating the favorable interaction between the hydrophobic PS surface 

and the MFPs (Figure 4.7). Further, H/D exchange experiment performed at the 

plaque/d8PS interface showed that the majority of the N-H signal remained (Figure 4.6D), 

indicating low penetration of water into the interface, similar to the plaque/PMMA 

interface. 
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Figure 4.6 SFG spectra of mussel plaques at (A) PMMA, (B) d8PMMA, (C) PS, (D) 
d8PS interfaces in water (H2O or D2O). 

 

Figure 4.7 Schematics showing the molecular interactions between mussel adhesives and 
PMMA or PS. 
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4.1.3.4 Mussel plaque/antifouling polymer interfaces: PDMS, pOEGMA, and 

pSBMA 

PDMS is widely used as a fouling release material.33 Mussel plaques could be 

deposited on PDMS surfaces, although the adhesion force is low. SFG spectra taken from 

the PDMS/water interface showed Si-CH3 peaks and very weak water signal, indicating 

the weak ordering of interfacial water molecules. At the mussel plaque/PDMS interface 

in water, both signals decreased, and no signal from the MFPs were observed (Figure 

4.8A), indicating the surface dehydration and hydrophobic interaction at the 

plaque/PDMS interface. Further, the Si-CH3 unfavorably interacts with MFPs which 

could not adopt a certain interfacial ordering to maintain strong adhesion (Figure 4.9). 

At the pOEGMA surface, strong water signal at 3200 cm-1 was observed, 

indicating strongly hydrogen bonded water at the polymer surface (Figure 4.8B). At the 

pOEGMA/plaque interface in water, different from all the surfaces mentioned previously, 

water signal dominated the spectra above 3000 cm-1, showing a less extent of dehydration 

at the pOEGMA surface by MFPs (Figure 4.9). Further, after H/D exchange at the 

plaque/pOEGMA interface, neither the O-H signal nor the N-H signal was observed, 

indicating good penetration of water into the interface. 

At the pSBMA, surface, strong water signal at 3200 cm-1 was observed, indicating 

strongly hydrogen bonded water at the polymer surface (Figure 4.8C), similar to the 

pOEGMA surface. At the pSBMA/plaque interface in water, the water signal almost did 

not decrease, indicating hardly any dehydration at the pSBMA surface by MFPs (Figure 

4.9). This agrees with our previous study that the surface hydration of pSBMA is strong 

and is not disrupted by proteins.27 Further, after H/D exchange at the plaque/pOEGMA 



 

interface, neither the O-H signal nor the N

penetration of water into the interface.

Figure 4.8 SFG spectra of mussel plaques at (A) PDMS, (B) 
interfaces in water (H2O or D

Figure 4.9 Schematic showing the molecular interaction and hydration at the interfaces 
between mussel adhesives and PDMS, 

4.1.4 Conclusions 

In this work, SFG was applied to probe the buried in

adhesives and different substrates in water

presence of MFPs in the interfac

and PDMS, SFG data taken at the mussel adhesion interfaces combined with interfacial 
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signal nor the N-H signal was observed, indicating good 

penetration of water into the interface. 

SFG spectra of mussel plaques at (A) PDMS, (B) pOEGMA, (C) pSBMA
O or D2O). 

 

Schematic showing the molecular interaction and hydration at the interfaces 
between mussel adhesives and PDMS, pOEGMA, or pSBMA. 

In this work, SFG was applied to probe the buried interfaces between mussel 

adhesives and different substrates in water in situ. FTIR data showed the dominating 

the interfacial region. On the surfaces of CaF2, quartz, PMMA, PS, 

and PDMS, SFG data taken at the mussel adhesion interfaces combined with interfacial 

H signal was observed, indicating good 
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H/D exchange experiments indicate surface dehydration after the attachment of the 

mussel adhesive plaques. The polymers interact differently with MFPs. The phenyl 

groups interact more strongly with MFPs than the methyl groups. For the hydrophilic 

antifouling polymers, pOEGMA and pSBMA, however, surface dehydration is to a less 

extent, and water can penetrate into the interface. On the pSBMA surface, in particular, 

surface hydration is almost unaffected by the mussel adhesives. Overall, this study 

suggests that surface dehydration is crucial for underwater adhesion and biofouling, and 

strong surface hydration is crucial to anti-biofouling. 

4.2 Interfacial Structure of a DOPA-Inspired Adhesive Polymer 

4.2.1 Introduction 

Marine organisms such as barnacles34 and mussels2,35 are able to deposit adhesive 

protein mixtures and attach themselves to various surfaces even in wet environments.36-40 

Hence there is a need for understanding the origins of such strong adhesion. Although the 

exact mechanism of adhesive protein-surface interaction has not yet been completely 

revealed, the amino acid 3,4-dihydroxyphenylalanine (DOPA) has been proven essential 

for mussel adhesion11,37 due to its cross-linking capability. The proposed DOPA cross-

linking mechanisms include chemical oxidation11,41, enzymatic oxidation42, metal 

chelation14,43 and disulfide formation16. Given that purification of such natural proteins 

tends to be difficult, DOPA has inspired the development of numerous bio-mimic 

synthetic polymers.5,44-46 The simplest of these adhesive polymers, poly[(3,4-

dihydroxystyrene)-co-styrene] (PDHSS) (Figure 4.10A), was reported to have a 

convenient synthetic route and strong adhesive bonding.44 The effects of PDHSS 

composition and substrates on adhesion were investigated in detail recently.47 It was 
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found that when the molar ratio of styrene to 3,4-dihydroxystyrene is 2:1, adhesive 

bonding is optimized. The polymer bonds well to a variety of surfaces including 

aluminum, steel, red oak and plastics with adhesion strength comparable to commercial 

glues. Mussel mimicking polymers with other applications in mind including anti-

fouling48-50 and surface modification5,51 are also being developed with catechol groups at 

one end of the polymer chains for anchoring to surfaces. 

