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DISSERTATION ABSTRACT 
 
Ellen Jean Robertson  
 
Doctor of Philosophy  
 
Department of Chemistry and Biochemistry    
 
June 2014 
 
Title: Vibrational Sum Frequency Spectroscopic Investigations of Carboxylic Acid-

Containing Polyelectrolytes at the Oil-Water Interface 
 
 

The boundary between two immiscible fluids is an important location for the 

adsorption and assembly of polyelectrolytes. A good description of the fundamental 

properties of polyelectrolytes at such interfaces is a prerequisite to understanding a 

multitude of important phenomena in biological, environmental, and industrial systems. 

This dissertation examines the molecular-level details involved in the adsorption and 

assembly of carboxylic acid-containing polyelectrolytes at the oil-water interface. 

Vibrational sum frequency spectroscopy, a surface-selective spectroscopic technique, was 

used to obtain vibrational spectra of oriented polyelectrolytes at the carbon tetrachloride-

water interface. Studies that vary both polyelectrolyte and solution conditions are 

presented that identify the factors that dictate whether or not polyelectrolytes will adsorb 

to the oil-water interface and that describe the specifics of the adsorption process.  

First, the role of the position of ionizable groups along the polyelectrolyte 

backbone is examined. This is accomplished through studies of syndiotactic 

poly(methacrylic acid) (sPMA) and isotactic poly(methacrylic acid) (iPMA). Both sPMA 

and iPMA rapidly adsorb to the interface as highly ordered layers, but only sPMA is able 

to accumulate to the interface over time.  
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Studies exploring the role of polyelectrolyte charging are presented next. 

Molecular weight studies of sPMA as a function of pH show the effect of the number of 

charges per polyelectrolyte chain on interfacial adsorption and assembly. Results show 

that charge accumulation on polymer chain segments plays a major role in polyelectrolyte 

behavior at the oil-water interface.  

Subsequently, studies of both iPMA and sPMA with Ca2+ and K+ are presented to 

demonstrate the influence of the presence and identity of ions on polyelectrolyte 

interfacial behavior. These ions only induce the adsorption of iPMA to the oil-water 

water interface under solution conditions when it is not normally surface active. The 

identity of the cation is important to the adsorption process.  

Lastly, studies of two different peptoid polymers emphasize the role of 

intermolecular interactions between adsorbed polymer chains in polyelectrolyte 

interfacial assembly. It is shown that favorable electrostatic interactions between 

negatively charged carboxylate and positively charged amine groups are important in 

ordered monolayer assembly.   

This dissertation includes both published and unpublished co-authored materials.  
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CHAPTER I 

INTRODUCTION 

Polyelectrolytes are a ubiquitous class of molecules that occur naturally in the form 

of proteins, DNA, enzymes, and humic acids, and can also be synthesized to produce 

extensive libraries of polyelectrolytes that are used in a multitude of applications. 

Polyelectrolytes have particular relevance at the interface between two phases. The 

boundary between two immiscible fluids (i.e. a liquid-liquid interface, and most often, an 

oil-water interface) is an important locale for the adsorption and assembly of such charged 

macromolecules, having significance in biology, environmental remediation, and industry. 

For example, the interaction of biological polyelectrolytes with “soft” cell surfaces is 

crucial to a variety of life functions.1 In the environment, the adsorption of charged humic 

macromolecules to the interface between oil and water has important implications for water 

remediation2-8 and also plays a role in determining the fate and transport of toxic materials.9-

12 In industrial applications, the assembly of charged carboxylic acid containing-

macromolecules at oil-water interfaces is essential to the stabilization of emulsions for a 

variety of processes13-17 such as enhanced oil recovery, efficient drug delivery, and the 

manufacturing of personal care products. The behavior of polyelectrolytes at these fluid 

interfaces determines their degree of effectiveness in these important biological, 

environmental, and industrial processes. 

It is especially important to understand a) the specific conditions that favor or 

discourage polyelectrolyte surface adsorption; b) interfacial adsorption dynamics under 

these various conditions; and c) the resulting polyelectrolyte surface structures. As several 

polyelectrolytes consist of long hydrophobic backbones with charged hydrophilic 
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functional groups equally spaced along the polymer chain, one might expect that the 

interfacial activity of a polyelectrolyte will depend upon a balance between hydrophobicity 

and hydrophilicity. Understanding this balance on a molecular-level is thus essential for 

describing fundamental processes that involve charged macromolecular assembly at the 

boundary between water and nonpolar fluids. A preliminary understanding of the 

adsorption of charged macromolecules to hydrophobic liquid-water interfaces has been 

achieved through interfacial tension measurements.18-23 However, such measurements only 

give general information pertaining to polyelectrolyte adsorption dynamics and resulting 

interfacial structure, and fail to give the molecular-level details necessary to fully 

characterize the behavior of polyelectrolytes at the oil-water interfaces.  

Vibrational sum frequency (VSF) spectroscopy has proven to be a powerful 

technique to probe the molecular-level details of buried oil-water interfaces that are 

otherwise difficult to access.24-48 VSF spectroscopy generates vibrational spectra of oriented 

interfacial molecules, and can thus give specific information regarding bond strengths, 

interactions between chemical species, and molecular orientations of polyelectrolytes 

adsorbed to an oil-water interface. This technique has already been a useful tool for 

studying charged biological macromolecules at air-water,49-56 solid-liquid,49, 50, 55-64 and 

membrane interfaces,55, 56, 65-71 as well as polyelectrolytes at the air-water72-74 and solid-

liquid75-80 interfaces. While informative, these previous VSF studies do not capture the role 

of a unique oil-water interfacial environment on polyelectrolyte adsorption and assembly. 

Furthermore, the majority of the solid-liquid interface studies focused on the adsorption of 

a polyelectrolyte onto an oppositely charged surface.75-79 In this case, electrostatic 

interactions are found to dominate polyelectrolyte adsorption behavior, which is contrary to 
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what is expected for polyelectrolyte adsorption to a liquid-liquid interface. Despite the 

fluidity of the air-water interface, the vapor phase lacks the ability to specifically interact 

with the hydrophobic moieties of polyelectrolytes, as is the case for the nonpolar phase of 

an oil-water interface. 

The studies presented in this dissertation specifically utilized VSF spectroscopic 

and interfacial tension measurements to probe the behavior of poly(methacrylic acid) 

(PMA), a simple poly(carboxylic acid), and peptoid polymers, more complex carboxylic 

acid containing biomimetic polymers, at the carbon tetrachloride-aqueous (CCl4-H2O) 

interface. Not only is CCl4 an ideal solvent to use in the spectroscopic studies (it is invisible 

to the incident and detected beams) but it also serves as an appropriate model for toxic 

halogenated solvents that are persistent in the environment. Poly(carboxylic acids), such as 

PMA, represent a class of polyelectrolytes and they serve as good models for more 

complex environmental81 and biological82 macromolecules. Because their charging 

behavior, and thus their degree of hydrophobicity, is tunable, they also represent ideal 

systems with which to probe the competing effects of hydrophobicity vs. hydrophilicity on 

the oil-water interfacial behavior. Here, studies of PMA as a function of both 

polyelectrolyte characteristics and solution conditions provide details concerning the 

molecular-level factors that dictate whether polyelectrolytes remain water solvated or 

adsorb to the oil-water interface, as well as the manner in which polyelectrolyte interfacial 

assembly specifically occurs. Before these studies are presented in Chapters III-VI, a brief 

introduction to VSF spectroscopy and additional experimental considerations are provided 

in Chapter II.  

The specific manner in which the functional groups are positioned on the 
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polyelectrolyte chain can affect macromolecular hydrophobicity and thus interfacial 

behavior, as examined in Chapter III. PMA, in particular, is available as different isomers 

that behave quite differently in bulk solution. Specifically, the isotactic isomer (iPMA), in 

which the carboxyl groups are positioned along the same side of the polyelectrolyte chain 

when the monomers are in the all anti-conformation, is both more hydrophobic and has a 

greater local charge density than the syndiotactic isomer (sPMA), in which the carboxyl 

groups are located on both sides of the chain and alternate sides when the monomers are in 

the all anti-conformation.83-88 VSF spectroscopic and interfacial tension studies involving 

the different isomers of PMA will demonstrate how the backbone configuration affects 

polyelectrolyte oil-water interfacial behavior. Discussions of complementary computational 

studies performed by Dr. Nicholas Valley will further emphasize the influence of polymer 

backbone configuration on interfacial behavior. 

The role of polymer charging in sPMA interfacial behavior is explored in Chapter 

IV. sPMA is a weak polyacid that is pH tunable, such that at higher pH values the chains 

are highly charged, while at lower pH values they are more neutral. By altering the pH of 

the solution, the number of charges per polyelectrolyte chain can thus be varied. Another 

aspect of polymer charging behavior that can be tuned is the number of ionizable 

monomers that are linked together in a single chain. For polyelectrolyte solutions that 

consist of the same number of monomers, the molecular weight of the polyelectrolytes will 

dictate the total number of charges that are able to accumulate on each chain. For solutions 

of long polyelectrolytes, there are few chains in solution that can accumulate many charges, 

while for short polyelectrolytes, there are many chains in solution that can accumulate few 

charges. The pH-dependent molecular weight studies of sPMA presented in Chapter IV 
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demonstrate how collective charge accumulation on a single polyelectrolyte chain affects 

interfacial adsorption and assembly. This work has been previously published, with 

Geraldine L. Richmond as a coauthor.40 

The extent of polymer charging, and thus hydrophobicity, can also be tuned through 

screening with different counterions, which is the topic of Chapter V. For instance, it is 

well known that multivalent cations interact much more strongly with polyanions 

compared to monovalent cations.89 Carboxylic acid groups in particular are known to bind 

in specific manners to different types of cations. The binding of metal ions can thus 

drastically alter the bulk configuration and hydrophobicity of certain carboxylic acid 

containing-polyelectrolytes. Studies of PMA with varying concentration of different 

counterions will reveal how polyelectrolyte charge screening and metal ion binding play a 

role in polyelectrolyte interfacial behavior. Interfacial tension studies for this chapter were 

performed by Andrew P. Carpenter and Courtney M. Olson. This work has been submitted 

to The Journal of Physical Chemistry C, with Andrew P. Carpenter, Courtney M. Olson, 

and Geraldine L. Richmond as coauthors.  

Chapters III-V all explore the interfacial behavior of simple, negatively charged 

carboxylic acid-containing polyelectrolytes. Studies of peptoid polymers, which are 

presented in Chapter VI, provide an opportunity to probe a more complex class of 

poly(carboxylic acids) at the oil-water interface that have interesting applications in self-

assembled nanomaterials. Here, two specific peptoid polymers are studied: one with both 

negatively charged carboxylate groups and positively charged amine groups, and one with 

only negatively charged carboxylate groups. These studies provide a means to determine 

the role of intermolecular electrostatic interactions between adsorbed chains in 
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polyelectrolyte interfacial assembly. Samples were graciously prepared by Gloria K. Oliver 

and Caroline Proulx from the Zuckermann group at Lawrence Berkeley National 

Laboratory. This work has been submitted to PNAS, with Gloria K. Oliver, Menglu Quan, 

Caroline Proulx, Ronald N. Zuckermann, and Geraldine L. Richmond. 

Chapter VII concludes with a summary of the experimental results, along with an 

outlook for future work. Overall, the results presented in this dissertation provide a 

molecular-level description of poly(carboxylic acid) adsorption to an oil-water under a 

variety of conditions for which the balance between polyelectrolyte hydrophobicity and 

hydrophilicity is altered. The fundamental findings of these model systems can be extended 

to further the understanding of the interfacial behavior of more complex environmental, 

biological, and industrial charged macromolecules.  



 

7 

CHAPTER II 

VIBRATIONAL SUM FREQUENCY SPECTROSCOPY BACKGROUND AND 

EXPERIMENTAL CONSIDERATIONS 

 Vibrational sum frequency (VSF) spectroscopy is a well-established surface 

selective technique that produces vibrational spectra of oriented interfacial molecules, 

and several resources exist on the topic.90-97 This chapter first provides an overview of the 

theory behind VSF spectroscopy, with discussions of spectral interpretation as it relates 

to experiments presented in this dissertation. Next, experimental considerations are 

discussed that were specifically utilized in obtaining the VSF spectroscopic data shown 

throughout this dissertation. These are followed by a description of the spectrum of the 

neat carbon tetrachloride-water (CCl4-H2O) interface in order to demonstrate the changes 

to this spectrum that occur when molecules adsorb to the interface. Lastly, 

complementary interfacial tension measurements are described.  

 
Interaction of Light with Matter: Nonlinear Effects 

 

When an electric field  interacts with a molecule, it induces an oscillating dipole: 

                                                   .                                                       (2.1) 

Here,  is a molecule’s permanent dipole moment, and  is the polarizability and is an 

intrinsic property of the molecule. In a macroscopic system, the induced dipole per unit 

volume is known as the induced polarization and is written as: 

.                                                         (2.2) 

E
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Here,  is the first order susceptibility of the medium and  is the permittivity in a 

vacuum. In eqn. 2.2, the macroscopic average of  has been ignored, as most media do 

not have a static dipole moment. This linear approximation works for electric fields of low 

intensity and describes everyday phenomena such as reflection and refraction.  

In the case of high intensity electric fields, such as laser beams, incident on a 

medium, the linear approximation presented above is no longer accurate. In this case, 

higher order terms of a power series expansion of the induced polarization must be 

considered: 

                   .                       (2.3) 

Here, and  are the second and third order susceptibilities, respectively. Unlike 

linear spectroscopy, in which the induced polarization oscillates at the same frequency as 

the incident electric field, the higher order terms describe phenomena in which the induced 

polarization oscillates at a frequency different than the incident electric field. This is the 

basis of VSF spectroscopy, which is attributed to a second order nonlinear optical process.  

Second order processes occur when two electric fields (  and ) are 

incident upon a media. When the frequencies of both electric fields are the same ( ), 

second harmonic generation can occur, with the frequency of the induced polarization 

oscillating at . When the frequencies of the electric fields are different (ω1 ≠ω2 ), 

processes can result in which the induced polarization oscillates at either (sum 

frequency generation) or (difference frequency generation). This dissertation 

specifically focuses on sum frequency generation, in which a fixed visible beam ( ) and 
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a tunable infrared beam ( ) are used to generate the sum frequency beam ( ), as is 

depicted in Figure 2.1.  

 

 
Figure 2.1. Schematic for the vibrational sum frequency generation process at a 
surface, showing polarizations of the incident and generated beams.  
 

 

Surface-Selectivity of VSF Spectroscopy 

 

The second order susceptibility ( ) is a third rank tensor with 27 elements. 

Under the dipole approximation,  is zero in centrosymmetric media, such as most bulk 

media. This is due to the fact that the inversion symmetry present in centrosymmetric 

media requires that: 

         .                                                  (2.4) 

The only solution that satisfies this requirement is .  When there is a break in 

symmetry, such as where two bulk media meet, , therefore making VSF a surface-

selective spectroscopic technique.   

Liquid surfaces, in general, have  symmetry, and so are isotropic in the xy 

ω IR ωSF

C∞

χ ijk
(2)

χ ijk
(2)

χ ijk
(2) = χ − i− j−k

(2) = −χ ijk
(2)

χ ijk
(2) = 0

χ ijk
(2) = 0
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interfacial plane (Fig. 2.1). Here, x=-x and y=-y, but z≠-z. This property dramatically 

reduces the number of non-zero tensor elements. By applying the operations that compose 

the  point group to each tensor element, and using the logic presented above, it can be 

shown that there are only 7 non-vanishing elements of , which are shown in Table 2.1. 

As the x and y axes are interchangeable under  symmetry, only four of these elements 

are unique, and can be probed with different polarization combinations of the incident and 

generated beams. Here, s-polarized light oscillates perpendicular to the xz plane, while p-

polarized light oscillates parallel to the xz plane (Fig. 2.1).  

 

Table 2.1. Non-zero elements of  for a surface with  symmetry that are probed 
with the corresponding polarization schemes.   

 
  

Generating Surface Vibrational Spectra with VSF Spectroscopy 

 

In VSF spectroscopy, a fixed frequency visible laser beam and a tunable infrared 

laser beam are coherently overlapped at an interface. The intensity of the detected signal is 

proportional to the square of the effective second order susceptibility and the intensities of 

the incident visible and infrared beams:  

 .                                          (2.5) 
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The effective second order susceptibility ( χeff
(2) ) is related to the actual susceptibility ( χ (2) ) 

through the Fresnel coefficients, which describe how electric fields are reflected and 

transmitted at an interface, and the unit polarization vectors, which relate the molecular 

reference frame to the laboratory reference frame.  

The second order susceptibility contains a nonresonant component ( χNR
(2) ) and the 

sum of all resonant components ( χRv
(2) ):   

        .                                                 (2.6) 

The nonresonant component depends on the polarizability of substrate material and is 

independent of the incident IR frequency. The resonant components are related to both the 

number of contributing surface molecules ( ) and the orientationally averaged molecular 

hyperpolarizability ( ) through the following expression: 

            .                                                       (2.7) 

This indicates that not only does the VSF signal depend on how many molecules are at the 

interface, but also how the molecular dipoles are oriented such that a net orientation of 

molecular dipoles is required for  to be nonzero.  

Under the dipole approximation, and assuming that the visible and sum frequency 

beam frequencies is far from resonance with any electronic transitions, the molecular 

hyperpolarizability is written as: 

                                           .                                                (2.8) 

Here, is the IR transition moment,  is the Raman transition probability,  is the 
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resonant mode frequency, and  is the natural linewidth of the transition. That both 

and appear in this equation indicates that allowed sum frequency transitions must be 

both Raman and IR active. Additionally, it is clear that enhancement of the sum frequency 

signal occurs when the IR beam frequency ( ) is resonant with the energy of an allowed 

vibrational transition. To summarize, VSF spectroscopy generates vibrational spectra of 

molecules (with allowed sum frequency transitions) at an interface that have an average net 

orientation. As discussed above, different polarization schemes can be used to probe the 

different elements of , which in turn probe different molecular orientations.  

Specifically, ssp probes dipole moment components normal to the plane of the 

interface, sps and pss probe dipole moment components in the plane of the interface, and 

ppp probes dipole moment components both in the plane and normal to the plane of the 

interface. All spectra shown in this dissertation were taken in the ssp polarization scheme, 

and thus probe molecular dipole moment components that are normal to the plane of the 

interface.  

 

Interpreting VSF Spectra through Spectral Fitting 

 

Since VSF spectroscopy is a coherent technique in which is generally complex, 

the non-resonant and each resonant component of  have an associated amplitude and 

phase. Unlike linear spectroscopies, the nonresonant and resonant contributions are 

summed before squaring: 

                               .                       (2.9) 
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Eqn. 2.9 dictates that interferences (both constructive and destructive) will exist between 

the nonresonant and resonant modes, as well as between overlapping vibrational states. 

Unlike linear vibrational spectroscopy, in which spectra are composed of a superposition of 

individual vibrational modes, one cannot interpret VSF spectra visually by looking at 

vibrational peak frequencies, amplitudes and widths. Because of these nonlinearities, a 

rigorous fitting method is required to accurately interpret the line shapes that appear in VSF 

spectra. The spectra shown in this dissertation were fit using a routine that was first 

implemented by Moore and co-workers:98  

                               .                    (2.10) 

In this equation, the first term describes the response due to the nonresonant second order 

susceptibility, in which  is the nonresonant phase. Each resonant feature has an 

associated amplitude ( ) that is proportional to and the orientationally averaged IR and 

Raman transition probabilities, a phase ( ), a Lorentzian width ( ), a Gaussian width (

), and a frequency ( ). The frequencies of the IR and Lorentzian are  and , 

respectively. This line shape is a convolution of a Gaussian and Lorentzian, as first 

described by Bain et al,99 and takes into account both homogenous broadening (HWHM, 

) due to the inherent nature of the transition, as well as inhomogeneous broadening 

(FWHM, ) due to the local environments of the molecules. For this lineshape, 

there are 5 unknown parameters to fit for each resonant feature, plus the nonresonant 

amplitude and phase.  

In order to reduce the number of variables associated with the fits, and thus the 
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number of non-unique solutions, certain parameters were fixed at constant values, while 

others were allowed to vary between reasonable values. For the studies presented in this 

dissertation, the nonresonant component was found to be negligible, and so the nonresonant 

amplitude and phase were fixed at 0. Depending on the interference pattern in the 

spectrum, the resonant phases were fixed at either 0 or 3.14. Peak center frequencies were 

constrained based on known literature values. The Lorentzian line widths were fixed at 

values consistent with typical vibrational lifetimes,100-103 while the Gaussian line widths 

were allowed to vary to account for the wide array of complex molecular environments. 

Peak amplitudes were also allowed to vary. To achieve more confidence in the fitting 

results, a global fitting routine was implemented when necessary. This routine fit a series of 

spectra at once while constraining peak center frequencies, phases, and Lorentzian widths 

for all spectra, and thus only allowing amplitudes and Gaussian widths to vary. 

 

Spectroscopic Measurements 

 

All spectra shown in this dissertation were taken on a commercially available sum 

frequency generation system that was designed and built by Ekspla (Vilnius, Lithuania). A 

schematic of the experimental set-up is depicted in Figure 2.2. The laser system (model 

PL2343A/SH) consists of a master oscillator in which 1064 nm seed pulses are generated 

with a flash lamp-pumped Nd-YAG rod that have pulse lengths of ~ 30 ps, repetition rates 

of 10 Hz, and energies of ~600 µJ per pulse. The generation of pulses that are stable in both 

energy and time is achieved by active and passive mode-locking via a Pockel cell, 

polarizer, and solid state saturable absorber. The introduction of dynamic and fixed losses 
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creates stabilized pulses at ~10 µJ that, after 200 roundtrips in the oscillator, are sent to the 

regenerative amplifier via a second Pockel cell.  

 

 
Figure 2.2. Schematic of the laser experiment used for the VSF spectroscopic studies.  

 

In the regenerative amplifier, pulses can be amplified to ~500 µJ without damaging 

the solid state saturable absorber. After a fixed number of passes in the regenerative 

amplifier, pulses picked by a third Pockel cell are directed into the double pass power 

amplifier. The power amplifier consists of a second Nd:YAG rod that is pumped by two 

flash lamps. Amplification is achieved by changing the timing between the flashlamps, 

with energy outputs in the tens of mJ. After amplification, the 1064 nm beam is split, and a 

portion is frequency doubled in a KDP (potassium dideuteridum phosphate) crystal to 

generate 532 nm light. A small portion of the 532 nm beam is sent to the interface to be 

used as the visible beam after it is spatially filtered and collimated.  

The remainder of the 532 nm line along with the 1064 nm line that was not 

frequency doubled, is used to generate tunable IR light via a standard optical parametric 

generation (OPG) / optical parametric amplification (OPA) / difference frequency 
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generation (DFG) setup (model PG501/DFG2-10P). The energies of the 532 nm and 1064 

nm beams entering this setup were <8 mJ so as not to damage the nonlinear optical crystals. 

Here, the 532 nm beam is split into 2 lines. The first line is double passed through a heated 

BBO crystal (OPG). The generated parametric beam is reflected off of a grating to 

spectrally narrow the bandwidth. This generated seed beam, along with the second 532 nm 

line, are collinearly double passed through a second heated BBO crystal (OPA). The signal 

and idler for the amplified parametric beam are separated via a Glan prism polarizer. The 

idler (1.064-2.3 microns) is sent to a AgGaS2 crystal (DFG), where it is collinearly 

overlapped in space and time with the 1064 nm beam. The generated IR beam is tunable 

from 2-10 microns. The IR and visible beams are sent to the sample area, which is depicted 

in Figure 2.3. 

 

 
Figure 2.3. Schematic of the sample area showing the overlap of the 532 nm and tunable 
IR beams at the CCl4-H2O interface, with the generated sum frequency beam sent into a 
monochromator and detected with a PMT.   

 

After focusing, the visible (80 µJ) and IR (80-250 µJ) beams are overlapped in 

space and time at the CCl4-H2O interface at their respective total internal reflection angles 
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relative to the interfacial plane (24.1º for the visible; 15-17º for the IR). These angles are 

used to maximize the generated sum frequency signal.28, 30, 31, 35, 36, 41, 44, 46, 47, 104 CCl4 does not 

absorb the fixed 532 nm beam or the tunable IR beam in the spectral regions under study. 

Polarization of the visible bream is selected via a wave-plate/Glan prism polarizer 

combination, while the polarization of the IR beam is selected using a periscope. Spatial 

overlap between the visible and IR beams is accomplished using a motorized gold mirror 

situated before the interface which, through control via a LabView program, directs the 

position of the IR beam at the interface. This makes it easy to track the movement of the IR 

beam that results from tuning the DFG crystal. Correct timing between the visible and IR 

beams is accomplished with a prism delay stage that is situated in the relatively long visible 

beam path length.  

The detections line is aligned to the reflected visible beam, as the angle of the 

generated sum frequency beam should not vary much relative to that of the high energy 532 

nm beam. The detection optics consist of a filter to remove the 532 nm beam; an anti-

reflective coated BK7 lens to focus the generated sum frequency beam; and a Glan prism 

polarizer/half-wave plate combination that selects the polarization of the detected beam. 

After passing through the detection optics, the generated sum frequency beam is sent 

through a monochromator (model MS2001) and then detected with a photomultiplier tube 

(PMT, Hamamatsu R7899).  

The sample cell was machined from a solid piece of Kel-F with a CaF2 window 

facing the incident beams and a BK7 glass window facing the out-going beams. The 

windows were sealed with Dupont Kalrez® perfluoropolymer o-rings. All glassware, the 

sample cell, o-rings, and BK7 window were soaked in a NoChromix-sulfuric acid bath for 
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at least 12 h and subsequently rinsed in water (18.2 MΩ-cm resistivity) from an E-pure 

water filtration system for 5-20 mins, depending on the size of the glassware. The CaF2 

window was soaked in the acid bath for no more than 15 mins before rinsing in water from 

the E-pure system. Daily, clean layers of CCl4-H2O were cycled through the cell to ensure 

cleanliness before spectra of the sample of interest were obtained. Interfaces were prepared 

by first depositing the CCl4 layer in the cell, and then the aqueous solution of interest on top 

of the CCl4. Data collection began within a minute of interfacial preparation and continued 

until spectra were no longer observed to change significantly with time. All spectra shown 

are an average of at least 300 laser shots per data point, and were normalized by dividing 

the raw spectra by nonresonant gold spectra in the corresponding spectral regions. This 

accounts for changes in timing and overlap as the IR beam frequency is tuned. 

 

The Neat CCl4-H2O Interface 

 

In order to determine the effects of polyelectrolyte adsorption to the oil-water 

interface, it is first important to understand the characteristics of the neat CCl4-H2O 

interfacial spectrum. Figure 2.4 (top) shows a spectrum of the neat CCl4-H2O interface in 

the water OH stretching region. Here, two distinct regions can be seen. An intense sharp 

peak appears near 3700 cm-1, and is assigned to the uncoupled OH mode of the top-most 

water molecules that straddle the interface and are oriented into the organic phase. The 

reduction of this peak in the VSF spectrum of this interface is a qualitative indicator of 

the presence of adsorbates at the interface and the complete absence of this peak 

indicative of significant adsorbate coverage.90 Broad peaks appear between 3000-3600 
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cm-1 that are due to ordered water molecules that exist deeper into the interfacial region 

and have differing degrees of hydrogen bonding. In general, the interfacial depth and 

degree of coordination of the surface water molecules increases with decreasing 

frequency.90 A cartoon of these different interfacial water environments is shown in 

Figure 2.4 (bottom). 

 
Figure 2.4. VSF spectrum (ssp polarization) of the neat CCl4-H2O interface in the water 
OH stretching region (top), and a cartoon of the different surface water environments and 
interfacial field (bottom). Region I corresponds to the free-OH oscillator from the top-
most water molecules, while Region II corresponds to oriented waters deeper into the 
interface with differing degrees of hydrogen bonding.  
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 The strong orientation of the interfacial water molecules provides this oil-water 

interface with interesting properties. Previous VSF spectroscopic and computational 

studies have shown that the high degree of ordering of the top-most interfacial water 

molecules is in part due to interactions with the organic phase.34, 36, 105-107 Additionally, 

ordering of the CCl4 is seen to occur several molecular layers into the organic phase.108 

The ordering of both the water and CCl4 molecular dipoles acts to create an electric field 

across the interface, which has been shown to play a role in inducing the adsorption of 

both inorganic ions and charged macromolecules to the CCl4-H2O interface.24, 26, 29, 36 In 

general, effects of adsorbates on the interfacial field are pronounced in the water OH 

stretching modes between 3000-3600 cm-1. Specifically, screening of the interfacial field 

by adsorbates results in a significant depression of these modes, while the adsorption of 

highly charged molecules increases the field strength and results in enhancement of these 

modes.32 Observing changes to both the free-OH and the coordinated surface water 

modes is thus important for detailing the specifics of polyelectrolyte adsorption and 

assembly.   

 

Interfacial Tension Measurements  

 

Since VSF spectral amplitudes give information about both the number density and 

orientation of interfacial molecules, it is difficult to determine whether spectral changes are 

due to a change in the number of molecules at the interface, a change in their net 

orientation, or both of these effects. Interfacial tension is used to decouple these effects, 

since this method gives information about the interfacial concentration of molecules and is 
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not as sensitive to orientational changes.                

Interfacial tension measurements were performed using either the pendant drop 

(poly(methacrylic acid) studies) or the Wilhelmy plate (peptoid studies) method.  A 

schematic for the pendant drop method is shown in Figure 2.5. Here, measurements were 

recorded on a pendant drop tensiometer (KSV) that consists of a camera and an LED 

backlight to ensure good photograph resolution. For the measurements, an aqueous drop 

containing the sample of interest was dispensed from a 1 mL Hamilton gas-tight syringe 

with a Hamilton repeating dispenser. The formed drop was suspended from a 22-gauge 

hooked Kel-F hub needle into a 1x1 cm2 quartz cuvette filled with approximately 4 mL 

CCl4. 

 

 
Figure 2.5. Depiction of a pendant drop interfacial tension experiment in which an aqueous 
drop is suspended in a cuvette of CCl4.  
 
 

 Samples were measured by recording a photograph of the drop every minute until 

the interfacial tension no longer changed with time. Using the software provided with the 

instrument, the drop shape was first fit to the Laplace-Young equation:  
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dx
ds

= cosφ

dz
ds
= sinφ

dφ
ds

= 2+βz− sinφ
x

                                                (2.11) 

to determine the shape factor, . The value of was then used to calculate the interfacial 

tension, γ, according to Eqn. 2.12, in which  is the density difference between the two 

liquids,  is the gravitational constant, and  is the square of the radius of the drop 

curvature at the drop apex.  

                                                                .                                                      (2.12) 

Results of the PMA interfacial tension measurements are reported as surface 

pressure, which is the difference between the interfacial tension of the neat CCl4-H2O 

interface (~45 mN/m29) and the interfacial tension of the sample of interest. Here, a surface 

pressure value of ~0 mN/m indicates little to no adsorption at the interface, while a surface 

pressure value >>0 indicates strong adsorption to the oil-water interface. 

In the Wilhelmy plate method, the interfacial tension γ is calculated based on the 

force (F ) applied to a thin plate by a liquid surface: 

                                                                γ = F
l ⋅cosφ

                                                       (2.13) 

Here, l  is the perimeter of the plate edge touching the liquid and φ  is the contact angle 

between the plate and the liquid. A schematic of the experimental set-up is shown in Figure 

2.6.  

For the peptoid studies, the interfacial tension was measured using a platinum plate 
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attached to a balance (KSV). The plate was first lowered to the neat CCl4-H2O interface 

until the interfacial tension was measured to be 44-46 mN/m. To the aqueous layer was 

added an aliquot of concentrated Tris buffer solution to obtain a bulk concentration of 10 

mM (pH 8). Subsequently, an appropriate aliquot of stock 2 mM peptoid solution in a 2:1 

(v/v) mixture of DMSO:water mixture was deposited to the buffer layer and the interfacial 

tension was measured for ~2 hours. Surface pressure values were obtained by subtracting 

the equilibrium interfacial tension value of the peptoid solution from the CCl4-Tris buffer 

interfacial tension value (~44 mN/m). 

 

 
Figure 2.6. Schematic of the Wilhemly plate experimental set-up, in which a platinum 
plate attached to a balance is lowered to the CCl4-H2O interface.  
 

 The results presented in this dissertation are obtained through a combination of the 

techniques presented in this chapter. The VSF spectroscopic measurements provide a 

molecular-level picture of polyelectrolytes at the oil-water interface, while the interfacial 

tension measurement provide macroscopic information pertaining to the population of 

interfacial polyelectrolytes. These methods provide a broad description for the systems 

under study.  
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CHAPTER III 

THE ROLE OF BACKBONE CONFIGURATION IN MACROMOLECULAR 

ADSORPTION AND ASSEMBLY AT THE OIL-WATER INTERFACE 

Polyelectrolyte hydrophobicity is often dictated by the specific arrangement of 

functional groups along the polymer chain backbone,83-88 and has the potential to greatly 

affect the adsorption and assembly behavior of charged macromolecules at fluid interfaces. 

In this chapter, the role of polyelectrolyte backbone configuration in the assembly of 

poly(methacrylic acid) at the carbon tetrachloride-water interface is explored by comparing 

the interfacial behavior of the isotactic and syndiotactic isomers of poly(methacrylic acid). 

These studies implement both vibrational sum frequency spectroscopy, which is shown to 

probe the structure of the initially adsorbed oriented polymer layer, and interfacial tension, 

which is shown to probe the accumulation of randomly oriented polymer to the interface 

over time. Computational studies performed by Dr. Nicholas Valley are also discussed in 

order to better describe the interfacial structures of the PMA isomers and to better interpret 

the VSF spectra. Results show that the differing backbone configurations of the two 

isomers greatly affect both the interfacial structure of the initially adsorbed polymer layer 

and the ability for more poly(methacrylic acid) to accumulate at the interface over time.  

 

Introduction 

 

The ability of polyelectrolytes to assemble at the boundary between water and a 

nonpolar fluid is essential to a wide variety of processes ranging from environmental,2-8 to 
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biological,1 to industrial.13, 16, 109-113 For these applications, it is not only important to know if 

polyelectrolytes adsorb to an interface, but it is also imperative to understand the factors 

that dictate the assembly process and resulting macromolecular surface conformation. For 

example, it is important to understand polyelectrolyte characteristics that allow them to 

accumulate at an oil-water interface to a great extent. Such a degree of polyelectrolyte 

interfacial accumulation is important for applications that require a large reduction of 

interfacial tension, such as in enhanced oil recovery,110, 114 water remediation,2, 8, 115, 116 and 

emulsion stabilization13 with both natural and synthetic polyelectrolytes. Also, in the 

environment, whether or not humic substances accumulate at fluid interfaces can dictate the 

transport of natural organic matter.9-12 Additionally, it has been established that the 

accumulation of misfolded amyloid proteins on cellular membranes results in 

neurodegenerative diseases like Alzheimer’s, but the mechanism for this accumulation is 

not well understood.52, 117-122 It is therefore important to understand on the molecular-level 

the specific characteristics of polyelectrolytes that lead to the adsorption, assembly and 

accumulation at an oil-water interface.  

This chapter explores the molecular-level details related to how the backbone 

configuration of a model polyelectrolyte, specifically polymethacrylic acid (PMA), affects 

its adsorption and accumulation at the carbon tetrachloride-aqueous (CCl4-H2O) interface. 

Here, vibrational sum frequency (VSF) spectroscopic data are shown, with complementary 

information obtained from interfacial tension measurements and computation studies. PMA 

is a good example of a polyelectrolyte whose backbone configuration greatly affects its 

degree of hydrophobicity. For the isotactic isomer (iPMA), the ionizable carboxylic acid 

groups are on the same side of the polyelectrolyte chain when it is in the all anti-
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conformation, while for the syndiotactic isomer (sPMA) the carboxylic acid groups are 

located on both sides of the chain and alternate sides every monomer when it is in the all 

anti-conformation. The chemical structures of the two isomers of PMA are shown in Figure 

3.1. Both experimental83, 84, 86-88 and theoretical studies83, 85 have shown that the different 

arrangement of functional groups along the polymer chains for the different PMA isomers 

renders iPMA more hydrophobic than sPMA. Such a difference in hydrophobicity has the 

potential to greatly affect polyelectrolyte interfacial adsorption and assembly.  

 

 
Figure 3.1. Chemical structures of isotactic poly(methacrylic acid) (iPMA, left) and 
syndiotactic poly(methacrylic acid) (sPMA, right). For the studies in this chapter, n=34. 

 

For the studies presented here, both isomers of PMA (molecular weight=3 kD, 

n=34) were studied at pH 2, where most of the carboxylic acid groups are protonated. 

These solution conditions allow for determining specifically the role of the backbone 

configuration in the absence of any charging affects, which will be explored in depth in 

Chapters IV and V. Additionally, under these solution conditions, previous studies have 

shown the bulk conformation of iPMA and sPMA to be somewhat different. Specifically, 

sPMA is in a compact coil structure in which its methyl groups reside more on the interior 
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and its carboxylic acid groups reside more on the exterior, while iPMA is in a more 

extended conformation in which its methyl groups are more exposed to the aqueous phase 

than they are for sPMA.83-85 The differences in these isomers allows for exploring how the 

polyelectrolyte bulk conformation of PMA relates to its interfacial structure. This study 

clearly demonstrates that the backbone configuration plays a major role in the oil-water 

interfacial adsorption and assembly of PMA.  

 

Oil-Water Interfacial Behavior of sPMA and iPMA 

 

VSF spectra obtained for both sPMA and iPMA at pH 2 in the carbonyl stretching 

region are shown in Figure 3.2. Given the selection rules for VSF spectroscopy, the 

presence of signal for each isomer indicates that both iPMA and sPMA adsorb to the 

CCl4-H2O interface and that their carbonyl functional groups are highly ordered normal to 

the plane of the interface. In order to reproduce the experimental line shapes, the spectra 

were fit to two peaks, one near 1730 cm-1 and one near 1790 cm-1. The observation of 

peaks at different vibrational frequencies is attributed to the carbonyl groups being in 

different environments. The lower energy peak near 1730 cm-1 is attributed to carbonyl 

groups in a more water rich, hydrogen bonded environment, and is consistent with the 

literature frequencies.123 The higher energy peak centered at 1790 cm-1 is attributed to 

carbonyl groups in a more oil-rich environment and is consistent with frequencies 

observed in FT-IR studies of simple carboxylic acids in bulk CCl4.124 
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Figure 3.2. (A) VSF spectra (ssp polarization) of 5 ppm sPMA (black) and iPMA (red) at 
pH 2 in the carbonyl stretching region. The solid lines are fits to the data. (B) Cartoon 
depicting the two different solvation environments of the carbonyl groups corresponding to 
the peaks near 1730 cm-1 (left) and 1790 cm-1 (right). 
 

Figure 3.2B shows a representation of the two different carbonyl environments. 

This picture is consistent with the fits, which show that the two carbonyl peaks are out of 

phase with each other, indicative of differing orientations of the groups. Previous studies 

of poly(acrylic acid) (PAA) at the oil-water interface show the absence of a high-energy 

peak.24-26 It is concluded that the appearance of this higher energy peak for iPMA and 

sPMA is due to the more hydrophobic nature of these polymers compared to PAA, which 

results in a larger fraction of the carbonyl groups on PMA existing in a more oil-rich 
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environment compared to PAA. That the amplitude for the peak near 1790 cm-1 is larger 

for iPMA compared to sPMA suggests that there are more oriented carbonyl groups in 

the oil-rich environment for the adsorbed iPMA than there are for sPMA. This is 

consistent with bulk studies that suggest that iPMA is overall more hydrophobic than 

sPMA 83-88, and therefore may sit further into the oil phase than sPMA.  

The spectra in the CH/OH stretching region for each PMA isomer, shown in 

Figure 3.3, also confirm the adsorption of highly ordered polymer layers to the oil-water 

interface. The data is in contrast to results expected from the more disordered coiled 

conformation of PMA that is expected to exist in bulk solution, which is especially true 

for the compact coiled conformation of sPMA.83-85 If such disordered conformations did 

adsorb to the interface, they would be expected to produce little to no VSF signal. It is 

clear, however, that a very intense signal is present that is attributed to ordered polymers 

at the interface. The spectra are very complex due to the high density of modes in this 

region. General assignments, however, can be made. The broad peak near 2500 cm-1 is 

assigned to the OH stretching mode of the polymer carboxylic acid groups,125 the sharp 

peaks between 2800-3000 are assigned to the CH stretching modes of the polymer methyl 

and methylene groups,123 and the broad peaks between 3000-3400 cm-1 are assigned to the 

OH stretching modes of the coordinated surface water molecules.34 The presence of such 

a strong signal appears due to the polymer carboxylic acid OH, methyl, and methylene 

groups for both PMA isomers is evidence of the highly ordered nature of the adsorbed 

iPMA and sPMA, and suggests that the adsorbed polymer chains are highly extended 

rather than existing in more disordered coiled conformations that are expected in bulk 
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solution. Additionally, the absence of the free-OH mode near 3670 cm-1 in the spectra of 

both isomers signifies that these interfaces are completely covered by polymer.42, 90 

 

 
Figure 3.3. VSF spectra (ssp polarization) of 5 ppm sPMA (black) and iPMA (red) at pH 2 
in the CH/OH stretching region. The solid lines are fits to the data. 