Fundamental understanding of the adhesion mechanism for a simplified 

polymeric mimic will provide insights on DOPA-adhesion and help to guide the design 

of future high performance polymers. The pendant catechol group of PDHSS (i.e. the 3,4-

dihydroxystyrene monomer) is believed to be essential for adhesion.52 A prior report 

described the adhesion of catechol groups on organic and inorganic surfaces using atomic 

force microscopy (AFM).10 Hydrogen bond formation between the catechol hydroxyl or 

quinone carbonyl group and the primary amine of a modified substrate, as well as 

covalent Michael addition reactions between the quinone and amine groups were 

proposed to explain adhesion.10 Moreover, a recent simulation study of catechol adhesion 

on silica surfaces showed that both the hydroxyls and phenylene ring of catechol groups 

can contribute to strong surface binding due to hydrogen bonds and dispersion forces.53 

To date, however, there has not been any direct experimental evidence for these proposed 

mechanisms of adhesion. In order to understand the detailed, interfacial structures of such 

adhesive materials, we have used sum frequency generation vibrational spectroscopy 

(SFG) to study PDHSS. 

The SFG theory has been reported in detail elsewhere.54-57 In this current work, 

SFG spectroscopy was applied to study the structure of the PDHSS, a DOPA-inspired 
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polymer at different interfaces, including surfaces in air, water and polymeric substrates. 

Fourier transform infrared spectroscopy (FTIR) was also applied to provide analogous 

spectroscopic signals from the bulk sample. The catechol phenylene ring and the quinone 

ring of PDHSS were found to be ordered underwater, poised for adhesion. With buried 

polymer interfaces, benzene π-π stacking at the polystyrene (PS) (Figure 4.10B) interface, 

and hydrogen bonding between catechols and amines or reactions between quinones and 

amines at the poly(allylamine) (PAA) (Figure 4.10C) interface, are proposed to be the 

origins of adhesion. 

 

Figure 4.10 Structural formulas of (A) poly[(3,4-dihydroxystyrene)-co-styrene] (PDHSS) 
(x:y~2:1), (B) polystyrene (PS) and (C) poly(allylamine) (PAA) 

4.2.2 Experimental Section 

Polystyrene (PS) (Mw = 35,000 g/mol) and poly(allylamine) (PAA) solution (Mw 

= 17,000 g/mol, 20% w/w in H2O) were purchased from Sigma-Aldrich. 

Tetrabutylammonium periodate [(C4H9)4N](IO4) was synthesized following a protocol 

from literature58 and confirmed by ultraviolet-visible absorption spectroscopy, 1H NMR 

spectroscopy and melting point determinations. Deuterated polystyrene (d8PS) 

(Mw~207,500 g/mol) was purchased from Polymer Source Inc. [(C4H9)4N](IO4) was 
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used for a cross-linking oxidant. PDHSS with a 2:1 molar ratio between styrene and 3,4-

dihydroxystyrene was synthesized according to our method published previously.44 

CaF2 prisms (right angle) and windows (25 mm in diameter and 2 mm in 

thickness) were purchased from Altos Photonics (Bozeman, MT) and used for depositing 

the polymers. Prisms were used in SFG spectroscopy and windows in FTIR spectroscopy 

experiments. The CaF2 substrates were dried in N2 and plasma cleaned before use. 

Solvent for the PDHSS and [(C4H9)4N](IO4) was 1:1 (v/v) acetone/dichloromethane. To 

prepare a thin film of PDHSS, 0.5% (w/w) PDHSS was spin-coated on a CaF2 prism or 

window. For cross-linked PDHSS, a solution containing 0.5% PDHSS and 0.2% (w/w) 

[(C4H9)4N](IO4) was used for spin-coating. Toluene cannot dissolve PDHSS thus could 

be used as a selective solvent for d8PS. To prepare the polymer double layer, a thin film 

of PDHSS was first spin-coated and after drying, another thin film of d8PS was then 

spin-coated from a 1% (w/w) toluene solution on top of the PDHSS film. Water was used 

for a selective solvent for PAA. Similarly a PDHSS-PAA double layer was prepared by 

spin-coating PDHSS and then PAA from a 1% (w/w) aqueous solution on top. Every 

solution was freshly prepared just prior to use. All samples except PAA were spin-coated 

at 3000 rpm for 30 s using a P-6000 spin coater (Speedline Technologies). PAA was 

spin-coated at 3000 rpm for 60 s. The thicknesses of the PDHSS, d8PS and PAA films 

were similar, around 40 nm, measured by a Dektak 6M surface profilometer (Veeco 

Instruments). Samples were dried in vacuum overnight prior to testing. 