 

Even though both sPMA and iPMA show a high degree of order at the oil-water 

interface, is clear from the spectra that differences exist between the different interfacial 

PMA isomers. In order to determine the significant differences between the iPMA and 

sPMA CH/OH stretching region spectra, the spectra were fit using a global routine in 

which all variables were held constant except for the peak Gaussian widths and 

amplitudes. Peaks due to the adsorbed polymers specifically appear near 2534 cm-1 for 

the carboxylic OH stretching mode, and near 2888, 2928, 2934, and 2980 cm-1 for the 

methyl and methylene stretching modes. The peaks are assigned to the methyl and 

methylene groups of the polymer end caps (2888 cm-1), and the methyl (2928 and 2934 

cm-1) and methylene (2980 cm-1) groups of the polymer backbone. These assignments are 

based on literature values,123 values predicted by theory as discussed below, and the 
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fitting results discussed in depth in Chapter IV. The fits here specifically show that the 

amplitudes for the peaks near 2534, 2928, and 2934 cm-1 are significantly larger for 

iPMA, but that the peak near 2980 cm-1 is significantly larger for sPMA. As discussed 

previously, differences in VSF peak amplitudes can be due to a difference in interfacial 

populations, orientations, or both factors. In order to decouple these factors and better 

interpret the spectra in Figure 3.3, interfacial tension measurements were obtained for 

each isomer and are shown in Figure 3.4. 

 

 
Figure 3.4. Surface pressure vs. time data for 5ppm sPMA (black) and iPMA (red) at pH 2. 
The error bars represent the standard error. 

 

It is clear that the surface pressure behavior is very different for each PMA 

isomer. For iPMA, the surface pressure increases only slightly to ~ 0.5 mN/m in the first 

few seconds, and then does not noticeably change with time. For sPMA, the surface 

pressure increases to ~16 mN/m over ~800 s, and then does not noticeably change with 

time. The time dependence observed in the surface pressure data of sPMA is not reflected 

in the VSF spectroscopic data of either isomer. VSF signal is seen within a minute of 

interfacial preparation and does not significantly change with time. Because VSF 
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spectroscopy can only detect molecular functional groups with a net orientation, the 

changes that appear in the surface pressure over time for sPMA must be due to the 

adsorption of disordered polymer to the interface. For iPMA, where no large changes in 

surface pressure are seen over time, polymer does not appear to adsorb beyond the initial 

monolayer.  

The combination of the VSF spectroscopic and interfacial tension data shows very 

different adsorption behavior for the two isomers of PMA. Even though sPMA has been 

shown to exist as a disordered compact coil in bulk solution, the data suggest an extended 

interfacial conformation. iPMA, whose bulk conformation has been shown to be more 

extended than that of sPMA, also initially adsorbs to the interface in a highly ordered 

manner. This is seen from the strong VSF intensities of the CH, carbonyl, and carboxylic 

acid OH stretching mode peaks for both PMA isomers that appear almost instantaneously 

and whose intensities do not significantly change with time. Because of this, the 

adsorption and spreading of the polymers at the interface is too fast to be observed with 

the spectroscopy. For sPMA, polymer in a disordered conformation, potentially similar to 

its bulk conformation, continues to adsorb to the interface over time. For iPMA no further 

accumulation occurs. This further accumulation, or lack thereof, cannot be detected with 

VSF spectroscopy, but can be detected with the surface pressure measurements. A 

cartoon depicting these differences is shown in Figure 3.5.  
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Figure 3.5. Cartoon representing the differing interfacial behavior of sPMA (top) 
compared to iPMA (bottom). 

 

Multilayer formation has been observed in other polyelectrolyte systems at the 

oil-water interface.24-26 In these previous studies, the initial quick adsorption of a highly 

ordered and extended polymer layer to the interface was attributed to the inherent CCl4-

H2O interfacial field. It was demonstrated that this field assists in the quick adsorption of 

highly oriented material to the oil-water interface. This field does not penetrate deep 

enough into the bulk water to orient the slower adsorbing material in part due to 
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neutralization by the polymer that initially adsorbs to the interface, causing the slower 

adsorbing polymer to adsorb to the interface in a disordered manner. That the initial layer 

does not significantly increase the surface pressure was suggested to be due to the 

entropy loss associated with the restricted conformation of the extended polymer at the 

interface.126 For these previous studies, and also for studies of protein adsorption to the 

oil-water interface,127 the ability for macromolecules to adsorb as multilayers was 

attributed to favorable hydrophobic interactions between the initially adsorbed layer and 

the layers that subsequently adsorb to the interface. These same conclusions can be 

applied to the systems under study here, in which the interfacial field assists in the quick 

adsorption of ordered polymer layers to the interface for both PMA isomers, but that 

favorable hydrophobic interactions only occur between the initially adsorbed sPMA layer 

and the sPMA that continues to adsorb to the interface over time.  

As discussed previously, bulk studies have shown that iPMA is overall more 

hydrophobic than sPMA.83-88 Thus, it seems counterintuitive that sPMA continues to 

adsorb to the interface over time, yet iPMA does not. A likely explanation for this 

phenomenon is that the characteristics of the initially adsorbed layer dictates whether or 

not multilayer formation can occur. This is consistent with the fact that the VSF spectra 

in the CH/OH stretching region for sPMA and iPMA appear to be very different from 

each other, suggesting that the initially adsorbed polymer layers are very different. 

Because the surface pressure data appear to mainly give information about the amount of 

polymer that accumulates to the interface over time, rather than the relative number of 

molecules that comprise the initially adsorbed ordered layer, it is difficult to say whether 



 

35 

the differences that arise in the CH/OH spectra are due to a difference in the adsorbed 

polymer populations, orientations, or both factors.  

Computational studies of iPMA and sPMA at the CCl4-H2O interface have 

recently been preformed by Dr. Nicholas Valley in the Richmond lab in order to better 

describe the differences in the interfacial conformations of the PMA isomers, and also to 

better interpret the CH spectra. These preliminary studies indicate that the backbone 

configuration of iPMA (Fig. 3.1, left) allows the hydrophobic methyl moieties to be 

completely solvated by the oil phase and the carboxylic acid OH groups to be completely 

solvated by the water phase. For sPMA, however, the backbone configuration causes 

sPMA (Fig. 3.2, right) to be more disordered at the interface such that some of the methyl 

groups are able to point into the aqueous phase. Figure 3.6 shows a representation of the 

calculated interfacial conformations of the iPMA (left) and sPMA (right) monomers.  

 

 
Figure 3.6. Representation of the interfacial conformations of the monomers of iPMA 
(left) and sPMA (right) obtained from theory.  
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Such different interfacial polymer conformation would produce very different 

spectra in the CH stretching region. VSF spectra of the CH stretching modes calculated 

from these interfacial conformations specifically show that iPMA has a significantly 

larger peak near 2916 cm-1 that is due to the methyl symmetric stretching mode. This 

intense peak is due the highly ordered methyl groups that are solvated by the oil phase. 

Conversely, sPMA has a significantly larger peak near 2980 cm-1, which is due to the 

methylene symmetric stretching mode. The backbone methylene groups are more 

oriented into the oil phase than the methyl groups, as some of the methyl groups are 

oriented into the aqueous phase. These trends in peak intensities are consistent with what 

is seen experimentally, as shown in Table 3.1, which suggests that the conformations of 

the absorbed PMA isomers from experimental results are very similar to those 

determined computationally.  

 
Table 3.1. Experimental and calculated CH peak frequencies and corresponding 
intensities for sPMA and iPMA.  

Exp. Freq.  
(cm-1) 

Exp. Int. 
(sPMA) 

Exp. Int. 
(iPMA) 

Calc. Freq. 
(cm-1) 

Calc. Int. 
(sPMA) 

Calc. Int. 
(iPMA) 

2886 1.6 1.9 2890 0.1 0.04 
2930 5.2 5.4 2916 7.7 11 
2933 2.0 3.3    
2978 1.4 0.019 2977 11.8 2.7 

 

A picture consistent with the spectroscopic, interfacial tension, and computational 

results is one in which iPMA initially adsorbs to the interface with its methyl groups 

highly solvated by the oil phase and its carboxylic acid OH groups highly solvated by the 

water phase. This is supported by the relatively large peak due to the carboxylic acid OH 

groups seen in the CH/OH spectrum of iPMA. Because such highly hydrophilic groups 

point into the aqueous phase, it is unlikely that favorable hydrophobic interactions to 
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occur between this initially adsorbed polymer layer and the polymer that remains in bulk 

solution. sPMA, on the other hand, initially adsorbs to the oil-water interface in a more 

disordered manner than iPMA, such that some of the methyl groups are able to point into 

the aqueous phase. That these hydrophobic moieties are exposed to remaining polymer in 

bulk solutions likely promotes hydrophobic interactions between the initially adsorbed 

sPMA and the sPMA that remains in solution, allowing sPMA to adsorb to the interface 

over time. 

 

Summary and Conclusions 

 

 The studies presented in this chapter are consistent with a picture in which sPMA 

and iPMA initially adsorb to the oil-water interface as highly ordered polymer layers, with 

a net orientation of the carboxylic acid, methyl, and methylene functional groups normal to 

the interfacial plane. The extended nature of the polymers at the interface exists despite the 

fact that the bulk coiled conformations of these polymers have been shown to be more 

disordered, as is especially true for sPMA. The process of adsorption and spreading of 

these polymers at the oil-water inface occurs so quickly that it cannot be detected with the 

spectroscopy. This rapid adsorption of highly ordered polymer to the oil-water interface is 

in part attributed to the inherent interfacial field. The interfacial tension studies indicate that 

sPMA continues to adsorb to the interface over several minutes in a disordered manner, 

since the field is likely unable to penetrate deep enough into the interface to cause ordering 

of this later adsorbing material. iPMA, however, does not appear to accumulate at the 

interface over time. This is attributed to favorable hydrophobic interactions existing 
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between the initially adsorbed sPMA layer and the sPMA that continues to adsorb to the 

interface, which are not as prevalent in the iPMA system. Computational results, which are 

consistent with the experimental data, suggest that the conformation of the initally adsorbed 

sPMA allows for further polymer to adsorb to the interface over time, but that the 

conformation of iPMA does not.  

These results have implications for research aimed at either utilizing natural 

polyelectrolytes or designing synthetic ones that have the ability to accumulate to oil-

water interfaces, either for the purpose of stabilizing emulsions, recovering oil to be used 

as a fuel source, or remediating contaminated water supplies. As shown here, not only 

does the chemical nature of the monomer play a role in the ability of a polyelectrolyte to 

adsorb to the interface, but also the specific stereochemistry of monomers along the 

polymer chain dictates whether the adsorption is that of a signal layer or multilayers. 

Incorporating stereocenters into synthetic polyelectrolytes, or selecting natural 

polyelectrolytes with specific stereochemistries, can thus serve as a means to control the 

degree of polyelectrolyte accumulation to an oil water interface. As will be shown in 

Chapter V, stereochemistry additionally plays a role in the ability of metal ions to bind to 

polyelectrolytes in bulk solution, which in turn affects macromolecular interfacial 

behavior. Chapter IV will first explore the role of polymer charging on polyelectrolyte 

interfacial adsorption and assembly.  
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CHAPTER IV 

CHUNKS OF CHARGE: EFFECTS AT PLAY IN THE ASSEMBLY OF 

MACROMOLECULES AT THE OIL-WATER INTERFACE  

Large macromolecules with hydrophobic backbones are known to assemble at the 

interface between immiscible liquids. This assembly is often unpredictable because of the 

subtle interplay between hydrophobic interactions, hydrophilic solvation, structural 

constraints, and the thermodynamics of adsorption. This chapter presents vibrational sum 

frequency spectroscopy and interfacial tension measurements that probe the carbon 

tetrachloride-water interfacial assembly of the syndiotactic isomer of poly(methacrylic 

acid) as a function of both polyelectrolyte charge and size. By adjusting the polyelectrolyte 

charge through pH studies and the polymer size through molecular weight studies, it is 

demonstrated that charge accumulation in segments of the polymer chains is a critical 

factor in macromolecular interfacial adsorption and desorption. The results have 

implications for related charged macromolecules whose ability to assemble between two 

immiscible fluid media is essential for many biological processes, water remediation 

efforts, and enhanced oil recovery. This work has previously been published as "Chunks of 

Charge: Effects at Play in the Assembly of Macromolecules at Fluid Surfaces" by Ellen J. 

Robertson and Geraldine L. Richmond in Langmuir, 2013, 29, 10980. I designed and 

performed all experiments, performed all analyses, and did all of the writing.   
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Introduction 

 

Fluid interfaces are a platform for a variety of important processes that include 

interface catalyzed reactions,128, 129 ion transfer,130, 131 nanoparticle synthesis and 

assembly,132-134 oil recovery and water remediation,110 as well as biological processes that 

occur at the interface between a fluid cell membrane and water.135, 136 These processes often 

depend on the adsorption and assembly of ionizable macromolecules to the interface 

between a nonpolar fluid and water. 

Carboxylic acids are important functional groups that comprise ionizable interfacial 

macromolecules. For instance, carboxylic acids are present in proteins in the forms 

glutamic and aspartic acid, and interactions with proteins and fluid cell surfaces are often 

essential for biological processes.1 Carboxylic acids also comprise much of natural organic 

matter in the form of humic and fulvic acids, and these materials are often utilized in oil 

recovery and water remediation technologies.3-8 The fact that the carboxylic acid functional 

group is pH tunable allows it to be engineered into “smart” materials that are able to 

assemble at interfaces for a variety of technologies.137, 138 Fatty acids are a classic example 

of carboxylic acid-containing macromolecules that are able to target fluid interfaces for 

applications ranging from emulsion stabilization to water remediation to monolayer 

formation. 

Previously, work has been done to understand the adsorption and assembly of 

carboxylic acid-containing alkyl surfactants at oil-water interfaces.139, 140 It is well known 

that a key feature that drives the adsorption of these surfactants to the interface is their 

amphiphilic nature, with highly hydrophilic headgroups preferring the aqueous phase and 
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highly hydrophobic tails preferring the oil phase. Previous pH studies have shown that the 

charge of alkyl surfactants plays a large role in their adsorption and assembly to an oil-

water interface, and, specifically, the charge of the carboxylate headgroup is essential for 

the formation of an ordered monolayer at the oil-water interface.29  

As alkyl surfactant interfacial behavior has become increasingly well understood, 

interest has shifted to discovering how the behavior of macromolecular charging dictates 

the adsorption and assembly of carboxylic acid containing polymers at similar oil-water 

interfaces. Unlike alkyl surfactants that are composed of an ionizable, hydrophilic 

headgroup on one end and an oily hydrocarbon tail on the opposite end, carboxylic acid 

containing polymers are weak polyelectrolytes in which several ionizable groups are linked 

together along a hydrophobic backbone. In this case, there is an even distribution of 

hydrophobic groups (methyl and methylene) and hydrophilic groups, (either carboxylic 

acid or carboxylate) along the length of the molecule. The balance between polymer chain 

hydrophobicity and hydrophilicity and the role of charging in interfacial behavior has the 

potential to be quite different for carboxylic acid containing-polymers compared to alkyl 

surfactants. While several experimental and theoretical studies have detailed the behavior 

of carboxylic acid containing-polymers in the bulk,83-85 at planar solid141-143 and particle144-146 

surfaces, as well as at fluid interfaces in the presence of oppositely charged surfactants,147-

149 few have focused on the molecular-level details concerning the adsorption and assembly 

of these polyelectrolytes to the interface between polar and nonpolar fluids.24-26, 53 

In this chapter, both vibrational sum frequency (VSF) spectroscopic and interfacial 

tension data are presented to demonstrate how the charging behavior of a carboxylic acid-

containing polymer, specifically the syndiotactic isomer of poly(methacrylic acid) (sPMA) 
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(Fig. 3.1, right), affects its adsorption to and assembly at the carbon tetrachloride-water 

(CCl4-H2O) interface. Such simple polyelectrolytes have been shown to be good models for 

naturally occurring poly(carboxylic acids) such as peptides82 and humic substances,81 

whose applications at fluid interfaces are quite relevant. Through variation of the pH in the 

aqueous phase, the number of charges per polymer chain is varied; at low pH most of the 

carboxylic acid groups are neutral, and as the pH is increased the number of charges per 

chain increases. Also explored, herein, is the effect of the number of ionizable groups per 

chain on polymer interfacial behavior, using sPMA polymers with molecular weights of 3 

kD (34 monomers per chain) and 28 kD (326 monomers per chain). By keeping the 

carboxylate group (monomer) concentrations constant for the different molecular weight 

samples, larger polymer samples contain fewer chains than the smaller polymer samples. 

At similar pHs, the larger polymer chains will accumulate more charges than the smaller 

polymer chains, and, as a consequence of their flexibility, can have enhanced charge 

cooperatively than the shorter chains. How these “chunks of charge” impact the assembly 

of these macromolecules is demonstrated in these studies. 

 

Interfacial Assembly of Low Molecular Weight sPMA 

 

To study the effects of polymer charging on the adsorption behavior of sPMA with 

a molecular weight of 3 kD, VSF spectra were collected over a range of pHs at the CCl4-

H2O interface. VSF spectra in the carbonyl stretching region from 1600-1900 cm-1 are 

shown in Figure 4.1. Given the selection rules for VSF, the presence of sPMA signal is 

indicative that it is at the interface. At pH ≥ 5.5, no carbonyl signal is observed, indicative 
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of either no polymer present or completely disordered polymer at the interface. As 

discussed in Chapter III, the spectra in Figure 4.1 are fit to two peaks in order to reproduce 

the experimental line shape, with the peak near 1730 cm-1 representing carbonyl groups in a 

more water rich environment and the peak near 1790 cm-1 representing carbonyl groups in 

a more oil-rich environment (Fig. 3.2B).  

 
Figure 4.1. VSF spectra (ssp polarization) of 3 kD sPMA (5 ppm) at different pHs in the 
carbonyl stretching region. The solid lines are fits to peaks near 1730 cm-1 and 1790 cm-1. 
The inset is a plot of the fit amplitudes for both peaks as a function of pH.  

 

The inset in Figure 4.1 shows the fit amplitudes for both peaks as a function of pH. 

Signal doesn’t appear until pH<5.5, and gradually the amplitude increases as the pH is 

further decreased. This suggests that as the pH decreases and more carboxylate groups 

become protonated, the population of oriented carbonyl groups increases at the interface, 

with functional groups pointing both into the oil and water phases.  

Similar to the data in the carbonyl stretching region, VSF signal due to the polymer 

is only observed at pH<5.5 in the CH/OH stretching region. At pH 5.5, no peaks appear to 

indicate that polymer is present at the interface, or if it is, it has no net orientation. In fact, 

the spectrum in this region closely overlays with a spectrum of the CH/OH stretching 
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region in the absence of polymer (Fig. 2.4), indicating a nearly neat CCl4-H2O interface.36 

As shown in Figure 4.2A, at pH 5 and below, there are peaks in the region between 2800 

and 3000 cm-1 due to the polymer methylene and methyl stretching modes. Adsorption of 3 

kD sPMA to the oil-water interface at a relatively low pH is consistent with previous 

studies of poly(acrylic acid) (PAA).24-26 Adsorption of sPMA to the CCl4-H2O interface 

occurs only at pH≤5 since polymer charging above this pH makes solvation in water more 

energetically favorable than interfacial adsorption. 

 
Figure 4.2. (A) VSF spectra (ssp polarization) of 3 kD sPMA (5 ppm) at different pHs in 
the CH/OH stretching region. (B) VSF spectrum of 3 kD sPMA (5 ppm) in D2O at pD 2 in 
the CH stretching region. The solid lines are fits to the data. 
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 Gradual spectral changes as the pH decreases from 5 to 2 are also observed in the 

CH/OH stretching region. The spectra of 3 kD sPMA in H2O, which are shown in Figure 

4.2A, are very complex. Along with the sharp CH stretching modes between 2800-3000 

cm-1 due to both the methyl and methylene groups on the polymer, broad peaks are also 

present on both sides of the CH peaks due to the OH stretching modes of both water and 

the carboxylic acid groups on the polymer. In order to assist in the fitting and to elucidate 

the trend in the data, a spectrum of 3 kD sPMA in D2O was taken at pD~2 and is shown in 

Figure 4.2B. The pD was adjusted using DCl to assure that most of the carboxylic acid 

hydrogen atoms were replaced by deuterium atoms. As can be seen, the broad peaks 

present in the H2O spectrum are not present in the D2O spectrum, indicating that the 

gradual pH-dependent changes in the 3 kD sPMA spectra taken in water are in part a result 

of changes in the peaks due to the carboxylic acid and water OH stretching modes.  