For these studies we used the same SFG spectroscopy system as reported 

previously.59 Briefly, the visible and infrared (IR) input beams penetrate through a CaF2 

substrate and overlap spatially and temporally at the sample surface/interface, where the 
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pulse energies of the visible and IR beams are 10 and 100 μJ, respectively. The reflected 

SFG signal is collected by a monochromator along with a photomultiplier tube (PMT). In 

this research, we used a right angle CaF2 prism for the solid support of the thin film 

sample, with a near critical angle geometry (Figure 4.11) for stronger reflected SFG 

signal. Here, the incident angles of the visible and IR beams are 60° and 54° with respect 

to the surface normal, respectively. All SFG spectra were collected using the ssp (sum 

frequency output, visible input, and IR input) polarization combination. 

 

Figure 4.11 SFG spectroscopy experiment with a near critical angle geometry. 

The FTIR spectroscopy experiments were carried out using a Nicolet Magna 550 

FTIR spectrometer. All sample films were prepared on CaF2 windows. Static water 

contact angle measurements were performed with a CAM 100 contact angle goniometer 

(KSV Instruments). At least three samples of each polymer type were used. Contact 

angles were measured on five different spots on each sample. 

4.2.3 Results and Discussion 

4.2.3.1 FTIR spectra 

Prior to analyzing the SFG spectroscopy results, we collected IR spectra from 

various materials for proper peak assignments. Figure 4.12 shows the FTIR spectra of PS 

and PDHSS before and after cross-linking with periodate. All spectra show the 1600 cm-1 
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peak due to C=C stretching from the phenyl ring. Before cross-linking, PDHSS shows a 

broad band from 3300-3600 cm-1 contributed from the catechol hydroxyl groups. Almost 

no signal could be found from the quinone carbonyl group. The spectrum detected from 

the cross-linked PDHSS shows a strong 1663 cm-1 peak contributed from the carbonyl 

group60, but no signal from the catechol hydroxyl groups. Therefore, the FTIR spectra 

show oxidation of the catechol hydroxyl groups to quinone carbonyl groups resulting 

from the periodate cross-linking. Given that FTIR detects signals from the sample bulk, 

this oxidation reaction occurred in the entire sample. According to prior literature, cross-

linking enhances the cohesion of this adhesive polymer system.44,47 

 

Figure 4.12 IR spectra of (a) PS, (b) PDHSS and (c) cross-linked PDHSS. 

4.2.3.2 Air interface 

SFG spectra were first taken in air for comparison with other interfaces. Figure 

4.13 shows the SFG spectra detected from surfaces of PS, PDHSS and cross-linked 

PDHSS in air. Between 3000 and 3100 cm-1, all three materials showed the same signal 
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from the benzene C-H stretching modes (Figure 4.13B), indicating that the phenyl rings 

were ordered. However, PS showed no signal between 1500 and 1800 cm-1, indicating 

that the C=C stretching from the styrene was not detectable in SFG spectroscopy (Figure 

4.13A, Curve a). In contrast, PDHSS before cross-linking showed a strong peak around 

1610 cm-1 and a weak peak at 1663 cm-1 (Figure 4.13A, Curve b). The former peak was 

contributed by C=C stretching from the catechol ring, which has a different resonance 

structure from the styrene phenyl ring. The latter peak was from the quinone carbonyl 

group, which is also Raman active.61 The carbonyl groups at the surface of PDHSS 

before cross-linking are likely from spontaneous oxidation of some catechol groups in air. 

After cross-linking the PDHSS, the SFG signal at 1663 cm-1 became stronger (Figure 

4.13A, Curve c) owing to an increase in quinone carbonyl groups at the surface.  

We sought to determine if the signals detected here were obtained from the 

surface in air and not from the interface between the CaF2 and the polymer. Thick films 

of PDHSS, before and after cross-linking, were prepared by solvent casting PDHSS on 

CaF2 prisms. The IR beam could not penetrate these thick films. Consequently, any 

signals that are observed should be from the interface between the CaF2 and the polymer. 

In this experiment, no signal was observed between 1500 and 1800 cm-1, indicating that 

at least most of the signals we obtained in Figure 4.13 were contributed from the surfaces 

in air.  

These SFG results indicate that before cross-linking, the catechol ring was 

ordered and that some carbonyl groups already existed on the film surface due to partial 

oxidation of surface catechol groups in air. But for the sample bulk, formation of quinone 
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carbonyl groups required cross-linking. After cross-linking, the catechols were 

completely transformed to quinones, both on the surface and within the bulk material.  

 

Figure 4.13 SFG spectra of (a) PS, (b) PDHSS and (c) cross-linked PDHSS in air in two 
different frequency regions. 