The spectra of sPMA in H2O were fit using a global routine in which all variables 

were held constant except for peak amplitudes and Gaussian widths. The peak frequencies 

assigned to the CH stretching modes used in the global routine were constrained to be 

within the error of those used to fit the D2O data. Three additional broad peaks were added 

to account for the OH stretching modes. The peaks due to the methylene and methyl 

stretching modes appear near 2888 cm-1, 2928 cm-1, 2934 cm-1, and 2980 cm-1. These fitting 

parameters are consistent with what was observed in Chapter III (Table 3.1). The peak 

assigned to the carboxylic acid OH stretching mode appears near 2534 cm-1 and is 

consistent with literature values of simple aqueous carboxylic acid IR studies,125 while the 

peaks assigned to the water OH stretching modes appear near 3200 cm-1 and 3450 cm-1 are 

consistent with literature values from previous VSF spectroscopic studies of more and less 
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coordinated water near charged CCl4-H2O surfaces, respectively.31 The water OH signal 

stems from the charged interfacial carboxylate groups that create a field due to the double 

layer effect, which in turn acts to align water molecules at the interface over a longer 

interfacial distance.150 

From the results of the spectral fits, it is clear that the decrease in pH from 5 to 2 

causes an increase in amplitude of the peak assigned to the carboxylic acid OH stretching 

mode (2534 cm-1) and a decrease in amplitude of the peaks assigned to the water OH 

stretching modes (3200 cm-1 and 3400 cm-1). The amplitude increase of the 2534 cm-1 peak 

with pH decrease suggests an increase in population of oriented carboxylic acid groups at 

the oil-water interface, consistent with the carbonyl stretching mode data (Fig. 4.1). The 

decrease in amplitudes of the 3200 cm-1 and 3400 cm-1 peaks confirms this picture. The 

adsorption of the charged 3 kD sPMA to the CCl4-H2O interface creates a field that acts to 

orient water molecules adjacent to the interfacial polymer layer. The neutralization of 

interfacial charges through the protonation of carboxylate groups results in a decrease in 

the interfacial field strength and subsequently fewer oriented interfacial water molecules.29 

Additional small changes in peak amplitudes assigned to the CH stretching modes most 

likely indicate a change in interfacial packing and/or backbone orientation due to the 

increased degree of oriented interfacial carboxylic groups as the pH decreases from 5 to 2. 

Despite the evidence for a change in charging of interfacial polymer as a function 

of pH seen in the carbonyl, CH, and OH stretching regions, signal was not observed near 

1400 cm-1 due to the carboxylate stretching mode for the pHs studied. The lack of ordered 

interfacial polymer carboxylate groups is consistent with previous studies of PAA,24-26 and 

is attributed to the carboxylate groups adopting opposite and/or random orientations on 
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chain sections protruding in to the water phase to minimize charge-charge repulsions and 

thus canceling the VSF signal. 

The gradual pH induced changes observed in the VSF spectroscopic data resulting 

from the change in interfacial polymer charge is reflected in the interfacial tension data, 

shown in Figure 4.3.  

 
Figure 4.3. Surface pressure data for 3 kD sPMA (5 ppm) at different pHs as a function of 
time. The error bars represent the standard error. 
 

The surface pressure value of the 3 kD sPMA at pH 5.5 is ~0 mN/m. This confirms 

that at pH 5.5 the 3 kD sPMA does not adsorb to the interface and that the absence of VSF 

signal is not indicative of disordered sPMA at the interface. This lack of polymer 

adsorption at higher pHs is attributed to the charge on the polymer making water solvation 

more favorable than adsorption. The equilibrium surface pressure values increase slightly 

as the pH is decreased from 5 to 2. The equilibrium surface pressure value is ~10 mN/m at 

pH 5, ~12 mN/m at pH 4, and ~16 mN/m at pH 2. This indicates that the relative amount of 

3 kD sPMA adsorbed to the CCl4-H2O interface increases from pH 5 to 2.  

Interestingly, the surface pressure measurements take ~10 minutes to reach 
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equilibrium for all pHs. In contrast, the VSF signal intensity does not show a similar slow 

rise but instead reaches the constant value within one minute of interface preparation that is 

seen in Figures 4.1 and 4.2. This behavior has been observed in previous studies of PAA, 24-

26 and as was also observed in Chapter III. This indicates that the VSF experiment detects 

only the oriented polymer layer that immediately adsorbs to the interface. What adsorbs 

over time is disordered material that cannot be detected with VSF spectroscopy, but can be 

detected with the surface pressure measurements. As discussed in Chapter III, this behavior 

is attributed to the inherent electric field present at the CCl4-H2O interface that is known to 

assist in the adsorption of ions.36 This field assists in the quick adsorption of highly oriented 

material to the oil-water interface, yet does not penetrate deep enough into the bulk water to 

orient the slower adsorbing material, which then adsorbs in a disordered fashion. These 

disordered polymers, however, continue to adsorb to the interface due to favorable 

hydrophobic interactions between the top-most ordered layer and disordered material that 

subsequently adsorbs.  

What is apparent is that a decrease in pH leads to both an increase in the total 

amount of polymer adsorbed to the interface, as seen in the surface pressure data, as well as 

an increase in the number of ordered carboxylic acid groups that comprise the initially 

adsorbed polymer layer, as seen in the VSF data. In the first case, the increase in the total 

amount of polymer adsorbed at the interface is attributed to more favorable hydrophobic 

interactions between the initially adsorbed polymer layer and the slower adsorbing 

disordered polymer layer. This is due to fewer charges on the polymer chains as the 

carboxylate groups become protonated, leading to fewer charge-charge repulsion 

interactions between the initially adsorbed layer and the slower adsorbing layer. Likewise, 
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the decrease in pH and subsequent protonation of carboxylate groups leads to an increase in 

the number of carboxylic acid groups on the polymer chains. Along with the greater ability 

of the initially adsorbed polymer to tightly pack at the interface due to minimized charge-

charge repulsions, the greater number of carboxylic acid groups is most likely what 

contributes to the increase in VSF signal as the pH of the solution is decreased.  

Overall, the VSF spectroscopic and interfacial tension data lead to picture in which 

a pH change from 5 to 2 leads to an increase in the total amount of adsorbed 3 kD sPMA at 

the interface, specifically the amount of disordered polymer that adsorbs to the interface 

after the initial adsorption of an ordered polymer layer.  This pH decrease additionally 

leads to a decrease in the amount of charge at the interface and subsequently an increase in 

the degree of oriented carboxylic acid groups on the polymer chains that initially adsorb to 

the interface. The water solvated carboxylate groups are unable to line up at the interface, 

since they adopt opposite orientations on the polymer chains to minimize charge-charge 

repulsions. Once these groups are protonated and their charges are neutralized, the resulting 

carboxylic acid groups are able to orient themselves normal to the interface, with the 

carbonyl groups pointing both into the oil phase and the water phase, and with the 

carboxylic acid OH groups pointing into the water phase. 

 

Interfacial Assembly of High Molecular Weight sPMA 

 

VSF spectra and surface pressure data were also taken for 28 kD sPMA at varying 

pHs to elucidate the effect of charge distribution among polymer chains on interfacial 

adsorption and assembly. Described below and shown in Figure 4.4 are the VSF spectra for 
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the samples at pH 2 and 4 (A, B) as well as pD 2 (C). Data were also obtained at pH 3 and 

the results fall within the trend of the other solutions studied. These data is not included in 

the figure for the sake of clarity. 

 
Figure 4.4. VSF spectra (ssp polarization) and surface pressure data for 28 kD sPMA (5 
ppm) at pH 4, 2, and pD 2. (A) VSF spectra in the carbonyl stretching region. (B) VSF 
spectra in the CH/OH stretching region. (C) VSF spectrum of 28 kD sPMA in D2O in the 
CH stretching region. (D) Surface pressure data as a function of time. The error bars 
represent the standard error. Solid lines are fits to the data.  

 

Figure 4.4A shows the VSF spectra in the carbonyl stretching region. At pH 4 and 

2, the spectra appear similar to the 3 kD sPMA data. Again, two peaks are present and are 

attributed to carbonyl groups in a more water rich environment (1730 cm-1) and carbonyl 

groups in a more oil-rich environment (1790 cm-1). As the pH decreases from 4 to 2, the 

amplitudes of both peaks increase, consistent with an increase in the number of oriented 

carbonyl groups at the interface that was also seen in the 3 kD sPMA VSF spectroscopic 

data of the carbonyl stretching region.  
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Small differences can be seen, however, in the CH stretching region of the 28 kD 

sample compared to the 3 kD sample. A spectrum of the 28 kD sample was taken in D2O at 

pD 2 (Fig. 4.4C) and the fitting parameters were compared to the corresponding spectrum 

for the 3 kD sample (Fig. 4.2B) in order to elucidate the cause of the differences between 

the two spectra. The spectra were fit using a global routine in which all parameters were 

held constant except for peak amplitudes and Gaussian widths. Peak frequencies were 

constrained to be within the error from fits of each individual spectrum. Results from the 

fits indicate that the only significant difference between the two spectra is a decrease in the 

peak amplitude near 2888 cm-1 for the 28 kD sample. We attribute this to the smaller 

number of polymer end groups at the interface for the 28 kD sample compared to the 3 kD 

sPMA sample rather than a change in the overall orientation of the backbone or methyl 

groups. As both the 28 kD and 3 kD sPMA samples were prepared with the same monomer 

concentration, the 28 kD sPMA samples contain about ten times fewer chains in solution 

than the 3 kD sPMA samples. The data is therefore consistent with the fact that the 28 kD 

sPMA sample has ten times fewer polymer end groups than the 3 kD sPMA sample.  

The corresponding spectra for both polymer sizes in H2O show very similar 

behavior from pH 4 to 2. For the 28 kD sPMA sample, the water spectra in Figure 4.4B 

were fit using the same method as described for the 3 kD sPMA H2O spectra shown in 

Figure 4.2A. Results from the fits show an increase in the number of oriented carboxylic 

acid groups from pH 4 to 2, as seen from the amplitude increase of the peak assigned to the 

carboxylic acid OH stretching mode (2534 cm-1). Additionally, there is a slight decrease in 

the amplitude of the peak assigned to the water OH stretching mode near 3200 cm-1, again 

indicating a decrease in interfacial water structure due to charge neutralization of the 
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interfacial polymer as the pH decreases from 4 to 2. There is, however, an insignificant 

change in amplitude of the peak near 3400 cm-1 as the pH decreases from 4 to 2. This is not 

surprising, as the change in amplitude of this peak in the water spectra of the 3 kD sPMA 

sample was not very large. Finally, small amplitude changes of the CH stretching mode 

peaks as the pH decreases indicate a change in backbone packing and/or orientation as the 

carboxylic acid groups become more ordered at the interface.  

Surface pressure data were also collected for the 28 kD sPMA sample and are 

shown in Figure 4.4D. Again, the equilibrium surface pressure of the pH 2 sample (~12 

mN/m) is slightly higher than the pH 4 sample (~9 mN/m), suggesting that there is an 

increase in the amount of disordered polymer adsorbed to the interface as the pH is 

decreased. While it is obvious that the surface pressure of the 28 kD sPMA sample takes 

nearly 1 h longer to reach equilibrium than the 3 kD sPMA, this is not surprising. It has 

been observed in studies of different molecular weight polymers that polymer accumulation 

at fluid interfaces is limited by diffusion, with the time for interfacial tension values to 

reach equilibrium longer for larger polymers compared to smaller polymers.25, 151 

Overall, at pH ≤ 4 the 28 kD and 3 kD sPMA polymers behave very similarly at the 

CCl4-H2O interface, with strong VSF signal due to the high degree of order of the polymer 

methylene backbone, carboxylic acid, and methyl groups at the interface. For both sPMA 

sizes, a decrease in pH results in an increased degree of order of the carboxylic acid groups, 

with the carbonyl groups able to reside in both oil rich and water rich environments. 

Although the dynamics of the interfacial tension are different between the two sizes, both 

polymers show a time dependence that is not seen in the VSF spectroscopic data that 

indicates the fast adsorption of highly oriented polymer chains to the interface followed by 
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the accumulation of disordered material to the interface over time.  

The interfacial behavior for the two different sized polymers was observed to be 

different in the pH region from 4-5. The adsorption of the 28 kD sPMA to the CCl4-H2O 

interface only occurs at pH<5, as indicated by both the similarity of the OH stretching 

region spectrum to that of the neat CCl4-H2O interface (Fig. 2.4), and a surface pressure 

value close to 0 mN/m. However, the 3 kD sPMA does adsorb to the interface at pH 5, 

showing strong VSF signal and a significant increase in the surface pressure compared to 

the neat CCl4-H2O interface (10 mN/m). 

Between pH 4 and 5, the 28 kD sPMA does adsorb to the interface, yet the polymer 

interfacial behavior in this pH region is very different than it is for pH≤4. This is apparent 

from the time dependence of the VSF signal seen for samples studied in the pH 4-5 region. 

A plot of VSF signal at 2940 cm-1 and 1730 cm-1 as a function of time is shown in Figure 

4.5 for a 28 kD sPMA sample at pH 4.4.  

 
Figure 4.5. VSF signal intensity (ssp polarization) at 1730 cm-1 corresponding to the 
carbonyl stretching mode region and 2940 cm-1 corresponding to the CH stretching mode 
region as a function of time for 28 kD sPMA (5 ppm) at pH 4.4. The inset is the surface 
pressure data plotted as a function of time for the corresponding solution. 
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As can be seen, the intensity of the signal at both 1730 cm-1 (carbonyl stretching 

mode region) and 2940 cm-1 (CH stretching mode region) initially increases with time. 

Once maximum intensity is reached, the signal intensity suddenly decreases until a constant 

value is reached. This behavior is similar for samples studied between pH 4.2-4.9. In 

contrast, at pH 2-4, signal is observed within ~1 minute of interfacial preparation once data 

collection begins and remains at the same value for ~3 hours when data collection is 

complete. Since a change in VSF signal intensity can be due to either a change in the 

numbers of molecules at the interface, a change in the orientation of interfacial molecules, 

or both of the factors, interfacial tension data is essential for elucidating the cause of the 

signal intensity changes. The surface pressure data for the 28 kD sPMA at pH 4.4 is shown 

in the inset of Figure 4.5. As can be seen, the surface pressure value continues to increase 

with time even after the VSF signal intensity reaches its constant value at a much earlier 

time. This indicates that adsorption of polymer to the interface continues over the time 

period in which changes are seen in the VSF signal intensity. While this suggests that the 

initial increase in VSF signal intensity is due to an increase in the number of oriented 

polymer segments through adsorption to the interface, the decrease in signal is due to 

polymer reorientation rather than desorption. The increase in surface pressure after the VSF 

signal intensity reaches equilibrium is attributed to the accumulation of disordered polymer 

to the interface, albeit less than what was observed for the lower pH samples, as the surface 

pressure value for the pH 4.4 sample is ~2.5 mN/m at 3000 s while the value for the pH 2 

sample is ~12 mN/m at 3000 s.  

The VSF spectra of the carbonyl stretching region and the CH/OH stretching 

region, shown in Figure 4.6, indicate that the top-most layer of 28 kD sPMA absorbed to 
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the interface between pH 4-5 is quite different than at pH≤4.  

 

 
Figure 4.6. Equilibrium VSF spectra (ssp polarization) of 28 kD sPMA (5 ppm) at pH 4.4 
in the carbonyl stretching region (top) and CH/OH stretching region (bottom). The inset 
shows the fit amplitudes for the peaks at 1730 cm-1 and 1790 cm-1 as a function of pH. 

 

As with the VSF spectroscopic data taken in the carbonyl stretching region at 

pH≤4, the spectrum in Figure 4.6A was fit to a peak near 1730 cm-1 (carbonyl groups in a 

water rich environment) and near 1790 cm-1 (carbonyl groups in an oil-rich environment). 

The result of the fit shows that the intensities of the 1730 cm-1 and 1790 cm-1 peaks for the 

sample at pH 4.4 are much less than what was seen for the lower pH samples. This is 

represented in the inset of Figure 4.6A and indicates that overall there are fewer oriented 
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carbonyl groups at the interface for the pH 4.4 sample compared to the lower pH samples.  

The spectrum in the CH/OH stretching region shown in Figure 4.6B confirms this picture. 

It is quite obvious that the peak near 2534 cm-1 attributed to the carboxylic acid OH 

stretching mode is absent in this spectrum, while strong signal due to the coordinated water 

OH stretching mode is present. Additionally, the peak near 3670 cm-1 is assigned to the 

free-OH stretching mode (Fig. 2.4) and indicates that there is not complete coverage of the 

interface by the polymer,42, 90 consistent with the relatively low surface pressure values. 

This mode was not present for samples of 28 kD sPMA at pH≤4, indicative of full 

coverage of the interface by sPMA at these lower pH values. Finally, the intensities of the 

CH stretching mode peaks are much weaker for the pH 4.4 sample compared to the lower 

pH samples, consistent with the carbonyl stretching mode data.  

A picture consistent with the data discussed above for the 28 kD sPMA samples 

between pH 4-5 is one in which ordered polymer chains initially adsorb to the interface, 

with continued adsorption of oriented material until a critical point. At this point, chain 

segments rearrange at the interface, until an equilibrium polymer surface structure is 

attained that is more disordered than the initially adsorbed polymer. After this point, 

disordered polymer continues to adsorb to the interface, yet this accumulation does not lead 

to complete coverage of the interface. For 3 kD sPMA between pH 4-5, full coverage of the 

interface occurs within minutes of interface preparation, as observed by both the strong 

VSF signal attributed to the polymer along with the lack of a peak at ~3670 cm-1 attributed 

to the free-OH stretching mode. A constant VSF signal at both ~1730 cm-1 and ~2940 cm-1 

indicates no rearrangement of the initially adsorbed polymer layer with time. Again, the 

decrease in the interfacial tension value with time indicates the accumulation of disordered 
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polymer to the interface with time. 

It is obvious that between pH 4-5, polymer chain length plays a role in sPMA 

interfacial adsorption behavior. As stated in the introduction of this chapter, the charge 

distribution among polymer chains for the 28 kD sPMA samples, with ~326 monomers per 

chain, will be different than the charging of the 3 kD sPMA samples, with ~34 monomers 

per chain. The solutions were made with the same number of monomers such that at 5 ppm, 

solutions of both 28 kD sPMA and 3 kD sPMA have a monomer concentration of ~0.06 

mM. This results in the 3 kD solutions containing overall ~10x the number of polymer 

chains in solution as the 28 kD solutions. Because of this, the 3 kD samples contain a 

relatively large number of chains in solution in which a small number of charges can 

accumulate on each chain, whereas the 28 kD samples contain a relatively small number of 

chains in solution in which a large number of charges accumulate on each chain.  

In order to give an idea of the approximate number of charges per chain as the 

solution pH decreases from 5 to 2, titration data for sPMA from previous work by 

Kawaguchi et al will be discussed.152 At pH ~5, approximately 20% of monomers in 

solution will be charged, corresponding to ~7 charges/chain for the 3 kD sPMA (34 

monomers/chain) and ~65 charges/chain for the 28 kD sPMA (325 monomers/chain). At 

pH ~4, approximately 5% of monomers in solution will be charged, corresponding to ~1 

charge/chain for the 3 kD sPMA and ~16 charges/chain for the 28 kD sPMA. By pH 3, 

only approximately 1% of monomers in solution will be charged, corresponding to less 

than 1 charge/chain for the 3 kD sPMA and ~3 charges/chain for the 28 kD sample. That 

the larger sPMA can accumulate so many more charges per chain than the smaller sPMA 

between pH 4-5 appears to play a key role in the greater surface activity of the 3 kD sPMA 
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compared to the 28 kD sPMA in this pH range.  

Previous work on polyelectrolytes in bulk aqueous solution has suggested that 

cooperative effects allow charges on polymer chains to accumulate near each other.153 In 

previous studies, this effect was used to explain why PAA desorbs so readily from the 

CCl4-H2O interface in a very narrow pH region, and specifically that deprotonation occurs 

on carboxylic acid functional groups near each other such that sections of the chain become 

so hydrophilic that solvation is more favorable than adsorption.24-26 It is concluded here that 

the same effect is at play with the two different sized sPMA polymers. As discussed above, 

the 28 kD sPMA is able to accumulate more charges per chain than the 3 kD sPMA 

polymer. These charges have the ability to accumulate near each other on the chain, 

creating sections of the polymer that are very hydrophilic. The result is that when both 

polymer solutions are at the same pH, the larger polymer will be more hydrophilic than the 

smaller polymer. This explains why the smaller polymer is able to adsorb to the CCl4-H2O 

interface at higher pHs than the larger polymer.  

Additionally, this polyelectrolyte charging behavior explains the time dependence 

of the VSF signal observed for the 28 kD sPMA between pH 4-5. For the sPMA samples 

where there is no observed time dependence of the VSF signal, the polymer chains are able 

to adsorb to and spread out at the interface so quickly that these steps are not observed in 

the spectroscopy. The disordered polymer that continues to adsorb to the interface is only 

observed in the interfacial tension data. For the 28 kD sPMA between pH 4-5, however, the 

hydrophilic nature of the polymer causes the adsorption of oriented material to be quite 

slow. Despite the hydrophilic nature of 28 kD sPMA at this pH, the initial adsorption of 

oriented polymer segments is assisted by the inherent electric field present at the CCl4-H2O 
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interface.36 Once a critical amount of polymer adsorbs to the interface, such that when the 

VSF signal is at a maximum, reorientation of polymer occurs until an equilibrium surface 

structure is reached.  Due to the accumulation of charges near each other on the polymer 

chain, it is likely that the critical amount of polymer adsorption correlates to a critical 

amount of highly charged chain sections at the interface. The reorientation of these sections 

would thus be due to the solvation of these highly charged chain sections to minimize the 

charge-charge repulsions that would be present if these chains were spread out in an 

extended configuration at the oil-water interface.    

Since the surface pressure does not change much for these systems compared to the 

lower pH samples, it shows that the degree of polymer accumulation after the top-most 

equilibrium surface layer is attained is much less than for the lower pH 28 kD sPMA 

samples. This is consistent with the fact that the multilayer adsorption is ascribed to 

favorable hydrophobic interactions between the top-most adsorbed layer and the disordered 

material that subsequently adsorbs to the interface.24-26 This has also been noted in 

adsorption studies of biological polyelectrolytes.21, 127 For the 28 kD sPMA in the pH region 

from 4-5, these favorable hydrophobic interactions are minimal due to the highly 

hydrophilic nature of the polymer.  

A cartoon depicting the surface structure of the 3 kD and 28 kD sPMA polymers 

between pH 4-5 is shown in Figure 4.7. Overall, the smaller 3 kD sPMA polymer adsorbs 

to the interface at lower pH values than the 28 kD sPMA polymer. Specifically, for the 3 

kD sPMA polymer, a change in pH from 5 to 2 results in only a gradual increase in the 

number of ordered of carboxylic acid groups as the carboxylate groups become protonated, 

as well as an increase in the amount of disordered polymer adsorbed to the interface.  
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Figure 4.7. Cartoon depicting the interfacial behavior of sPMA at 5>pH>4 for the 3 kD 
polymer (top) and the 28 kD polymer (bottom). 
 

 The 28 kD sample, however, experiences different pH-dependent adsorption 

behavior. In the region from pH 4-5, adsorption is followed by polymer chain reorientation 

to minimize charge-charge interactions and is due to the ability of the 28 kD sPMA 

polymer to accumulate more charges on the chains compared to the 3 kD sPMA polymer. 

In the region of pH ≤ 4, the 28 kD sPMA adsorption behavior is very similar to the 3 kD 

sPMA polymer. By this point, charge accumulation on the chain must be minimal so that 

polymer adsorption and accumulation at the interface is more favorable than both complete 

solvation and polymer chain reorientation to solvate highly charged chain sections. 
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Summary and Conclusions 

 

Through VSF spectroscopic and surface pressure measurements, it is demonstrated 

how the distribution of charges among different sized polymer chains in solution influences 

polyelectrolyte behavior at an oil-water interface. The differences between the interfacial 

behavior of the large and small sPMA polymers occurs only between a narrow pH range, 

from pH 4 to pH 5. For the larger sPMA polymer in this pH range, the ability to 

accumulate a greater number of charges per chain compared to the smaller sPMA polymer 

makes the larger polymer overall more hydrophilic; the highly charged chain segments of 

the larger adsorbed polymer protrude into the aqueous phase and do not allow full coverage 

of the interface. In contrast, the smaller polymer, with only a few charges per chain, is 

better able to pack at the interface. Overall, the smaller polymer appears to behave more 

like an alkyl surfactant than the larger polymer. 

The sensitivity of these polyelectrolyte systems on specific solution conditions has 

implications for oil recovery and environmental remediation processes that utilize the 

adsorption of natural polyelectrolytes to an oil-water interface. By fine-tuning factors such 

as macromolecular size and placement of ionizable groups, it seems possible to engineer 

natural polyelectrolyte mimetics and analogs that will accumulate at the oil-water interface 

under any set of environmental conditions. As natural polyelectrolyte substances are known 

to be polydisperse and structurally very complex, it may also be possible to select specific 

sizes and structures of humic or fulvic acids that will behave ideally at environmental oil-

water interfaces, either for the purpose of recovering a natural fuel source or for 

remediating waters contaminated by toxic materials. The following chapter, which explores 
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the difference in the interfacial assembly between different PMA isomers with metal ions, 

further demonstrates the sensitivity of interfacial adsorption and assembly on the specific 

arrangement of the ionizable groups along the polymer backbone as well as on the degree 

of polymer charging.  
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CHAPTER V 

METAL ION INDUCED ADSORPTION AND ORDERING OF CHARGED 

MACROMOLECULES AT THE OIL-WATER INTERFACE 

Whether or not a charged macromolecule remains solvated or adsorbs to the 

interface between two immiscible fluids depends on a variety of complex factors. Ions, in 

particular, have the capacity to affect the degree of polyelectrolyte hydrophobicity and 

conformation through electrostatic screening and site-specific interactions. In this 

chapter, the adsorption dynamics, conformation, and extent of carboxylate-cation 

interactions of poly(methacrylic acid) at the carbon tetrachloride-water interface is 

deduced as a function of CaCl2 and KCl ionic strength. Additionally, the role of polymer 

backbone configuration in the degree of polyelectrolyte-ion interactions and subsequent 

interfacial behavior is explored through isomer specific studies. Results show that ion 

binding and charge screening induce the adsorption of the isotactic isomer of 

poly(methacrylic acid) to the oil-water interface under solution conditions unfavorable to 

surface adsorptivity, and that the degree of cation-carboxylate interactions strongly 

affects the adsorption dynamics and interfacial structure of the adsorbed polymer. The 

backbone structure of syndiotactic PMA does not allow for strong interactions with 

cations, and so remains water solvated in the presence of salt. This work was submitted to 

the Journal of Physical Chemistry C, with Andrew P. Carpenter, Courtney M. Olson, and 

Geraldine L. Richmond as coauthors. I wrote the paper and performed the spectroscopic 

measurements, Andrew P. Carpenter and Courtney M. Olson performed the interfacial 

tension measurements, and Geraldine L. Richmond provided editorial assistance.  
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Introduction 

Metal ion binding to charged macromolecules is a ubiquitous process in several 

systems ranging from biological,1, 154, to environmental,155, 156 to industrial.157-162 In 

biology, several classes of proteins and enzymes require a bound metal ion, such as 

copper, zinc, or calcium, in order for them to function properly.154 In the environment, 

humic acids can strongly bind to both toxic metal ions, such as lead and mercury, as well 

as biologically important ions like calcium and copper, and can therefore play an 

important role in the fate and transport of toxins as well as the bio-availability of 

nutrients.155, 156, 160, 163 Industrial polyelectrolytes are often designed to selectively bind 

certain ions as a means of remediating contaminated water.157-159 Additionally, certain 

pharmaceutical polymers are used to bind metal ion-containing drugs for enhance drug 

delivery.162, 164 

As has been shown thus far, polyelectrolyte assembly at the liquid-liquid interface 

is an essential process for the types of charged macromolecules discussed above, and this 

is especially true in the case of polymer interactions with metal ions. For instance, humic 

substances are surface-active macromolecules that bind toxic metals,4, 5, 155, 156, 165-170 which 

can result in the accumulation of such toxins at environmental interfaces. In biology, the 

misfolding of amyloid proteins on the surface of cells is known to result in 

neurodegenerative diseases such as Alzheimer’s, and has been linked to interactions of 

the protein with metal ions.117-122 The binding of metal ions is also known to assist in the 

transport of charged polymers across fluid interfaces, which can be important in the use 

of polyelectrolytes as drug delivery vehicles for metal-containing pharmaceuticals.162, 164 

Ions, in general, are prevalent aqueous species that can encounter and interact with 
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polyelectrolytes in bulk solution, which has the potential to affect polyelectrolyte 

interfacial behavior. The studies in this chapter elucidate the factors that dictate the 

behavior of carboxylic acid-containing polymers at the oil-water interface by specifically 

probing the manner in which different cations alter polyelectrolyte hydrophobicity and 

conformation and thus interfacial activity and structure.  

For highly charged polyelectrolytes in the absence of salt, the bulk conformation is 

that of a rigid, extended coil due to charge-charge repulsions between neighboring 

monomers.89 Different counterions can interact with polyelectrolytes in various ways that 

can change this bulk conformation, and these interactions have been studied extensively 

both theoretically89, 171-181 and experimentally164, 182, 183 for polyelectrolytes in bulk solution. 

For poly(carboxylic acids) in particular, monovalent and divalent cations play distinctly 

different roles in terms of electrostatic charge screening and binding, which in turn affect 

macromolecular bulk conformation and hydrophobicity.184-191 Monovalent cations are 

known to interact with anionic carboxylate groups through non-specific electrostatic 

interactions. These cations only disrupt the second solvation shell of the polyelectrolyte and 

can move freely over the polyelectrolyte surface.89 The addition of monovalent cations acts 

to screen the polymer charges, and thus shrinks the dimension of the polymer conformation 

to that of the undissociated state.89  

In contrast, in bulk aqueous solution divalent cations interact specifically with the 

carboxylate groups on the polymer.89 The extent of these interactions depends on several 

factors, such as polymer backbone configuration, distance between charged groups, 

molecular weight, and polymer charge density.164 Site-bound cations disrupt both the first 

and second solvation shell of the polymer, and, depending on the nature of the divalent ion-
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carboxylate complex, can cause dehydration of the polyelectrolyte. Such an increase in 

polyelectrolyte hydrophobicity can result in the collapse and extensive coiling of the bulk 

conformations of the chains. Consequently, interactions of poly(carboxylic acids) with both 

mono and divalent cations in bulk solution that lead to changes in charging, 

hydrophobicity, and structural characteristics have the potential to greatly affect 

polyelectrolyte behavior at the oil-water interface where metal ion binding is quite relevant.  

In this chapter, vibrational sum frequency (VSF) spectroscopy is used to probe the 

molecular-level effects of ions on the oil-water interfacial behavior of poly(methacrylic 

acid) (PMA), a model poly(carboxylic acid). Previous studies have detailed the binding of 

metal ions to carboxylic acid containing surfactants using both VSF39, 192-194 and surface 

infrared195-198 spectroscopic techniques at the oil-water interface, but results from Chapter 

IV have clearly shown that polyelectrolyte interfacial behavior is quite different from that 

of a simple alkyl surfactant. A few studies have probed metal ion binding to carboxylic 

acid containing polymers at the air-water interface using VSF spectroscopy,72, 74 but these 

studies focused only on the CH/OH stretching spectral region and did not explore 

adsorption dynamics.  

In this chapter, studies specifically show how the biologically and environmentally 

relevant divalent and monovalent cations, Ca2+ and K+, affect the carbon tetrachloride-water 

(CCl4-H2O) interfacial behavior of PMA under solution conditions for which it is not 

normally surface active. Here, the polymer CH, carbonyl, and carboxylate stretching 

modes, as well as the water OH stretching modes are probed in order to gain a complete 

understanding of the interactions of the metal ions with the carboxylate groups and how 

these interactions affect polymer adsorption dynamics and resulting interfacial 
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conformation. In order to further understand how polymer backbone structure affects metal 

ion interactions and thus interfacial behavior, both the syndiotactic (sPMA) and isotactic 

(iPMA) isomers of PMA were studied. The chemical structure of iPMA and sPMA were 

shown in Figure 3.1. As discussed previously, it is well known that the tacticity of PMA 

plays a strong role in the charging behavior and hydrophobicity of the polymer.83-86 For 

iPMA, all the carboxyl groups are on the same side of the polymer when in the all anti-

conformation, while for sPMA, the carboxyl groups are located on each side of the polymer 

and alternate every monomer when in the all anti-conformation. The closeness of the 

carboxylic acid groups to each other in iPMA gives it a local charge density higher than 

that of sPMA. Studies have shown that the greater charge density of iPMA allows it to 

interact more strongly with oppositely charged species compared to sPMA.83, 85, 86 By 

studying both isomers of PMA with K+ and Ca2+, the ability of ions to alter polyelectrolyte 

hydrophobicity and conformation is demonstrated, and how these characteristics affect 

polyelectrolyte interfacial activity, adsorption dynamics, and resulting structure at the oil-

water interface is shown.  

 

Calcium-Induced Adsorption of iPMA  

 

The CH/OH stretching region spectrum of surface adsorbed iPMA at pH 6 in the 

absence of CaCl2 is shown in Figure 5.1A (gray trace). This spectrum shows the 

characteristic OH stretching signal from interfacial water molecules of the neat CCl4-H2O 

interface. There is relatively strong and broad signal in the region between 2800-3400 cm-1 

corresponding to various degrees of hydrogen bonding of interfacial water molecules, and 



 

68 

the sharp peak near 3670 cm-1 due to the free-OH oscillators of the top-most water 

molecules. As the intensity of this peak in the gray trace of Figure 5.1A is very close to that 

of the neat CCl4-H2O interface (Fig. 2.4), it is very likely that only a trace amount of iPMA 

has adsorbed to the interface at pH 6.  

 

 
Figure 5.1. VSF spectra (ssp polarization) of 3 kD iPMA (5 ppm, pH 6) in the CH/OH 
stretching region as a function of CaCl2 ionic strength. (A) 0 mM (gray), 0.1 mM (yellow), 
0.175 mM (green), and 0.25 mM (purple) CaCl2. (B) 0.5 mM (blue), 1 mM (red), and 10 
mM (black) CaCl2. Solid lines are fits to the data. The spectra are offset for clarity. The 
inset of B displays the free-OH peak near 3670 cm-1 as a function of CaCl2 ionic strength, 
and the solid lines are guides for the eye. 
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The pKa of PMA in bulk water was measured to be 7.3,199 so at pH 6 it is estimated 

that a little less than half of the carboxyl groups are charged. That only a trace amount of 

polymer adsorbs to the interface is consistent with the degree of charging of iPMA. This 

was shown in the pH-dependent adsorption behavior of sPMA in Chapter III, in which 

strong adsorption to the interface occurred only at pH≤5. It is clear that under these pH 

conditions when iPMA is significantly charged, the adsorption of polymer to the oil-water 

interface is not favorable. However, the addition of CaCl2 can reduce the degree of polymer 

charging, leading to conditions that favor iPMA adsorption over solvation.  

This can be seen in the spectra in the CH/OH stretching region of iPMA with added 

CaCl2 (Fig. 5.1). The interface clearly changes upon the addition of 0.1 mM CaCl2 as 

shown in the yellow trace of Figure 5.1A. The most distinct changes are the stronger and 

more defined peaks near 2800-3000 cm-1 corresponding to the CH stretching modes of the 

polymer, and a decrease in intensity of the water free-OH peak near 3670 cm-1. Both of 

these features indicate that the calcium ions drive iPMA to the CCl4-H2O interface and that 

the adsorbed polymer has an average net orientation of the methyl and methylene groups 

normal to the plane of the interface. An increase in CaCl2 ionic strength acts to further 

increase the ordered adsorption of iPMA to the oil-water interface, as shown in the green 

(0.175 mM CaCl2) and purple (0.25 mM CaCl2) traces in Figure 5.1A, and the blue trace 

(0.5 mM CaCl2) in Figure 5.1B. These spectra show further increases in the intensities of 

the peaks between 2800-3000 cm-1 concomitant with a decrease in the intensity of the water 

free-OH peak near 3670 cm-1. Fits to the data specifically shows peaks near 2881 cm-1, 

2918 cm-1, 2927 cm-1, and 2936 cm-1. The high density of modes in this region makes 

specific assignment difficult. The increased addition of Ca2+ clearly acts to further increase 



 

70 

the adsorption of iPMA to the interface, with the adsorbed polymer backbone and methyl 

groups displaying a strong net orientation normal to the plane of the interface. By an ionic 

strength of 1 mM (Fig. 5.1B, red trace) and 10 mM (Fig. 5.1B, black trace) CaCl2, the free-

OH peak intensities are close to zero, indicating nearly full coverage of the interface with 

the polymer.  

Despite this high degree of interfacial coverage at higher CaCl2 ionic strength, fits 

to the data for these higher ionic strengths show an overall decrease in amplitude for the 

peaks attributed to CH stretching modes. A decrease in VSF peak amplitude is due to either 

a decrease in the number of molecules at the interface or a reorientation of functional 

groups, or a combination of both effects. As discussed previously, interfacial tension 

measurements are implemented to decouple these different factors, as they give 

information about the interfacial concentration of molecules and is not as sensitive to 

orientational changes. However, Chapter II showed that even though VSF signal is 

observed from iPMA adsorbed at the interface at low pH, the interfacial tension 

measurement is insensitive to this adsorption due to the formation of a single polymer 

layer. Consistent with this, interfacial tension measurements of iPMA as a function of 

CaCl2 ionic strength also did not reveal large surface pressure increases, as shown in Figure 

5.2.  

As can be seen, there is no trend in the surface pressure data for iPMA with CaCl2 

ionic strengths between 0.1 mM and 10 mM. The 10 mM CaCl2 surface pressure value is 

likely close to 0 mN/m due to the relatively high salt concentration. The corresponding 

spectroscopic measurement shows that the free-OH intensity is smaller in both the 1 mM 

and 10 mM spectra compared to that in the 0.5 mM spectrum (Fig. 5.1B inset), indicative 
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of sustained surface adsorption with ion concentration. The decreases in CH peak 

amplitudes at higher CaCl2 ionic strength are therefore attributed to a change in the 

orientation of the adsorbed polymer rather than a decreased number density. The most 

likely explanation for this increased coverage and decreased VSF amplitude of iPMA at the 

higher ion concentration is Ca2+ binding to the negatively charged carboxylate groups that 

induce adsorption and reordering of iPMA at the interface. 

 

 
Figure 5.2. Surface pressure data for iPMA at pH 6 as a function of CaCl2 ionic strength.  

 

In order to elucidate how interactions between the Ca2+ ions and carboxylate groups 

affect iPMA adsorption and interfacial assembly, spectra were obtained in the carboxylate 

stretching region, shown in Figure 5.3, and carbonyl stretching region, shown in Figure 5.4 

as a function of CaCl2 ionic strength. At an ionic strength of 0.1 mM CaCl2 (Fig. 5.3, 

yellow trace), a very weak signal is seen in the carboxylate stretching region. This suggests 

that even though this small amount of Ca2+ has induced the adsorption of iPMA to the 

interface (as demonstrated by the CH region data in Fig. 5.1A), there are insufficient 

interactions with the carboxylate groups to cause them to have a strong net orientation 



 

72 

normal to the plane of the interface. However, by an ionic strength of 0.175 mM CaCl2, 

(Fig. 5.3, green trace) a peak is clearly seen near 1400 cm-1, which increases in intensity as 

the ionic strength increases. A second smaller peak is observed on the low energy side of 

the spectra near 1360 cm-1. Both of these peaks are attributed to the carboxylate stretching 

mode of dissociated carboxylic acid moieties, with the low energy peak due to carboxylate 

groups in a more strongly water hydrogen-bonded environment.29  

 

 
Figure 5.3. VSF spectra (ssp polarization) of 3 kD iPMA (5 ppm, pH 6) in the carboxylate 
stretching regions as a function of CaCl2 ionic strength: 0.1 mM (yellow), 0.175 mM 
(green), 0.25 mM (purple), 0.5 mM (blue), 1 mM (red), and 10 mM (black). The solid lines 
are fits to the data. 