4.2.3.3 Water interface 

DOPA-based polymers can adhere strongly underwater.37,38 Here we applied SFG 

spectroscopy to reveal the interfacial structure of PDHSS in water. Deuterated water 

(D2O) was used in the experiment in order to avoid signal interference from H2O. Figure 

4.14 shows SFG spectra of the PS, PDHSS and cross-linked PDHSS surfaces when in 

contact with water. The PS did not exhibit any signal between 1500 and 1800 cm-1 

(Figure 4.14A, Curve a). For PDHSS, there was a strong peak at 1610 cm-1 when in 

contact with D2O. The signal was more intense than in air, indicating greater ordering of 

the catechol rings in D2O than air due to interactions between phenolic hydroxyl groups 

and water (Figure 4.14A, Curve b). If the catechol ring also contributed to the signal 

between 3000 and 3100 cm-1 (Figure 4.13B, Curve b), we would likely have observed an 

analogous signal in water due to substantial ordering. However, the signal between 3000 
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and 3100 cm-1 of all three materials disappeared upon coming in contact with water 

(Figure 4.14B). Therefore, the lack of signal between 3000 and 3100 cm-1 is likely a 

contribution from styrene, not from the phenylene ring of the catechol. In fact, a previous 

SFG study of a catechol containing polymer showed that the catechol ring only has very 

weak signal around 3040 cm-1, quite different from what we obtained in Figure 4.13B.62 

This result could be further explained by the fact that in PDHSS, the ratio of styrene and 

catechol is 2:1 and there are more C-H bonds per styrene than catechol. This assignment 

of the SFG signal is also consistent with a previous detailed analysis of vibrational modes 

of phenyl groups.63 The disappearance of the signal was attributed to the unfavorable 

interaction between the hydrophobic phenyl ring on the styrene with water. After cross-

linking, PDHSS showed a slightly weaker peak at 1663 cm-1 in water than in air, 

indicating that the quinone group was still stable and ordered. The SFG spectroscopy 

results discussed here suggest that both the catechol and quinone groups in the polymer 

were ordered underwater, ready for adhesion to surfaces. 

 

Figure 4.14 SFG spectra of (a) PS, (b) PDHSS and (c) cross-linked PDHSS in contact 
with D2O in two different frequency regions. 
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4.2.3.4 Polymer interface 

The PDHSS polymer is known to adhere to plastics47 and DOPA can bind organic 

substrates with amino end groups.10 Thus we probed the molecular structure of the 

polymer at buried interfaces between PDHSS and the model plastic d8PS and PAA films. 

Figure 4.15 shows SFG spectra of PDHSS before and after cross-linking, when 

sandwiched between a CaF2 prism and a d8PS or PAA film. 

The d8PS had no signal between 1500 and 1800 cm-1 (Figure 4.15A, Curve a), 

much like PS, therefore there should be no interference with the signals from the 

PDHSS/d8PS interface. The PDHSS/d8PS interface generated a stronger peak around 

1610 cm-1 (Figure 4.15A, Curve b) than the PDHSS surface in air (Figure 4.13A, Curve b) 

due to better ordering of the catechol rings. For the cross-linked PDHSS/d8PS interface, 

when compared to the cross-linked PDHSS surface in air, the peak intensity at 1663 cm-1 

remained constant but the band around 1610 cm-1 from quinone C=C stretching increased 

(Figure 4.15A, Curve c), indicating enhanced ordering of the quinone rings. This 

observation could be explained by π-π stacking between the catechol or quinone rings in 

PDHSS and the phenyl rings in d8PS. Such a π-π interaction can be one type of adhesive 

forces present in this system.64 

To demonstrate that the SFG signals came from buried interfaces and that there 

was no PDHSS exposed to the double layer sample surface, water contact angles were 

measured for d8PS, PDHSS and PDHSS-d8PS double layer samples (Table 4.1). The 

same contact angles were observed for d8PS and PDHSS-d8PS double layer surfaces. 

The PDHSS sample has a smaller contact angle owing to the hydroxyl and/or carbonyl 

groups on the surface. This contact angle result showed that the PDHSS layer was 
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completely protected by the d8PS layer. Furthermore, thick film SFG spectroscopy 

experiments discussed previously showed no signal from the CaF2/PDHSS interface. 

Therefore, the signals here are likely derived from the PDHSS/d8PS interface. 

Table 4.1 Water contact angles of polymer samples prepared on CaF2 windows 

Sample Contact angle (degree) 

CaF2-d8PS 89.4±1.2 

CaF2-PDHSS 77.3±1.7 

CaF2-PDHSS-d8PS 89.4±1.0 

The PDHSS/PAA interface exhibits SFG signals that differ from those found for 

the PDHSS/d8PS interface (Figure 4.15B). The PAA film shows a very weak band 

around 1590 cm-1 (Figure 4.15B, Curve a) from -NH2 bending65,66, therefore this signal 

will not interfere with that of PDHSS. The PDHSS/PAA interface displays a strong peak 

at 1610 cm-1 (Figure 4.15B, Curve b) and looks very similar to the spectrum of PDHSS in 

water (Figure 4.14A, Curve b). This result indicates enhanced ordering of the catechol 

rings at the interface due to hydrogen bonding between the phenolic hydroxyl groups in 

PDHSS and the primary amine groups in PAA10,53,67,68. The cross-linked PDHSS/PAA 

interface shows a stronger 1610 cm-1 band and a weaker 1663 cm-1 peak (Figure 4.15B, 

Curve c) than the cross-linked PDHSS in air (Figure 4.13A, Curve c) or water (Figure 

4.14A, Curve c). Here the stronger 1610 cm-1 band could be either from a C=N formed 

during a Schiff base reaction between amine and quinone69-71 or a better ordered quinone 

ring resulting from a reaction or hydrogen bonding. The weakened carbonyl signal at 

1663 cm-1 may also imply the presence of a Schiff base reaction which consumes the 

carbonyl groups.72 Since the vibrational frequency of C=N in a Schiff base could overlap 

with C=C stretching, C=O stretching or -NH2 bending, our results and prior reports10,11,72 
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provide no direct evidence of a Schiff base. However, the SFG spectroscopy results do 

suggest that such quinone + amine  Schiff base reaction is likely contributing here to 

adhesion. 