 

Fits to the COO- data in Figure 5.3 indicate that as the ionic strength of CaCl2 

increases from 0.175 mM to 10 mM, the carboxylate peak gradually shifts from 1400 cm-1 

to 1405 cm-1. Additionally, the width of the carboxylate peak in the 10 mM CaCl2 spectra is 

significantly narrower than the peaks in the lower ionic strength spectra. These changes in 

the carboxylate peak frequency and width are indicative of an increase in the degree of 

specific binding between the negatively charged carboxylate groups and the positively 

charged Ca2+ ions. Specifically, the shifting to higher wavenumbers and peak narrowing 
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indicate a lesser degree of hydrogen bonding to the carboxylate groups due to the 

displacement of solvating water molecules by the calcium cations.39 

In the carbonyl stretching region (Fig. 5.4), a single peak is observed near 1711   

cm-1 and is assigned to the carbonyl functional groups of the protonated carboxylic acids. 

This peak initially increases with increasing the CaCl2 ionic strength up to 0.25 mM (Fig. 

5.4A, purple trace). By an ionic strength of 0.5 mM (Fig. 4B, blue trace), the intensity of 

this peak begins to decrease and is close to zero by an ionic strength of 10 mM (Fig. 5.4B, 

black trace).  

 
Figure 5.4. VSF spectra (ssp polarization) of 3 kD iPMA (5 ppm, pH 6) in the carbonyl 
stretching regions as a function of CaCl2 ionic strength. (A) 0.1 mM (yellow), 0.175 mM 
(green), and 0.25 mM (purple). (B) 0.5 mM (blue), 1 mM (red), and 10 mM (black). The 
data are offset for clarity. The solid lines are fits to the data. 
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To understand the factors contributing to these observations, the square roots of the 

intensities for the peaks near 1400 cm-1 (carboxylate peak, squares), 1711 cm-1 (carbonyl 

peak, triangles), and 2927 cm-1 (CH peak, circles) are plotted as a function of CaCl2 ionic 

strength in Figure 5.5. The peak amplitudes were obtained from global fitting routines of 

each spectral region. As discussed above, the square root of the intensity of the CH peak 

increases with increasing ionic strength up to 0.5 mM, and then decreases at higher ionic 

strengths. The square root of the carboxylate peak intensity does not follow this trend. 

Instead, it increases with increasing ionic strength up to 1 mM and then does not change 

significantly at 10 mM. The square root of the carbonyl peak intensity follows neither the 

trend seen in for the CH peak nor the carboxylate peak. Instead, as stated above, the 

intensity increases until an ionic strength of 0.25 mM and then decreases with further 

increases in ionic strength.  

 

 
Figure 5.5. Square roots of the fitted intensities (3 kD iPMA, 5 ppm, pH 6) for the peaks 
near 1711 cm-1 (carbonyl peak, triangles), 1400 cm-1 (carboxylate peak, squares), 2927 cm-1 
(CH peak, circles), and the sum of the square root intensities for the peaks near 1400 cm-1 

and 1711 cm-1 (carboxylate + carbonyl, diamonds) as a function of CaCl2 ionic strength. 
The lines are guides for the eye. All intensities are within ±0.1 a.u. 
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Because neither the carboxylate nor the carbonyl peak intensities track the changes 

seen with the CH peak, it is likely that both the total number and orientation of these 

functional groups are changing with increasing CaCl2 ionic strength. This is not surprising, 

as Ca2+ ions are known to deprotonate poly(carboxylic acids), which would cause an 

increase in the number of carboxylate groups and a decrease in the number of carbonyl 

groups.200 In general, the presence of ions in solution induces the deprotonation of 

polyacids due to their ability to screen the charges of the carboxylate groups.89 

Deprotonation of the carboxylic acid groups would thus lead to an increase in the number 

of Ca2+-carboxylate interactions.  

The initial increase in the carboxylate peak intensity with increasing CaCl2 ionic 

strength is therefore attributed to an increase in the number of ordered surface carboxylate 

groups as more polymer molecules adsorb to the interface. This is consistent with bulk 

studies, which show that calcium cations are known to bind specifically to carboxylate 

groups and that these dehydrated Ca2+-COO- complexes cause an increase in overall 

polymer hydrophobicity.184-186, 188-190 This increasing degree of hydrophobicity with 

increasing CaCl2 ionic strength acts to drive oriented polymer to the interface. The leveling 

off of the intensity is attributed to an increase in number of carboxylate groups at the 

interface as the carboxylic acid groups become deprotonated, and an increase in polymer 

disorder as more carboxylate groups bind Ca2+ ions. Previous bulk studies of 

poly(carboxylic acids) have shown that at high enough Ca2+ concentrations, one Ca2+ cation 

is able to interact with two carboxylate groups to form divalent complexes.164, 184, 185, 188, 201, 202 

These studies showed that the complexes mostly form between two neighboring 

carboxylate groups, but there is the potential for a small number of inter- and intra-
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molecular bridging complexes to form.186, 203 It is therefore likely that the interfacial 

carboxylate groups become disordered at these higher ionic strengths due to such an 

increase in the number of neighboring Ca2+(COO-)2 complexes. 

The trend seen in the carboxylate intensity is consistent with the behavior of the 

carbonyl peak intensity, which initially increases with increasing CaCl2 ionic strength due 

to adsorption of iPMA to the interface. The observed decreases in intensity with the further 

increases in CaCl2 ionic strength is due to both the deprotonation of the carboxylic acid 

groups by the calcium ions and an overall decrease in polymer ordering at the interface. 

When both the carboxylate and carbonyl peak intensities are considered together in Figure 

5.5 (carboxylate + carbonyl, diamonds), it is clear that the trend seen in the intensity with 

increasing CaCl2 ionic strength follows that of the CH peak intensity. This indicates an 

initial increase in ordered iPMA adsorption up to an ionic strength of 0.5 mM due to an 

increase in polymer hydrophobicity. By 1 mM, the adsorbed polymer structure becomes 

disordered, due to the increase in the number of neighboring Ca2+(COO-)2 complexes, with 

an increasing degree of disorder seen at 10 mM.  

A developing picture of the induced iPMA adsorption through Ca2+ binding that is 

consistent with the data presented thus far is depicted in Figure 5.6. The top panel shows 

that with small amounts of added CaCl2, iPMA is driven to the interface due to a decrease 

in the degree of polymer charging. At such low ionic strengths, very little ordering of the 

polymer is observed, and there is incomplete coverage of the interface. This is attributed to 

a significant amount of charge remaining on the polymer resulting in unfavorable charge-

charge repulsions that cause large segments of the polymer to prefer bulk water solvation 

rather than surface adsorption, as was seen in Chapter IV.  
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Figure 5.6. Cartoon representing the adsorption and assembly behavior of 3 kD iPMA at 
the oil-water interface as a function of CaCl2 ionic strength.  

 

The middle panel of Figure 5.6 shows that as more CaCl2 is added to solution, the 

number of the Ca2+-COO- complexes increases. This increasing degree of polymer 
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hydrophobicity increases the degree of iPMA adsorption to the interface. The adsorbed 

species are highly ordered normal to the plane of the interface due to favorable interactions 

between the hydrophobic moieties and the oil phase, and those between the carboxylate 

groups and the calcium ions. At these higher CaCl2 ionic strengths, Ca2+ is able to induce 

the deprotonation of iPMA. As the ionic strength of CaCl2 is further increased, full 

coverage of the interface is attained, but the structure of the adsorbed polymer becomes 

disordered due to an increase in the number neighboring Ca2+(COO-)2 complexes as the 

polymer becomes completely deprotonated. This is depicted in the bottom panel of Figure 

5.6. 

 

Interfacial Dynamics of Adsorbed iPMA-Ca2+ Complexes 

 

 A more complete picture of Ca2+-induced iPMA adsorption can be attained by 

considering adsorption dynamics. For the spectra shown in the previous section, the intense 

peaks were not observed initially after interface preparation. For most of the solutions 

studied, there was a strong time dependence seen in the data, with the time for the peak 

intensities to stop changing taking up to several hours. Because of this, all spectra shown 

were obtained several hours after the interface was initially prepared. The interface was 

specifically prepared by depositing the aqueous solution of interest on top of the CCl4 layer 

in the sample cell. Within a minute, data collection began by plotting the sum frequency 

intensity of the signal at 2940 cm-1 with time. Spectra were only obtained after the variation 

in the sum frequency signal was less than 1% over an hour. This is referred to as the point 

when the signal stabilizes, although slow dynamic processes may be occurring on a longer 
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time scale.  

Representative time-dependent VSF signal intensities at 2940 cm-1 are plotted in 

Figure 5.7 as a function of CaCl2 ionic strength. As shown, the magnitude of the intensity at 

2940 cm-1 increases with ionic strength as does the time to achieve equilibrium adsorption. 

At 0.1 mM CaCl2 (Fig. 5.7, yellow markers), signal does not appear to significantly change 

with time due to the low degree of surface adsorption (consistent with Fig. 5.1A, yellow 

trace). For CaCl2 ionic strengths of 0.175 mM (Fig. 5.7, green markers), 0.25 mM (Fig. 5.7, 

purple markers), and 0.5 mM (Fig. 5.7, blue markers), the time for the VSF signal to 

stabilize is on the order of a couple of hours. For both 1 mM (Fig. 5.7 inset, red markers) 

and 10 mM (Fig. 5.7 inset, black markers) CaCl2, the time for the signal to stabilize is on 

the order of 12 hours. The spectra obtained for these higher ionic strengths were obtained 

after leaving the samples in the cell for ~24 hours. 

 

 
Figure 5.7. Time-dependent VSF (ssp polarization) of the signal at 2940 cm-1 
(corresponding to the most intense peak in the CH/OH spectra) as a function of CaCl2 ionic 
strength: 0.1 mM (yellow), 0.175 mM (green), 0.25 mM (purple), 0.5 mM (blue), 1 mM 
(red, inset), and 10 mM (black, inset).  
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Ions can impact the adsorption dynamics via at least two mechanisms. The first is 

purely electrostatic in nature whereas the second is through interactions with the adsorbate. 

The inherent electric field at the oil-water interface90 is known to assist in the rapid 

adsorption of charged macromolecules.25 For the first mechanism, ions cause electrostatic 

screening of the interfacial field,36 thereby affecting the dynamics of macromolecular 

adsorption. This is thought to be the case for the adsorption of iPMA to the oil-water 

interface at pH 2 in the presence of 10 mM CaCl2. At pH 2, not only is iPMA strongly 

surface active as shown in Chapter III, but the low polymer charge density should preclude 

a strong interaction of Ca2+ with charged carboxylate groups. In the previous section, it was 

shown that Ca2+ can induce the deprotonation of iPMA at pH~6. However, at pH 2, where 

there are excess hydronium ions in solution, the equilibrium should favor the protonated 

carboxylic acid rather than the Ca2+ bound carboxylate.188, 189  

As shown in Figure 5.8, the addition of excess CaCl2 does alter the adsorption of 

iPMA to the interface when the polymer is largely uncharged. In the absence of CaCl2 (Fig. 

5.8A), the water free-OH signal is initially zero, while the polymer CH signal is very 

intense and changes little with time. This indicates that soon after the interface is prepared, 

full coverage of the interface is attained, with insignificant change in intensity with time. 

The time-dependent data of iPMA with 1 mM CaCl2 (Fig. 5.8B) looks very similar to the 

salt-free data. This is not the case for the time-dependent data of iPMA with 10 mM CaCl2 

(Fig. 5.8C). Here, after the aqueous layer is deposited on top of the oil layer, the CH signal 

is zero, while the intensity of the water free-OH signal is close to that for the neat CCl4-

H2O interface. This indicates that shortly after the interface is initially prepared, no oriented 

iPMA has adsorbed to the interface. However, the water free-OH signal decreases to zero 
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while the polymer CH signal increases over 20 mins, indicating that oriented polymer 

adsorbs to the interface over time and eventually completely covers the interface.  

 

 
Figure 5.8. Time-dependent VSF signal (ssp polarization) for iPMA (5 ppm, pH 2) at 2940 
cm-1 (CH signal, circles) and 3665 cm-1 (water free-OH signal, squares) in the presence of 0 
mM CaCl2 (A), 1 mM CaCl2 (B), and 10 mM CaCl2 (C). 

 

The spectra of iPMA at pH 2 in Figure 5.9 demonstrate only very small changes 

with increasing CaCl2 ionic strength. Fits to the data in the CH/OH spectral region (Fig. 

5.9A) show peaks for the CH modes between 2800-3000 cm-1 as well as an additional broad 

peak near 2534 cm-1 assigned to the carboxylic acid OH stretching mode. According to the 

fits and also inspection, very small but measureable amplitude decreases for the iPMA 

peaks are observed with increasing Ca2+ concentration. In the carbonyl stretching region 

(Fig 5.9B), the spectra again look very similar. Here, two peaks are observed near 1730 cm-

1 and 1790 cm-1, and are both assigned to carbonyl stretching modes. The lower frequency 

peak corresponds to carbonyl groups in a more water solvated environment, while the 

higher frequency peak corresponds to carbonyl groups in a less water solvated 

environment. Again, the amplitudes of these peaks slightly decrease as Ca2+ concentration 

increases. Even though no signal was seen near 1400 cm-1, indicating the absence of 

ordered carboxylate groups at the interface, it is possible that the small changes in peak 

amplitudes discussed above are due to a small number of Ca2+-COO- interactions. 
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Figure 5.9. VSF spectra (ssp polarization) of iPMA (5 ppm, pH 2) as a function of CaCl2 
ionic strength in the CH/OH (A) and carbonyl (B) stretching regions. The spectra in (A) are 
offset for clarity. The solid lines are fits to the data.  

  

Both the time-dependent data and the spectra taken for iPMA at pH 2 as a function 

of CaCl2 ionic strength indicate that excess calcium acts to slow the adsorption of iPMA by 

means other than Ca2+-COO- interactions. For both the salt-free sample and the sample with 

1 mM CaCl2, the interface is quickly covered by a layer of ordered iPMA. With 10 mM 

CaCl2, however, it takes several minutes for full coverage of the interface by oriented 

iPMA to occur. As discussed in Chapter III, rapid PMA adsorption at low pH has been 

attributed in part to the inherent interfacial field present at the interface. In order to 

determine if significant screening of the interfacial field occurs with excess CaCl2 such that 

it no longer plays a significant role in polymer interfacial adsorption, a spectrum was 

obtained of a CCl4-10 mM CaCl2 aqueous interface and is shown in Figure 5.10. 

If such an interfacial field screening effect is operative it should be observable by a 

significant decrease in the OH stretch mode intensities in the 3200-3600 cm-1 region of the 

VSF spectrum. As can be seen here, decreases in OH mode intensities are indeed observed 

for the CCl4-aqueous salt interface compared to that of the neat CCl4-H2O interface, 

suggesting that the time dependence seen in the adsorption of iPMA to the oil-water 
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interface with 10 mM CaCl2, both at pH 2 and 6, is in part due to electrostatic screening of 

the interfacial field by the added ions. It is therefore concluded that the decrease in the 

interfacial field due to the presence of ions contributes to the time dependence of iPMA 

adsorption at pH 6, although only at the higher ionic strengths.  

 

 
Figure 5.10. VSF spectra (ssp polarization) in the water OH stretching region of the neat 
CCl4-H2O interface (gray trace), and the CCl4-10 mM CaCl2 aqueous interface (black 
trace).  

  

For the second mechanism, interactions between ions can influence adsorption 

dynamics by changing the conformation of polymer chains in bulk solution. For 

poly(carboxylic acids), it is well established that calcium binding to the carboxylate groups 

causes a change in the bulk conformation of the polymer chains.184-191 In particular, light 

scattering techniques have shown that there is a gradual increase in the degree of coiling of 

poly(carboxylic acids) with increasing the number of bound cations.202 The polymer chains 

completely collapse at high enough Ca2+ concentrations when most of the cations are 

interacting with two neighboring carboxylate groups and the polymer chains become 

completely dehydrated.184, 185 Because such strong VSF signal is seen from the adsorbed 
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polymer at significantly high CaCl2 ionic strengths after enough time, it is unlikely that the 

equilibrium polymer conformation at the interface is that of a coil or collapsed structure. 

Such structures would produce little or no VSF signal due to their overall disordered 

nature. A more consistent interpretation of the data is that the initially coiled or collapsed 

structures adsorb to the interface quite quickly and then reconfigure over a long time into a 

more extended structure that can maximize the interactions of the polar carboxyl groups 

with the aqueous phase and the hydrophobic interactions with the organic phase. Such a 

mechanism for adsorption is depicted in Figure 5.11. 

 

 
Figure 5.11. Cartoon depicting the mechanism for the adsorption and reordering of initially 
coiled 3 kD iPMA-Ca2+ complexes into more extended structures at the oil-water interface.  

 

The time for spreading of the iPMA chains at the interface increases with the 

degree of binding between the calcium ions and the carboxylate groups. As the polymer 

becomes deprotonated, the increased degree of metal ion binding induces more stability of 

the adsorbed coiled polymer structures. At CaCl2 ionic strengths of 1 mM and 10 mM, the 
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extremely long time dependence is attributed to the adsorption of collapsed chain structures 

at the interface in which several Ca2+(COO-)2 complexes exist. The liberation of water from 

the solvation shells of the polymer chains due to ion binding in the bulk is driven by an 

increase in entropy of the system.202 This, along with the favorable binding interactions 

between the carboxylate groups and calcium ions, cause the collapsed structures to be 

extremely stable. The spreading of such structures at the interface would decrease the 

entropy of the system through restricting the conformation of the adsorbed polymer126 and 

potentially changing the water structure around the adsorbed polymer. These factors likely 

contribute to the long time dependences seen in the spreading of iPMA at the interface with 

high CaCl2 ionic strengths. That the adsorbed structures reconfigure at the interface at all is 

attributed to an increase in the degree of favorable hydrophobic interactions of the 

methyl/methylene groups with the oil phase and the hydrophilic groups with the aqueous 

phase, thus decreasing the total free energy of the system. The resulting interfacial 

structures retain some degree of disorder due to the significant numbers of Ca2+(COO-)2 

complexes. This is consistent with both polymer and protein systems that show long 

surface rearrangement dynamics when the bulk macromolecular conformation is stabilized, 

such as through disulfide bonds127 or the crosslinking of functional groups.151 

This picture is further supported by data taken of 28 kD iPMA with 10 mM CaCl2 

(not shown). Compared to 3 kD iPMA, which has ~34 monomers per chain, 28 kD iPMA 

has ~326 monomers per chain, and so several more Ca2+(COO-)2 complexes will form for 

the longer chains compared to the shorter chains. This should act to stabilize the collapsed 

coil structures of the longer chains to a greater extent than the shorter chains. It was 

observed that the time-dependent CH VSF signal intensity for the 28 kD polymer with 



 

86 

CaCl2 increases very little over several hours. The equilibrium spectrum in the CH/OH 

stretching region displays the characteristic decrease in free-OH intensity that is associated 

with adsorbates at the interface. The intensity of this peak is similar to that seen with 3 kD 

iPMA + 10 mM CaCl2, suggesting a similar degree of adsorption for both polymer sizes. 

Additionally, the 28 kD spectrum shows an absence of the water stretching peaks from 

3000 cm-1 - 3600 cm-1. The intensity of the CH signal near 2927 cm-1 for the 28 kD iPMA, 

however, is ~1/4 of that seen in the 3 kD iPMA spectrum (Fig. 5.1B, black trace), which is 

consistent with less oriented polymer at the interface due to the polymer existing as a 

disordered coil structure.  

These results are very similar to those obtained by Hu et al, who studied the 

behavior of partially hydrolyzed polyacrylamide at the air-water interface using 

heterodyne-detected VSF spectroscopy.72 They attributed the results to the amorphous 

nature of the polymer surface structure due to several Ca2+(COO-)2 interactions. Such an 

interfacial structure did not allow for the ordering of either the polymer functional groups 

or the water molecules near the surface of adsorbed polymer. The same conclusion can be 

applied to the 28 kD iPMA chains with 10 mM CaCl2. The high degree of Ca2+(COO-)2 

complexation for the longer iPMA chains cause extensive stabilization of the collapsed coil 

conformation such that favorable interactions between the hydrophobic moieties of the 

polymer and the oil phase are not enough of a driving force to cause the adsorbed polymer 

structure to spread at the interface. For the smaller iPMA chains, with fewer Ca2+(COO-)2 

complexes and thus a lesser degree of collapsed coil stabilization, these hydrophobic 

interactions are a major driving force in the uncoiling of the polymer chains at the interface.  
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Potassium-Induced Adsorption of iPMA  

 

To explore further the differing roles of ions in inducing poly(carboxylic acid) 

adsorption through charge screening, rather than specific binding to carboxylate groups, 

spectra were taken of iPMA at pH 6 with the addition of KCl and are shown in Figure 5.12. 

As stated previously, monovalent cations are known to interact less strongly with 

polycarboxylate charges than divalent cations: monovalent cations only bind territorially, 

while divalent cations bind specifically to the polymer carboxylate groups. These studies 

with K+ will therefore demonstrate if purely electrostatic screening interactions are 

sufficient to induce the ordered adsorption of iPMA to the oil-water interface.   