 

Figure 4.15 (A) SFG spectra of (a) d8PS film, (b) PDHSS/d8PS and (c) cross-linked 
PDHSS/d8PS double layer in air. (B) SFG spectra of (a) PAA film, (b) PDHSS/PAA and 
(c) cross-linked PDHSS/PAA double layer in air. 

4.2.4 Conclusions 

In this work, we have gained insight on the structure of a DOPA-inspired 

adhesive polymer at air, water and buried polymer interfaces by SFG spectroscopy. These 

SFG results show that in air, both the catechol and quinone rings were well-ordered. 

When contacting water, the catechol rings exhibited enhanced ordering and the quinone 

rings were still stable and ordered. These orderings appear to contribute to adhesion 

underwater. Two kinds of buried polymer interfaces were also investigated. Data from 

SFG spectroscopy indicate that at a PDHSS/d8PS interface, π-π stacking could be the 

primary adhesive force. At a PDHSS/PAA interface, phenolic hydroxyl groups appear to 

hydrogen bond whereas quinone carbonyl groups react to generate covalent bonds. These 

0

2

4

6

0

10

20

1500 1600 1700 1800
0

2

4

6

8

 

 

 

 

S
F

G
 s

ig
n

a
l

 

 

Wavenumber / cm-1

A

a

b

c

d8PS

PDHSS/d8PS

Cross-linked
PDHSS/d8PS

0

2

4

6

8

0

10

20

30

1500 1600 1700 1800
0

2

4

6

8

 

 

 

PAA

PDHSS/PAA

Cross-linked PDHSS/PAA

 
 

 

Wavenumber / cm-1

B

a

b

c



138 
 

molecular insights on the mechanisms of surface bonding may help us design future 

generations of biomimetic adhesive materials.  
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CHAPTER 5 CONCLUSIONS AND FUTURE OUTLOOK 

5.1 Conclusions 

In this thesis, the molecular-level surface structures and/or hydration of various 

novel antifouling materials, such as biocide modified PDMS coatings, amphiphilic 

polymers, and zwitterionic materials, have been investigated using SFG spectroscopy 

supplemented by other techniques. Surface restructuring behaviors of the polymers in 

water have been elucidated and correlated to their antifouling and other applications. The 

effects of polymer structure, pH, salt, and proteins on the surface hydration of 

zwitterionic polymers have been investigated to reveal their nonfouling properties. The 

buried interfacial structures of adhesion interfaces relevant to biofouling have also been 

investigated to get a molecular understanding of bio-adhesion underwater. The adhesion 

mechanisms have been revealed by in situ probing the adhesion interfaces of mussel 

adhesives and the buried interfaces of a mussel inspired polymer. These research results 

will greatly facilitate the design and development of new antifouling and adhesive 

materials with improved properties. 

SFG spectroscopy was applied to investigate the surface structures of PDMS 

materials incorporated with QAS-based biocides in situ for antifouling and fouling 

release applications. Polymers prepared from TES-QAS showed better antifouling 

performance, which generated stronger SFG signals from the alkyl groups in sea water. 
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This shows that the different reaction dynamics of methoxysilane and ethoxysilane can 

lead to different surface structures of QAS-tethered PDMS, resulting in different 

antifouling activities. In addition, coatings prepared from QAS-tethered 18K-PDMS 

generated stronger SFG signals from the QAS alkyl chains than those prepared from the 

QAS-tethered 49K-PDMS, because 18K-PDMS could provide more end groups for QAS 

tethering. The surface orientation of the alkyl chains in QAS plays an important role in 

preventing bacterial biofilm growth. This study provides a general set of guidelines to 

follow when designing PDMS materials incorporated with QAS to generate antifouling 

coatings: The QAS groups need to aggregate to the surface and the QAS alkyl chains 

need to extend fully into the aqueous environment. As a result, the long alkyl chains can 

penetrate into the cell membrane and kill microorganisms. 

In addition to the modified PDMS coatings, the surface structures of 

environmentally benign amphiphilic polymers were studied to reveal their antifouling 

mechanisms. Three polybetaines with different side chains were investigated, which 

showed different surface structures in water. The SFG results showed that the side chains 

of the three polymers were all present on the surfaces in air. In water, the OEG and alkyl 

chains remained on the coating surfaces, while the fluorocarbon chains withdrew from 

the water interface. For polybetaines with the fluorocarbon chains, both the quaternary 

amine groups and the carboxylate groups were present at the water interface, where the 

carboxylate groups formed hydrogen bonds with water molecules. The structural 

information obtained from the SFG data provided direct experimental evidence of the 

antifouling mechanisms of the amphiphilic materials: The good antifouling properties of 

the material with the OEG chains were due to the surface presence of the OEG groups; it 
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has been extensively shown that the surface OEG groups lead to improved antifouling 

activity. The poor antifouling performance of the material with the alkyl chains was due 

to the surface presence of the alkyl side chains in water, which resulted in protein 

adsorption via hydrophobic interactions. The material with the fluorocarbon chains also 

exhibited good antifouling performance, because the fluorocarbon groups retreated into 

the bulk of the coating in water so that the zwitterionic groups were exposed to the water 

interface. It has been demonstrated that zwitterionic materials can be good antifouling 

materials. This research indicates that side chains can greatly influence the polymer 

surface structures in water, resulting in different antifouling properties. 

Besides the amphiphilic polybetaines, the surface structures and hydration of a 

series of sequence-specific amphiphilic polypeptoids were investigated with SFG 

spectroscopy and correlated to their antifouling and fouling release performances. SFG 

spectra of the polymer surfaces in air revealed the sequence-dependent surface coverage 

of the hydrophilic peptoid units as a function of the number and position of the 

hydrophobic fluorinated peptoid units in the polymer chain. The surface coverage of the 

hydrophilic units is inversely correlated to the surface fluorine concentration. The SFG 

results of the polymer/water interfaces showed that the ability of the polymer surfaces to 

orient and form strongly hydrogen bonded water is sensitively dependent on the sequence 

of the peptoids, which determines their hydrophilicity and surface restructuring rate 

underwater. The surface coverage of the hydrophilic peptoid units and the strong 

interaction between the polymers and water are well-correlated to their antifouling 

properties. The surface restructuring rate of the polypeptoids upon contact with water is 

also well-correlated with their fouling-release properties.  
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Coatings that can resist oil adhesion in water can be utilized for oil/water 

separation. An oil/water separation film was prepared using PDDA/PSS multilayers. The 

molecular mechanism for oil/water separation was elucidated using SFG spectroscopy. 

Oil stick to the PDDA-capped surface in water because the methyl groups on the 

quaternary amine groups tilted on the surface which bind oil molecules. The PSS-capped 

surface repelled oil completely due to the strong hydration of the sulfonate groups. 

Further, the correlation between the surface wetting behavior of polyeletrolyte 

multilayers (PEM) and their surface local structures will shed light on the study of PEM 

internal structures, which are still under debate. Due to the operational simplicity and 

versatility of layer-by-layer deposition, our success in using (PDDA/PSS)4-coated meshes 

for efficient oil-water separation also endorses the technical significance of PEMs in self-

cleaning applications. 

In addition to polymer structures, surface hydration of the polymers also plays a 

critical role in determining their nonfouling properties. Strong hydration has been proved 

as a key contributor to the nonfouling performance of zwitterionic materials. The effects 

of ions and pH on the surface hydration of three zwitterionic polymer brushes were 

examined using SFG spectroscopy. The SFG results indicated the presence of strongly 

hydrogen bonded water at polymer/water interfaces. Ions have different binding affinities 

to the polymers as indicated by the reduced ordering of interfacial water due to ion 

binding. For example, pCBAAs bind Na+ more strongly than K+ while pSBMA binds K+ 

more strongly than Na+. All three materials bind divalent cations more strongly than 

monovalent cations and pCBAA2 binds Mg2+ and Ca2+ more strongly than pCBAA1. 

Furthermore, for pCBAAs, lower pH of water leads to weaker ordering of the interfacial 
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water molecules. At pH 5, water was still ordered at the pCBAA1/water interface but was 

completely random at the pCBAA2/water interface. Different from pCBAAs, the 

ordering of water at the pSBMA/water interface was not affected by pH in the same 

range.  

The surface hydration of pSBMA and pOEGMA were further studied in contact 

with protein solutions using SFG spectroscopy. The hydration layer at the pSBMA 

surface was not affected by proteins, whereas that at the pOEGMA surface was 

considerably disturbed. The effects of free sulfobetaine and PEG on the surface hydration 

of proteins were also investigated. Whereas water was strongly bonded at the protein 

surfaces with the presence of free sulfobetaine molecules in solution, a significant 

amount of weakly hydrogen-bonded water molecules was observed at the interface 

between proteins and free PEG solutions. Different from free PEG, when the proteins 

were in contact with PEG coated gold nanoparticles, a majority of strongly hydrogen-

bonded water was observed, which is similar to the pOEGMA surface. In summary, the 

study on the surface hydration of both polymers and proteins suggests that for PEG-

coated surfaces and nanoparticles, although surface hydration is disrupted by proteins to a 

certain degree, it is still relatively strong and resists protein adsorption. However, free 

PEG binds to proteins, reducing their hydration significantly. For sulfobetaine-coated 

surfaces or free sulfobetaine, surface hydration remains strong in contact with proteins. 

The surface hydration of the zwitterionic and PEG materials was revisited using 

isotopic dilution spectroscopy. The use of isotopic diluted water greatly simplified the 

data analysis of SFG O-H stretching signal. With the elimination of Fermi resonance, the 

strongly and weakly bonded water molecules were easily distinguished. Only strongly 
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hydrogen-bonded water molecules were observed on the zwitterionic surfaces whereas 

the surface hydration of pOEGMA contained a small amount of weakly hydrogen-bonded 

water. For the two control polymer samples, PMMA and PET, the weakly hydrogen-

bonded interfacial water molecules generated strong SFG signals. These results 

demonstrated again that the interfacial water structure is crucial in determining the 

nonfouling performance of the polymer materials. 