As shown in Figure 5.1A (gray trace), iPMA is not strongly surface active at pH 6 

due to a high charge density that renders the polymer chains water-soluble. For iPMA with 

KCl, it is clear from the CH/OH stretching region (Fig. 5.12A, triangles) that 1 mM KCl 

does induce the adsorption of iPMA to the interface, but not to the same extent as 1 mM 

CaCl2 (Fig. 5.1B, red trace). With 1 mM KCl, while small peaks due to the polymer appear 

from 2800-3000 cm-1, the peak attributed to the water free-OH stretching mode near 3670 

cm-1 is still present and indicates incomplete surface coverage by the polymer. More 

significant, however, is the absence of a VSF signal in either the carbonyl (Fig. 5.12B, 

triangles) or carboxylate (Fig. 5.12C, triangles) regions with 1 mM KCl. This is quite 

different than what is seen with 1 mM CaCl2, which results in strong adsorption and 

ordering of the polymer alkyl (Fig. 2B, red trace), and carboxylate (Fig. 3, red trace) 

groups.  
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Figure 5.12. VSF spectra (ssp polarization) of 3 kD iPMA (5 ppm, pH 6) with 1 mM KCl 
(triangles) and 10 mM KCl (circles) in the CH/OH (A), carbonyl (B), and carboxylate (C) 
stretching regions. The spectra in (A) are offset for clarity. The solid lines are fits to the 
data.  
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At 10 mM KCl, however, complete coverage of the interface by ordered iPMA is 

achieved. In the CH/OH stretching region (Fig. 5.12A, circles), the signal due to the water 

free-OH stretch is almost zero, while intense CH peaks due to the polymer methyl and 

methylene groups appear from 2800-3000 cm-1. Additionally, the peaks attributed to the 

coordinated water OH stretching modes near 3200 cm-1 and 3450 cm-1 are relatively strong 

compared to the iPMA spectra with Ca2+ (Fig. 5.1), indicating that the water molecules are 

more aligned at the interface for the case of iPMA with K+. This suggests that the charges 

of the interfacial polymer are less effectively neutralized by K+ compared to Ca2+. The 

greater degree of charging of the adsorbed iPMA+K+ acts to align the dipoles of the 

interfacial water to a greater extent than is seen with the adsorbed iPMA+Ca2+. 

The weaker interactions of the carboxylate groups of iPMA with K+ compared to 

those with Ca2+ can also be observed in the spectra of the carbonyl (Fig. 5.12B, circles) and 

carboxylate (Fig. 5.12C, circles) stretching regions. At 10 mM KCl, peaks appear near 

1719 cm-1 and 1400 cm-1. Compared to the corresponding spectra of iPMA with 10 mM 

CaCl2 (Figs. 5.3 and 5.4B, black traces), the amplitude of the carbonyl peak is larger, while 

the amplitude of the carboxylate peak is smaller. Thus, for 10 mM KCl with iPMA 

compared to 10 mM CaCl2 with iPMA, there are more oriented carbonyl groups and fewer 

oriented carboxylate groups at the interface. This suggests that Ca2+ is able to deprotonate 

the carboxylic acid groups of iPMA to a greater extent than K+ is able to do, as expected. 

Additionally, it is likely that K+ is unable to cause a strong net orientation of carboxylate 

groups normal to the plane of the interface, consistent with bulk studies the suggest 

monovalent cations are not well able to penetrate the second solvation shell of 

poly(carboxylic acids).89 
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As with all other interfacial tension measurements of iPMA, K+ does not appear to 

increase the surface pressure of iPMA by very much. The surface pressure values for iPMA 

with 1 and 10 mM KCl were both ~1 mN/m.  It is therefore difficult to say whether or not 

Ca2+ drives more polymer to the interface than K+ or vice versa. This lack of change of 

iPMA interfacial tension with either Ca2+ or K+, however, indicates that neither ion acts to 

increase favorable hydrophobic interactions between the initially adsorbed oriented 

polymer layer and polymer in bulk solution. 

The time for the ordered adsorption of iPMA with KCl to occur at the oil-water 

interface is relatively short. Similar to 0.5 mM CaCl2 with iPMA (Fig. 5.7, blue markers), 

the time for the CH signal to stabilize is observed to be ~2 hours for 10 mM KCl with 

iPMA (not shown). Some of the initial time dependence may be due to a screening of the 

interfacial field by KCl, as shown by the depression of the coordinated water signal in the 

VSF spectrum of the CCl4-10 mM KCl aqueous interface in Figure 5.13.  

 
Figure 5.13. VSF spectra (ssp polarization) in the water OH stretching region of the neat 
CCl4-H2O interface (gray trace), and the CCl4-10 mM KCl aqueous interface (black trace). 
 

That the signal does not take several hours to stabilize confirms that K+ does not 

interact strongly enough with the carboxylate groups to result in the long time scale process 
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associated with the collapse of the polymer chains in solution and subsequent spreading 

and reordering at the interface. The mechanism for K+ induced iPMA adsorption consistent 

with the spectroscopic results is one in which electrostatic screening, rather than direct 

binding, of the charged carboxylate groups increases the hydrophobicity of the polymer, 

driving it to the oil-water interface.  

 

Effect of Ions on sPMA Interfacial Behavior 

 

In order to determine the role of polymer backbone configuration in the ion induced 

adsorption of PMA, Ca2+ and K+ were also studied with sPMA. As seen in Chapter III, the 

specific stereochemistry of the monomers along the polymer backbone play a large role in 

the difference in the adsorption behavior of sPMA compared iPMA. That sPMA adsorbs as 

multiple layers while iPMA adsorbs as a single layer is ascribed to the different 

configurations of the two isomers, such that favorable hydrophobic interactions between 

the initially adsorbed layer and polymer in the bulk exists for sPMA but not for iPMA. It is 

therefore apparent that the backbone configuration of the different polymer isomers plays a 

major role in the adsorption of iPMA and sPMA to the oil-water interface.  

The important role of backbone configuration can also be seen on examination of 

the VSF spectra in the CH/OH stretching region both with and without added salt, as 

shown in Figure 5.14. In the absence of salt (Fig. 5.14, black trace), the spectrum of sPMA 

at pH 6 looks very similar to that of the neat CCl4-H2O interface (Fig. 2.4), suggesting that 

polymer has not adsorbed to the interface. This is different than what is seen with iPMA at 

pH 6 (Fig. 5.1A, gray trace), in which stronger coordinated water signal seen from 2800-
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3600 cm-1 suggests a trace amount of polymer at the interface. Quite significantly, unlike 

with iPMA, the addition of either 10 mM CaCl2 (Fig. 5.14, purple trace) or 10 mM KCl 

(Fig. 5.14, red trace) does not significantly change the appearance of the VSF spectra, 

showing that these ions do not induce the adsorption of sPMA to the interface.  

 
Figure 5.14. VSF spectra (ssp polarization) of sPMA (5 ppm, pH 6) in the presence of no 
added salt (black), KCl (red), and CaCl2 (purple).  

 

Different factors could be at play in determining why Ca2+ and K+ are able to induce 

the adsorption of iPMA to the interface at this pH, but not sPMA. These factors, however, 

all relate to the differences in the backbone configuration of the different PMA isomers. 

First, even in the absence of salt, it is apparent that a trace amount of iPMA adsorbs to the 

CCl4-H2O interface at pH 6, yet there is no evidence of sPMA at the interface at this pH. 

This is attributed to the placement of the methyl groups along the backbone of iPMA 

compared to sPMA. As stated previously, the carboxyl groups of the iPMA isomer are on 

the same side of the polymer chain, while those of sPMA are on both sides of the chain and 

alternate every monomer. Both experimental and computation studies have shown that 

iPMA is overall more hydrophobic than sPMA.83-88 Additionally, while the pKa of both 

sPMA and iPMA is known to be ~7.3, iPMA is slightly less acidic than sPMA due to the 
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fact that the ionizable groups of iPMA are close to each other on the same side of the 

polymer chain, and hence more difficult to deprotonate compared to sPMA.87 Thus, at pH 

6, iPMA is slightly more protonated than sPMA and as a result slightly surface active. Both 

of these factors likely contribute to the trace amount of iPMA, yet complete lack of sPMA 

adsorption, observed at the CCl4-H2O interface at pH 6. Since iPMA is more hydrophobic 

than sPMA at pH 6, this may contribute to its increased adsorption with ions. 

The greater localized charge density of iPMA compared to sPMA most likely also 

explains the large effects of ions on the surface behavior of iPMA.83, 85, 86 It is known that 

iPMA interacts quite strongly with cations and surfactants due to the nearness of the 

charged groups to each other. Cations and surfactants interact much less strongly with 

sPMA because the charged groups are on opposite sides of the chain and the methyl groups 

hinder the electrostatic interactions between the charged groups and the ions. It is therefore 

likely that the Ca2+ and K+ are able to more effectively bind to and screen the charges of 

iPMA compared to sPMA, thereby driving iPMA to the interface but not sPMA.  

 

Summary and Conclusions 

 

 An illustration that summarizes the behavior of PMA in the presence of ions at the 

oil-water interface is shown in Figure 5.15. The above results show that cations are able to 

induce the adsorption of iPMA to this interface when it is not otherwise surface active 

through different mechanisms, but that the mechanisms all involve increasing polymer 

hydrophobicity through cation-carboxylate interactions. For Ca2+-induced adsorption (Fig. 

15, top panel), the divalent cations are able to bind specifically to the carboxylate groups of 
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iPMA. This results in dehydration of the polymer, which increases its hydrophobicity and 

drives it to the interface. The strength of the binding interactions between Ca2+ and the 

polymer carboxylate groups is demonstrated by the fact that the divalent cations are able to 

induce the deprotonation of the carboxylate groups at high enough ionic strengths. 

Additionally, the results indicate that at these higher CaCl2 ionic strengths there are a 

significant number of Ca2+(COO-)2 complexes. These complexes lead to disordered 

structures in the bulk that initially adsorb to the oil-water interface. Favorable hydrophobic 

interactions between the nonpolar groups of the polymer and the oil phase result in the 

uncoiling of the polymer chains at the interface over several hours. The resulting adsorbed 

polymer configuration is extended, yet retains some disorder at high enough ionic strengths 

when several Ca2+(COO-)2 complexes are likely.  

 For K+ (Fig. 5.15, middle panel), the induced adsorption occurs through non-

specific electrostatic screening of the charged carboxylate groups of iPMA. These weaker 

cation-polymer interactions require much more KCl than CaCl2 to cause complete 

interfacial coverage by the polymer. Additionally, the weaker interactions of K+ with iPMA 

result in neither the significant deprotonation of the carboxylic acid groups nor ordering of 

the charged carboxylate groups. With sPMA (Fig. 5.15, bottom panel), neither Ca2+ nor K+ 

is able to induce the adsorption of sPMA to the CCl4-H2O interface at pH 6 due to the 

alternating positions of the charged carboxylate groups and bulky methyl groups on the 

chains such that direct binding and electrostatic interactions of the ions with the polymer 

are hindered. 
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Figure 5.15. Cartoon depicting the effects of Ca2+ and K+ on the interfacial behavior of 3 
kD iPMA and sPMA at pH 6.  

 

This study clearly shows that both aqueous solution conditions and polymer 

structure greatly affect the oil-water interfacial behavior of a carboxylic acid-containing 
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macromolecule. The degree of polymer charging obviously dictates water solvation vs. 

adsorption. The way in which the charges are arranged on the polymer backbone 

additionally affects the extent to which counter ions bind to and screen these charges, with 

strong cation-carboxylate interactions increasing polymer hydrophobicity and driving it to 

the interface. It has been demonstrated that direct ion binding has an effect on polymer 

adsorption behavior and resulting surface structure that is different from induced adsorption 

due to purely electrostatic interactions between the carboxylate groups and cations.  

The results have implications for understanding a multitude of important 

macromolecular interfacial processes. For one, humic substances are a class of complex 

macromolecules with a variety of structures. These findings imply that certain humic 

structures that are prone to counter ion binding and charge screening may be more likely to 

accumulate toxins at environmental interfaces. These results are also relevant to biological 

processes. Specifically, metal ion binding is linked to the misfolding of amyloid proteins at 

cell interfaces, which can result in neurodegenerative diseases like Alzheimer’s. That the 

conformation of polyelectrolyte chains in bulk solution may not be the most favorable 

interfacial conformation, and that the resulting adsorbed polymer structure depends on the 

degree of metal ion binding, has implications for understanding the misfolding of proteins 

involved in neurodegenerative diseases. While this chapter showed the effects of 

polyelectrolyte interfacial behavior on the interactions between positively charged 

inorganic ions and the negatively charged groups of the polymer, the next chapter shows 

the effects that originate when these electrostatic interactions occur between oppositely 

charged groups that comprise the same polymer.  
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CHAPTER VI 

ORDERED MACROMOLECULAR ASSEMBLY: UNDERSTANDING PEPTOID 

BEHAVIOR AT THE OIL-WATER INTERFACE 

The vibrational sum frequency spectroscopic and interfacial tension measurements 

presented in this chapter were obtained as part of a collaborative project with Ronald 

Zuckermann’s group from the Molecular Foundry at Lawrence Berkeley National 

Laboratory (LBNL). The Zuckermann group synthesizes peptoid polymers that assemble 

into two-dimensional nanomaterials via a key interfacial monolayer intermediate. Not only 

have our studies of different peptoid polymer monolayers at the oil-water interface assisted 

the LBNL group in characterizing the molecular-level details of the key monolayer 

intermediate, but have also allowed for the opportunity to probe more complex aspects of 

polyelectrolyte adsorption and assembly behavior at the hydrophobic liquid-water 

interface. Specifically, these studies show the influential role of intermolecular electrostatic 

interactions between adsorbed polyelectrolyte chains, which was not possible to determine 

from studies of the simpler poly(methacrylic acid) polymers as discussed in Chapters III-V. 

This work has been submitted to PNAS, with Gloria K. Oliver, Menglu Quan, Caroline 

Proulx, Ronald N. Zuckermann, and Geraldine L. Richmond. I wrote the section of the 

paper and performed all of the experimental measurements that appear in this chapter, 

Gloria K. Oliver, Caroline Proulx, and Menglu Quan from LBNL graciously provided the 

peptoid samples for these studies, and all coauthors provided editorial assistance.  
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Introduction 

 

The self-assembly of ordered monolayers to the interface between two immiscible 

fluids is important to the fabrication of novel materials. For instance, it has been well 

established that the oil-water interface serves as a platform for the synthesis of 

nanoparticles.132, 204-206 More recently, both the air-water and oil-water interfaces have been 

shown to catalyze the assembly of two-dimensional organic nanomaterials known as 

peptoid nanosheets.207, 208 These biomimetic materials are only two molecules thick yet span 

microns in the lateral direction, and have potential applications in catalysts, molecular 

sensors, and artificial enzymes.208-210 The mechanism for nanosheet synthesis first involves 

the assembly of a peptoid polymer monolayer at the interface, with a subsequent 

compression leading to monolayer collapse and formation of stable bilayer structures. The 

oil-water interface is a particularly interesting avenue for nanosheet formation, as it has the 

potential to offer synthetic advantages and increase nanosheet stability and functionality.207 

The amphiphilic peptoid polymers that are used to make nanosheets have a nonpolar side 

composed of ethyl phenyl groups, and a hydrophilic side composed of carboxylic acid and 

amine groups. In the resulting bilayer structures, the nonpolar moieties are on the interior of 

the sheets, and the polar moieties are on the exterior of the sheets. A representation of a 

cross section of a nanosheet is depicted in Figure 6.1.  

 
Figure 6.1. Depiction of a peptoid bilayer nanosheet cross section.  
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In order to increase the complexity and functionality of these novel nanomaterials, 

it is essential to understand the molecular-level details of the key monolayer intermediate. 

In particular, it is important to understand how different characteristics of the peptoid 

monolayer (such as degree of backbone and side chain ordering, intermolecular 

interactions, and packing density) either hinder or enhance the ability of these polymers to 

form nanosheets. For instance, it has been shown by the Zuckermann group that certain 

peptoids form nanosheets, while others do not.207 Chemical structures of such peptoids are 

shown in Figure 6.2, in which peptoid 1 has both amine and carboxylic acid groups and 

forms nanosheets when both groups are fully charged, while peptoid 2 has only carboxylic 

acid groups and does not form nanosheets when fully charged. Understanding the behavior 

of the adsorbed peptoids on the molecular-level is essential in determining how monolayer 

characteristics relate to the ability of peptoids to form nanosheets.  

 

Figure 6.2. Chemical structures of (A) peptoid 1 containing both amine and carboxylic 
acid groups; and (B) peptoid 2 having only carboxylic acid groups. Peptoid 1 formed 
nanosheets whereas 2 did not. 

 

This chapter explores the molecular-level behavior of the two different peptoids at 

the carbon tetrachloride-water (CCl4-H2O) interface using vibrational sum frequency (VSF) 

spectroscopy and interfacial tension measurements. In addition, examination of these 

different peptoids at pH 8, in which peptoid 1 has both positive and negative charges and 

peptoid 2 has only negative charges, allows for further determination of the role of 
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electrostatic interactions in poly(carboxylic acid) behavior at the oil-water interface. While 

the previous chapter explored such roles through studies of PMA with inorganic counter 

ions, the studies in this chapter probe assembly behavior of polyelectrolytes with the 

potential for electrostatic interactions between co-adsorbed organic species. Results show 

the importance of such electrostatic interactions, both in the ordered assembly of 

polyelectrolyte monolayers as well as the ability for peptoid polymers to form nanosheets. 

Additionally, concentration studies of peptoid 1 show that the degree of these interactions 

are enhanced with increasing monolayer packing density.  

 

Ordering of Peptoid Monolayers at the Oil-Water Interface 

 

In order to determine when a full peptoid monolayer is achieved at the CCl4-H2O 

interface, surface pressure data were obtained for 1 as a function of bulk aqueous peptoid 

concentration, as shown in Figure 6.3.  

 

Figure 6.3. Interfacial pressure of peptoid 1 at the CCl4-H2O interface as a function of 
peptoid concentration (in 10 mM Tris buffer, pH 8.0).  
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Clearly, adsorption to the CCl4-H2O interface begins at an extremely low bulk 

peptoid concentration of 0.02 µM (~4 mN/m). The amount of adsorbed peptoid continues 

to increase with concentration until ~1 µM (36 mN/m), at which point an increase in 

concentration does not result in a significant change in surface pressure. VSF spectra of 1 

at 20 µM were obtained at the CCl4-H2O interface after allowing the peptoid monolayer 

to equilibrate for at least 1 h and are shown in Figure 6.4. At this concentration, a full 

peptoid monolayer of 1 is achieved according to the interfacial tension measurements.  

 

Figure 6.4. VSF spectra (ssp polarization) of peptoid 1 in the CH/OH stretching region 
(A) and the amide/carbonyl stretching region (B). All spectra were collected using a 20 
μM peptoid concentration in pH 8.0, 10 mM Tris buffer. The solid lines are 
representative fits to the data.  
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In the CH/OH stretching region for 1 (Fig. 6.4A), the peak near 2590 cm-1 is 

assigned to the carboxylic acid OH stretching mode.125 Although most of the polar 

residues of 1 are expected to be charged at pH 8.0, some of the carboxyl groups are still 

protonated, as seen by the small intensity carbonyl stretching mode peak near 1760 cm-1 

(Fig. 6.4B). The peaks that appear from 2800-3000 cm-1 are assigned to alkyl CH2 

stretching modes that originate from the methylene groups in the peptoid backbone and 

side-chains,123 whereas the peaks at 3000-3100 cm-1 are assigned to the aromatic CH 

stretching modes of the phenyl functional groups.123 The broad peaks that appear from 

3100-3600 cm-1 are assigned to the coordinated water OH stretching modes.34, 90, 150 The 

NH3
+ stretching mode is also known to appear in the 3100-3600 cm-1 region, 123 but is 

difficult to distinguish from the relatively strong water signal. 

The VSF spectrum of the 20 μM peptoid 1 monolayer reveals that 1 adsorbs at the 

CCl4-H2O interface into an equilibrated film that completely covers the water surface. 

This is demonstrated by the lack of a free-OH oscillator peak near 3670 cm-1, indicating 

that water molecules in the top-most interfacial layer are not present.90 There is also 

strong evidence from the VSF spectrum that the interfacial peptoid layer is highly 

ordered. This can be observed from the strong intensity of the aromatic CH stretching 

mode peak that appears near 3066 cm-1, indicating that the phenyl groups have a strong 

net orientation normal to the plane of the interface. The methylene groups also show a 

degree of ordering, but not due to a fully extended backbone conformation as depicted in 

Figure. 6.2. Since a net orientation of functional groups is required for generating VSF 

signal, the orientation depicted in Fig. 6.2, in which all of the methylene groups pointing 
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into the oil phase have the exact opposite orientation as those pointing into the water 

phase, would cause cancelation of any signal in the region from 2800-3000 cm-1.  

The lack of a fully extended peptoid backbone conformation is confirmed by the 

spectrum taken in the amide I/carbonyl region of 1 (Fig. 6.4B). Here, the sharp peak that 

appears near 1665 cm-1 is assigned to the amide I stretching mode123 and indicates that the 

amide groups along the peptoid backbone have a net orientation normal to the plane of 

the interface. The peptoid backbone therefore must not be in a fully extended 

conformation at the interface, but contain some intra-chain disorder such that peaks due 

to the methylene and amide groups appear in the spectra. This conformational freedom of 

the interfacial peptoids is not surprising, since peptoid backbones are known to be quite 

flexible.211 Additionally, the CCl4-H2O interface provides a fluid environment in which 

side-chains can interact with both the oil and the water phases.29 

Interfacial peptoid ordering can also be observed in the carboxylate stretching 

region of 1, shown in Figure 6.5. The strong intensity of the peak near 1405 cm-1 

indicates that the carboxylate groups are also highly oriented normal to the plane of the 

interface. An additional peak appears in the spectrum near 1360 cm-1, which is assigned 

to carboxylate groups in a stronger water hydrogen bonding environment than those that 

correspond to the 1405 cm-1 peak.29 Lastly, a third peak appears in the spectrum of 1 near 

1440 cm-1. Similar carboxylate peak frequencies have been observed in VSF 

spectroscopic studies of carboxylate-metal ion complexes, which were attributed to the 

disruption of carboxylate solvation shells due to the closeness of the cations.39, 192, 194 FTIR 

studies of simple carboxylic acids have additionally shown that the frequency of the peak 

attributed to the COO- antisymmetric stretch of a carboxylate-amine complex is blue 
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shifted by ~40 cm-1 relative to that of a fully water solvated carboxylate group.212 The 

peak that appears near 1440 cm-1 is therefore assigned to a direct ionic interaction 

between the negatively charged carboxylate groups and the positively charged amine 

groups. This direct interaction acts to disrupt the water solvation shell of the carboxylate 

groups, causing the peak frequency to shift to higher wavenumbers due to a lack of 

hydrogen bonding from water molecules.  

 

 

Figure 6.5. VSF spectra (ssp polarization) of the carboxylate stretching region of peptoid 
1 (black circles) and peptoid 2 (gray diamonds). All spectra were collected using a 20 μM 
peptoid concentration in pH 8.0, 10 mM Tris buffer. The solid lines are representative fits 
to the data. The data are offset for clarity. 

 

In order to confirm the assignment of the peak near 1440 cm-1, the VSF spectrum 

of 1 (Fig. 6.5, black trace) was compared with that of 2 (Fig. 6.5, gray trace) which lacks 

the ability to form attractive electrostatic interactions. It is clear from the spectrum of 2 

that only a single peak appears near 1400 cm-1. This peak is slightly red-shifted relative to 

the peak of 1 at 1405 cm-1, indicating a greater degree of water hydrogen bonding of the 

carboxylate groups of 2 compared to 1. Additionally, the presence of the peak near 1440 
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cm-1 for 1 and the lack of this peak for 2 confirms that a direct ionic interaction exists 

between some of the negatively charged carboxylate groups and some of the positively 

charged amine groups in the 1 monolayer.  

The lack of cationic groups in peptoid 2 strongly affects the spectrum in the 

CH/OH and amine/carbonyl stretching regions, as shown in Figure 6.6. Compared to the 

spectrum for 1 (Fig. 6.4A), the amplitudes of the peaks assigned to the coordinated water 

OH stretching modes from 3100-3600 cm-1 are much larger for 2 (Fig. 6.6A) than for 1. 

This is attributed to a difference in the charge of the peptoid monolayers at the oil-water 

interface. As with 1, there is minimal protonation of the carboxylic acid groups of 2 at pH 

8.0, as evidenced by the small carbonyl peak near 1730 cm-1 (Fig. 6.6B). Since 2 contains 

mostly negatively charged carboxylate groups, the lack of positively charged amines to 

counterbalance the net charge of the carboxylates creates an electric field at the interface 

of 2 that acts to orient the dipoles of water molecules near the interface. The electrostatic 

interactions between the carboxylate and amine groups of 1 reduce the interfacial field, 

resulting in fewer oriented water molecules near the interface of 1 compared to 2. The 

alkyl CH2 stretches are also quite different between the two peptoids. The widths of the 

peaks due to the CH2 stretching modes for 2 (Fig. 6.6A) are overall broader compared to 

those for 1 (Fig. 6.4A). This indicates that the backbone and/or side-chain conformations 

are different between the two different peptoid monolayers, with 2 exhibiting a wider 

range of methylene groups in different chemical environments than 1. 
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Figure 6.6. VSF spectra (ssp polarization) of peptoid 2 in the CH/OH stretching region 
(A) and the amide/carbonyl stretching region (B). All spectra were collected using a 20 
μM peptoid concentration in pH 8.0, 10 mM Tris buffer. The solid lines are 
representative fits to the data.  

 

These differences in the surface structure of 1 and 2 are also supported by surface 

pressure measurements collected with 20 µM peptoid at the CCl4-H2O interface. The 1 

monolayer exhibited a higher surface pressure (36 mN/m) than that of 2 (24 mN/m), 

indicating a greater degree of adsorption and packing at the interface is achieved by 1 

compared to 2.  The lower packing density of 2 is attributed to charge-charge repulsions 

that exists between neighboring charged carboxylate groups at the interface. These 

repulsive interactions may also increase the heterogeneity around the methylene groups 
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of 2 such that broader peaks attributed to the CH2 stretching modes are seen in the 

spectrum of 2 compared to those seen in the spectrum of 1. 

As the degree of peptoid packing appears to play a large role in the conformation 

of the peptoid within the interfacial monolayer, spectra of 1 were obtained in the CH/OH 

stretching region as a function of bulk peptoid concentration and are shown in Figure 6.7.  

 

 

Figure 6.7. VSF spectra (ssp polarization) of peptoid 1 as a function of peptoid 
concentration in the CH/OH stretching region (in 10 mM Tris buffer, pH 8.0). (A) 0.02 
µM (gray), 0.04 µM (green), and 0.06 µM (yellow). (B) 0.1 µM (red), 1 µM (blue), and 
10 µM (black). The solid lines are representative fits to the data. The data are offset for 
clarity. 
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From a bulk peptoid concentration of 0.02-0.06 µM, increases in amplitude from 

the peptoid alkyl and aromatic CH peaks are seen (Fig. 6.7A). The increase in surface 

pressure over this concentration range from ~4 mN/m to ~27 mN/m indicates an increase 

in the number of interfacial peptoid molecules. By a concentration of 0.06 µM, the free-

OH peak near 3670 cm-1 has disappeared, indicating full coverage of the oil-water 

interface by the peptoid.  

As the concentration increases from 0.02-0.06 µM, there is also a drastic increase 

in amplitude of the peak near 1400 cm-1 due to a large increase in the number of oriented 

carboxylate groups at the interface, as shown in Figure 6.8. The carboxylate-amine 

charge complex peak near 1440 cm-1 does not appear until a peptoid concentration of 0.1 

µM, with a corresponding surface pressure of ~31 mN/m.   

 

 

Figure 6.8. VSF spectra (ssp polarization) of peptoid 1 as a function of peptoid 
concentration in the carboxylate stretching region (in 10 mM Tris buffer, pH 8.0). The 
solid lines are representative fits to the data. 

 

The amplitude of this peak and the water solvated carboxylate peak near 1405  

cm-1 continue to grow with increasing concentration through 10 µM, with a 
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corresponding surface pressure of ~36 mN/m. These data overlay almost perfectly with 

those at 20 µM. The shift in frequency of the solvated carboxylate peak from ~1400 cm-1 

to ~1405 cm-1 suggests a decrease in the degree of hydrogen bonding from water as the 

monolayer packing density increases. Over this concentration range in the CH/OH 

stretching region (Fig. 6.7B), there is also a continual increase in amplitude of the 

aromatic CH stretch peak near 3066 cm-1. Additionally, there is a narrowing of the alkyl 

CH2 stretch peak near 2940 cm-1, indicating a decrease in the number of methylene 

chemical environments as more peptoids pack at the interface. These combined spectral 

changes are consistent with an increase in monolayer packing and subsequent ordering of 

the peptoid backbone, side-chains, and functional groups.  

It is interesting to note that the data at 0.06 µM for 1 is similar to the data for 2 at 

20 µM. For both peptoid monolayers, the spectra show strong signal from the water, 

broad methylene peaks, and only one peak in the carboxylate stretching region. The lack 

of a charge complex in the spectra of 2 is attributed to its lack of amine groups. No 

complex is observed with 1 at 0.06 µM because a full monolayer has not been attained at 

the oil-water interface. The peptoid chains within this partially filled monolayer 

presumably lack the alignment and close-packing required for the amine groups to 

interact with the carboxylate groups.  

 

Summary and Conclusions 

 

Figure 6.9 summarizes the key results obtained from these studies. First, panel A 

shows that electrostatic interactions between the positively charged amine and negatively 
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charge carboxylate groups assists in the ordered assembly of a highly packed monolayer of 

peptoid 1 that is capable of collapsing into nanosheets upon compression. These favorable 

interactions are seen through the peak near 1440 cm-1 that is attributed to direct electrostatic 

interactions between the carboxylate and amine groups, which cause a high degree of 

ordering of the ethyl phenyl and carboxylate groups.  

 

 
Figure 6.9. Cartoon summarizing findings from the peptoid studies. (A) Depiction of 
electrostatic interactions seen in monolayers of peptoid 1, and electrostatic repulsions seen 
in monolayers of peptoid 2. (B) Depiction of increasing packing density of peptoid 1 with 
increasing concentration.  

 

For peptoid 2, although the ethyl phenyl and carboxylate groups are somewhat 

ordered, packing at the interface is hindered due to charge-charge repulsions between the 

negatively charged carboxylate groups. The intense peaks near 3200 cm-1 and 3400 cm-1 

that are due to the coordinated surface water OH modes demonstrates the high degree of 
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charging of the interfacial layer. This results in an interfacial monolayer that is overall less 

ordered than that of peptoid 1. These factors likely contribute to the inability of peptoid 2 to 

form nanosheets.  

Panel B of Figure 6.9 depicts the increase in favorable electrostatic interactions and 

subsequent ordering observed in the monolayer of peptoid 1 as the surface concentration 

increases. Overall, the structures of both pepoid 1 and 2 are not as rigid as depicted in 

Figure 6.2. A degree of flexibility exists for the interfacial peptoids such that the VSF 

signal from the amide modes does not cancel. 

The results presented in this chapter have implications both for understanding 

nanosheet formation via the assembly of a peptoid monolayer at the interface, and also for 

understanding general polyelectrolyte oil-water interfacial behavior. Understanding the role 

that each molecular moiety plays in peptoid assembly into the key monolayer intermediate 

is essential to effectively designing peptoids that will increase the complexity and 

functionality of these novel nanomaterials. In general, polyelectrolytes are often used with 

oppositely charged organic species, such as surfactants or other polyelectrolytes, to invoke 

synergistic adsorption effects. Often, these adsorption processes are complicated and not 

well understood.213 Understanding the molecular-level details of co-adsorbed species has 

the potential to elucidate the nature of synergistic adsorption effects. The results given here 

have demonstrated that studying oppositely-charged polyelectrolyte systems with VSF 

spectroscopy and interfacial tension have the capability to de-convolute complicated factors 

often involved in the oil-water interfacial behavior of such binary systems.  
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CHAPTER VII 

CONCLUSIONS 

The assembly of polyelectrolytes to the interface between nonpolar and aqueous 

liquids is an important process to several applications ranging from biological, to 

environmental, to industrial. It is therefore important to identify and understand which 

polyelectrolyte characteristics as well as aqueous solution conditions enable charged 

macromolecules to adsorb to liquid-liquid interfaces. Additionally, it is critical to 

acquire specific details of the adsorption process itself, as well as the resulting 

interfacial structure. Specific questions can be asked in terms of polyelectrolyte 

behavior at the oil-water interface: What characteristics of the polyelectrolyte and 

aqueous solution promote the ordered assembly of polyelectrolytes at the interface? 

What factors determine the degree to which polyelectrolytes accumulate at the 

interface? How can the interactions of polyelectrolytes with counterions induce 

adsorption and affect polyelectrolyte adsorption dynamics and resulting interfacial 

structure? What is the effect of electrostatic interactions between adsorbed 

polyelectrolyte chains? 

The studies presented in this dissertation have provided insight into these 

questions by probing the molecular-level details associated with the behavior of simple 

carboxylic acid-containing polyelectrolytes at a model oil-water interface with 

vibrational sum frequency (VSF) spectroscopic and interfacial tension measurements. 

Studies presented in Chapter III indicated that polyelectrolyte backbone structure is an 

essential parameter for determining the degree to which poly(methacrylic acid) (PMA) 

accumulates at the oil-water interface. The backbone structure of isotactic PMA 
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(iPMA) and syndiotactic PMA (sPMA) are very different from each other, which in 

turn affects the bulk and interfacial behavior of each isomer. For sPMA, the results 

indicated that the structure of polymer that initially adsorbs to the interface is such that 

hydrophobic moieties of the adsorbed polymer chain are exposed to the aqueous phase. 

The coiled sPMA that remains in bulk solution is therefore able to accumulate at the 

interface to due to favorable hydrophobic interactions between the initially adsorbed 

polymer layer and what adsorbs over time. For iPMA, on the other hand, the structure 

of the polymer that initially adsorbs to the interface is one in which the hydrophobic 

moieties are not exposed to the aqueous phase. Specifically, such orientation prevents 

further accumulation of iPMA to the interface over time.  

The results presented in Chapter IV indicated that charging behavior plays a key 

role in the oil-water interfacial activity of polyelectrolytes. Specifically, sPMA only 

adsorbs to the interface when it is not highly charged. Collective interactions cause 

charges to accumulate near each other, which induces the solvation of polymer chains 

at relatively low charge densities. It was found that these collective interactions are 

quite evident for long sPMA chains, which can accumulate several charges per chain. 

Here, the charged segments remain water soluble, while the un-charged segments 

assemble at the interface.  

In Chapter V, the role of metal ions in the induced adsorption of PMA was 

explored. Here, it was shown that both monovalent and divalent cations are able to 

induce the adsorption of iPMA to the interface under solution conditions when it is not 

normally surface active. For Ca2+, results are consistent in surface adsorption driven by 

site-specific interactions of the cations with the polymer carboxylate groups. 
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Importantly, these interactions also greatly affect adsorption dynamics and the resulting 

polymer interfacial structure. K+, on the other hand, appears to induce the adsorption of 

iPMA through electrostatic screening of the charged polymer chain. Neither cation, 

however, is able to induce the adsorption of sPMA to the oil-water interface due to the 

backbone structure of this isomer of PMA sterically hindering the interaction of the 

cations with the carboxylate groups.  

Lastly, Chapter VI showed the influence of electrostatic interactions between 

adsorbed polymer chains on the assembly of peptoids at the oil-water interface and on 

their ability to form nanosheets. Here, peptoids with both positively charged amine 

groups and negatively charged carboxylate groups were found to be able to adsorb to 

the oil-water interface in a highly ordered manner due to direct interactions between the 

oppositely charged groups. These favorable intermolecular interactions result in the 

formation of nanosheets via the oil-water interface. For peptoids that had only 

negatively charged carboxylate groups, results indicate that charge-charge repulsions 

between adsorbed chains hinder the highly ordered assembly at the oil-water interface, 

which in turn prevents these peptoids from forming nanosheets.  

The results presented in this dissertation have thus provided an in depth 

molecular-level picture for describing polyelectrolyte behavior at the oil-water 

interface.  In particular, these results have implications for a variety of fields in which 

polyelectrolyte assembly between two immiscible liquids is important, such as for 

describing the behavior of proteins at the surface of a cell, understanding the fate and 

transport of toxins and nutrients in the environment via humic acids, or determining the 

ability of polyelectrolytes to stabilize emulsions for enhanced oil-recovery. These 
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studies have paved the way for future studies aimed at exploring more complex 

polyelectrolytes systems, such as polyelectrolytes with co-adsorbates, at the oil-water 

interface with VSF spectroscopy that have prevalence in more realistic systems. 
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APPENDIX A 
 

FITTING PARAMETERS FOR PMA IN THE ABSENCE OF METAL IONS 
 
 

Table A.1. Parameters used to fit the iPMA and sPMA (pH ≤4) spectra in Chapters III 
and IV.  
Peak Position 

(cm-1) 
Phase 
(Rad.) 

ΓL
100-103 

(cm-1) 
  Assignment 

1729 ± 2 3.14 5 Carbonyl stretch (water rich) 

1788 ± 3 0 5 Carbonyl stretch (oil rich) 

2534 ± 7 3.14 5 Carboxylic acid OH stretch 

2888 ± 2 0 2 End cap methyl/methylene stretches 

2928 ± 2 0 2 Methyl stretch 

2934 ± 2 0 2 Methyl stretch 

2980 ± 4 3.14 2 Methylene stretch 

3111 ± 37 0 5  
Coordinated surface water OH stretches 3496 ± 18 3.14 5 
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APPENDIX B 
 

FITTING PARAMETERS FOR iPMA IN THE PRESENCE OF METAL IONS 
 

 
Table B.1. Parameters used to fit the iPMA+CaCl2 spectra in Chapter V.  
Peak Position 

(cm-1) 
Phase 
(Rad.) 

100-103 

(cm-1) 
Assignment 

1365 ± 3 3.14 5 Carboxylate stretch (high water solvation) 

1400 ± 4 3.14 5 Carboxylate stretch (low water solvation) 

1712 ± 2 3.14 5 Carbonyl stretch 

2732 ± 4 3.14 5 Carboxylic acid OH stretch 

2881 ± 2 

2917 ± 2 

2927 ± 2 

2937 ± 2 

3.14 

0 

3.14 

3.14 

2 

2 

2 

2 

 
 

Methyl/methylene stretches 

3196 ± 2 

3463 ± 3 

0 

3.14 

5 

5 

 
Surface coordinated water OH stretches 

3681 ± 3 0 12 Free-OH stretch 

 
 
Table B.2. Parameters used to fit the iPMA+KCl spectra in Chapter V.  
Peak Position 

(cm-1) 
Phase 
(Rad.) 

100-103 

(cm-1) 
Assignment 

1346 ± 2 3.14 5 Carboxylate stretch (high water solvation) 

1398 ± 2 3.14 5 Carboxylate stretch (low water solvation) 

1719 ± 2 3.14 5 Carbonyl stretch 

2700 ± 11 3.14 5 Carboxylic acid OH stretch 

2868 ± 2 

2923 ± 3 

2936 ± 9 

2956 ± 7 

3.14 

3.14 

0 

0 

2 

2 

2 

2 

 
 

Methyl/methylene stretches 

3178 ± 2 

3484 ± 6 

0 

3.14 

5 

5 

 
Surface coordinated water OH stretches 

 

ΓL

ΓL
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APPENDIX C 
 

FITTING PARAMETERS FOR PEPTOID STUDIES 
 
 

Table C.1. Parameters used to fit the peptoid spectra in Chapter VI.  
Peak Position 

(cm-1) 
Phase 
(Rad.) 

ΓL
100-103 

(cm-1) 
Assignment 

1357 ± 2 3.14 5 Carboxylate stretch (high water solvation) 

1404 ± 2 3.14 5 Carboxylate stretch (low water solvation) 

1440 ± 2 3.14 5 Carboxylate stretch (NH3+:COO- ion pair) 

1665 ± 2 3.14 5 Amide I stretch 

1761 ± 8 3.14 5 Carbonyl stretch 

2592 ± 16 3.14 5 Carboxylic acid OH stretch 

2898 ± 12 0 2  
 

Alkyl methylene stretches 
 

2925 ± 6 0 2 

2937 ± 2 3.14 2 

2990 ± 72 0 2 

3007 ± 2 0 2  
 

Aromatic CH stretches 3029 ± 2 0 2 

3065 ± 2 3.14 2 

3141 ± 4 0 5  
Surface coordinated water OH stretches 3301 ± 4 3.14 5 

3413 ± 3 3.14 5 Amine stretch? 

3680 ± 7 0 12 Free-OH stretch 
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