While a variety of materials have been developed and studied to resist biofouling, 

we can learn from biofouling to develop underwater adhesive materials. Buried interfaces 

between mussel adhesives and different substrates in water were probed in situ using 

SFG. On the surfaces of CaF2, quartz, PMMA, PS, and PDMS, SFG data taken at the 

mussel adhesion interfaces combined with interfacial H/D exchange experiments 

indicated surface dehydration after the attachment of the mussel adhesive plaques. The 

polymers were found to interact differently with the mussel proteins. The phenyl groups 

interact more strongly with proteins than the methyl groups. For the hydrophilic 

antifouling polymers, pOEGMA and pSBMA, however, surface dehydration was to a less 

extent, and water could penetrate into the interface. On the pSBMA surface, in particular, 

surface hydration was almost unaffected by the mussel adhesives. Overall, this study 

suggests that surface dehydration is crucial for underwater adhesion and biofouling, and 

strong surface hydration is crucial to anti-biofouling. 

Further, the interfacial structures of a mussel inspired adhesive polymer (PDHSS) 

were investigated using SFG spectroscopy. The SFG results showed that in air, both the 

catechol and quinone rings were well-ordered. When contacting water, the catechol rings 

obtained enhanced ordering and the quinone rings were still stable and ordered. These 
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orderings appeared to contribute to adhesion underwater. Two kinds of buried polymer 

interfaces were also examined. At the PDHSS/d8PS interface, π-π stacking could be the 

primary adhesive force. At the PDHSS/PAA interface, phenolic hydroxyl groups 

appeared to hydrogen bond whereas quinone carbonyl groups reacted to generate 

covalent bonds. These molecular insights to the mechanisms of surface bonding may help 

us design future generations of biomimetic adhesive materials. 

Table 5.1 Molecular mechanisms of antifouling materials and underwater adhesives 

 Samples 
Antifouling/adhesion 
mechanisms 

Interactions 
with proteins 

At mussel 
adhesive 
interface 

Antifouling 
Materials 

QAS 
modified 
PDMS 

Surface alkyl chains 
sticking out 

  

Amphiphilic 
polymers 

Strong hydration   

Zwitterionic 
polymers 

Strong hydration 

Strong 
hydration 
unaffected by 
proteins 

Strong 
hydration 

PEG Strong hydration 
Hydration 
disturbed by 
proteins 

Strong 
hydration 

Underwater 
adhesives 

Mussel 
adhesive 
proteins 

Interfacial dehydration  

Dehydration on 
CaF2, SiO2, 
PMMA, and 
polystyrene 

DOPA 

Hydrogen bonding or 
reaction with primary 
amine, phenyl π-π 
interaction 

  

As summarized above, our studies focused on two aspects of biofouling. 

Biofouling causes many issues, so we aimed to understand and develop antifouling 

materials. We also learned from biofouling to develop underwater adhesive materials. 

The research in this thesis provides profound knowledge about the molecular 

mechanisms of various antifouling materials. At the polymer/water interfaces, both the 
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polymer structures and water structures are important to their antifouling performances. 

In addition, bio-adhesive interfaces underwater were revealed to understand the 

molecular mechanisms of biofouling, which helps to better develop both adhesive 

materials and antifouling materials. The most important results of this thesis about the 

molecular mechanisms and design rules for antifouling materials and underwater 

adhesives are summarized in Table 5.1. For example, a good antifouling amphiphilic or 

hydrophilic material must bind water molecules very strongly in contact with an aqueous 

environment. The water binding property of the material can be evaluated using SFG 

spectroscopy by characterizing the signal at 3200 cm-1 generated by the interfacial water 

molecules. A good underwater glue should possess the ability to dehydrate an underwater 

surface to adhere to the surface. 

5.2 Future Outlook 

Although this thesis presented substantial progress in understanding biofouling 

and anti-biofouling, much is remained to be investigated in the future.  

For antifouling materials, mixed charged polymers are potential candidates in 

addition to zwitterionic polymers. The structure of a sulfobetaine based mixed charged 

polymer (Figure 5.1) is similar to pSBMA, but the charged functional groups are 

randomly distributed in the polymer.1 Mixed charged polymers are of interest to study 

because they are easier to synthesize. There is no need to synthesize zwitterionic 

monomers first. Besides, there are more variations of charged monomers to be tested. For 

the mixed charged polymer shown in Figure 5.1, the charge ratio can be controlled via 

synthesis and characterized using XPS by quantifying the amount of N and S elements. 

We hypothesized that when the positive and negative charge ratio equals one, the mixed 



 

charged polymer should have similar strong hydration and antifouling property as 

pSBMA although the charged groups are not necessarily on the same side chain, unlike 

pSBMA. The hydration of mixed charged polymer

be investigated in the future. The effects of pH and salts 

on mixed charged polymer surfaces 

behavior of the mixed charged polymers in

ionic strength) will be compared 

Figure 5.1 Molecular structure of a mixed charged polymer synthesized on a silica 
substrate. 

In addition to antifouling purposes, mixed charged materials have great potential 

in biomedical applications. Mixed charged gold nanoparticles have been tested for cell 

endocytosis and the charge ratio of the nanoparticle surfaces affects their interaction with 

cells in different pH environments.

the hydration layer around the particles in response to pH also plays a crit

modulating their interactions with cell

gold nanoparticles will be investigated as a fun
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charged polymer should have similar strong hydration and antifouling property as 

pSBMA although the charged groups are not necessarily on the same side chain, unlike 

pSBMA. The hydration of mixed charged polymers as a function of the charge ratio will 

be investigated in the future. The effects of pH and salts on the interfacial water structure 

on mixed charged polymer surfaces will also be studied using SFG. The hydration 

arged polymers in response to environmental changes (e.g. pH, 

will be compared to pSBMA with samples of different thicknesses.

 

Molecular structure of a mixed charged polymer synthesized on a silica 

In addition to antifouling purposes, mixed charged materials have great potential 

in biomedical applications. Mixed charged gold nanoparticles have been tested for cell 

and the charge ratio of the nanoparticle surfaces affects their interaction with 

cells in different pH environments.2 We hypothesized that in addition to the charge effect, 

the hydration layer around the particles in response to pH also plays a critical role in 

modulating their interactions with cells (Figure 5.2). The hydration of the mixed charged 

gold nanoparticles will be investigated as a function of charge ratio and pH. The effect of

charged polymer should have similar strong hydration and antifouling property as 

pSBMA although the charged groups are not necessarily on the same side chain, unlike 

charge ratio will 

on the interfacial water structure 

The hydration 

response to environmental changes (e.g. pH, 

different thicknesses. 

Molecular structure of a mixed charged polymer synthesized on a silica 

In addition to antifouling purposes, mixed charged materials have great potential 

in biomedical applications. Mixed charged gold nanoparticles have been tested for cell 

and the charge ratio of the nanoparticle surfaces affects their interaction with 

We hypothesized that in addition to the charge effect, 

ical role in 

). The hydration of the mixed charged 

. The effect of 



 

the nanoparticles on the surface 

also be studied. Then, the interaction between biomolecule (e.g. sugar, receptor) modified 

mixed charged gold nanoparticles 

spectroscopy to understand such interactions and how nanoparticles enter into cells

Figure 5.2 Surface hydration of a mixed charged nanoparticle in response to pH. The 
charged molecules on the particle surface contain quaternary amine and carboxyl groups. 
When pH decreases, some of the carboxyl groups are protonated and the hydration on the 
particle decreases. 

In this thesis, the strong surface hydration of zwitterionic polymers has been 

proved to be critical to their nonfouling properties. 

proteins are zwitterionic in nature and may have similar properties. For e

serum albumin (BSA) has been widely u

biomolecules. It is commonly believed that this is due to the inertness of BSA.

thesis, strong hydration of BSA has been observed

inertness, strong hydration is the key 

that strong hydration is a universal property of various albumins. The surface hydration 

of a wide spectrum of albumin molecules will be studied in comparison with other 
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surface hydration of hydrophilic and hydrophobic surfaces will 

also be studied. Then, the interaction between biomolecule (e.g. sugar, receptor) modified 

mixed charged gold nanoparticles and model lipid bilayer will be monitored using SFG 

to understand such interactions and how nanoparticles enter into cells

Surface hydration of a mixed charged nanoparticle in response to pH. The 
charged molecules on the particle surface contain quaternary amine and carboxyl groups. 
When pH decreases, some of the carboxyl groups are protonated and the hydration on the 

In this thesis, the strong surface hydration of zwitterionic polymers has been 

proved to be critical to their nonfouling properties. Some biomolecules like peptides and 

proteins are zwitterionic in nature and may have similar properties. For example, bovine 

serum albumin (BSA) has been widely used in bio-assays to resist nonspecific binding of 

biomolecules. It is commonly believed that this is due to the inertness of BSA.

thesis, strong hydration of BSA has been observed, and we believe that other than 

hydration is the key to resist nonspecific binding. We also hypothesize 

that strong hydration is a universal property of various albumins. The surface hydration 

of a wide spectrum of albumin molecules will be studied in comparison with other 

surfaces will 

also be studied. Then, the interaction between biomolecule (e.g. sugar, receptor) modified 

will be monitored using SFG 

to understand such interactions and how nanoparticles enter into cells.  

 

Surface hydration of a mixed charged nanoparticle in response to pH. The 
charged molecules on the particle surface contain quaternary amine and carboxyl groups. 
When pH decreases, some of the carboxyl groups are protonated and the hydration on the 

In this thesis, the strong surface hydration of zwitterionic polymers has been 

peptides and 

xample, bovine 

specific binding of 

biomolecules. It is commonly believed that this is due to the inertness of BSA.3 In this 

and we believe that other than 

hypothesize 

that strong hydration is a universal property of various albumins. The surface hydration 

of a wide spectrum of albumin molecules will be studied in comparison with other 
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protein molecules. In addition, casein and fish gelatin have similar properties and will be 

investigated as well. The effect of these proteins on the hydration of zwitterionic and 

PEG materials will be further examined. 

On the adhesion mechanisms of mussel proteins, the SFG data will be correlated 

to the adhesion strength on different substrates. Different surfaces with large surface 

areas will be prepared for mussels to deposit adhesive proteins in our collaborator’s lab. 

The number of the protein plaques on each surface will be counted to show the 

preference of mussels to stick to these surfaces. Then, the adhesion force of the mussel 

proteins on the substrates will be measured. The effect of surface hydration/dehydration 

and surface chemistry of the substrates will be correlated to the adhesion strength on 

these substrates. Such a study will provide in-depth understanding of the adhesion 

mechanisms of mussels. In addition to mussels, the adhesion mechanisms of other marine 

animals causing biofouling such as barnacles and oysters will be investigated in the 

future. 
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