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DISSERTATION ABSTRACT 
 
Rebecca Altman 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
June 2021 
 
Title: Water Combination Bands and Mixed Systems at the Oil/Water Interface 
 
 

Surface chemistry is fundamental to life. The interface between oil and water is a 

unique environment home to vital chemical phenomena, from reactions occurring at our 

cell membranes to the functionality of industrial products we consume. Understanding 

the behavior of molecules at the surface between oil and water is necessary for building 

upon fundamental aspects of this ubiquitous surface; however, detailed investigations of 

the molecular level of the oil/water surface are limited due to experimental challenges of 

probing a buried interface. Vibrational sum frequency (VSF) spectroscopy is non-

invasive surface specific nonlinear spectroscopic technique that can probe the population 

and orientation of molecular vibrations at interfaces. The work presented in these studies 

utilizes VSF and surface tensiometry methods to investigate two main areas of surface 

chemistry at the oil/water surface: 1) the presence and implications of weak VSF signal 

from combination bands of surface water molecules, and 2) intermolecular interactions 

between charged and nonionic surface adsorbates in polymer-surfactant and co-surfactant 

mixed systems.  

These studies find the spectral presence of both the stretch + libration and bend + 

libration combination modes of interfacial water molecules are very sensitive to surface 

charge, as is expected from surface water vibrational responses. Due to the broad nature 
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of these modes, their presence in the surface water spectrum can have significant effects 

on the VSF analysis of C-H and C-D vibrational modes from surface adsorbates as their 

alkyl vibrational modes interfere with the signal from water combination bands. Studies 

investigating the surface structure of mixed systems containing nonionic polymer and 

charged surfactants reveal minimal interfacial interactions between charged surfactants 

with surface-active nonionic polymers; however, surface-inactive nonionic polymers, 

such as polyacrylamide, are synergistically drawn to the surface through charge-dipole 

interactions with charged surfactants. Studies investigating co-surfactant mixtures of 

nonionic Span-80 with anionic surfactants indicate competitive adsorption between the 

two surfactant species, as Span-80’s attraction to the oil phase is stronger than any 

intermolecular interactions occurring between Span-80 and the anionic surfactants. 

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

INTRODUCTION 

 
Surfaces are essential to life. While many important events occur in bulk media– 

birds fly through air, fish swim in water– the point where those bulk phases meet creates 

a unique environment home to irreplaceable and life-changing phenomena. The health of 

our global environment is reliant on chemical reactions at the surface of atmospheric 

aerosols. The successful functioning of each cell in our bodies is determined by 

interactions occurring at its membrane surface. Advances in technology that make our 

lives so much easier (and more difficult) are built upon foundational surface properties of 

various materials. Whether we realize it or not, we interact with surface science every 

day, from the air we breathe to the products we buy. 

 Water is a crucial component to many of these interfaces. Its simplistic structure, 

yet intricate behavior is an essential driving force to countless surface processes.1-6 

Experimentally probing various vibrations of water molecules can provide insight into 

intermolecular interactions between molecules located at surfaces, which determine the 

overall properties and function of the surface. Specifically, the properties of the oil/water 

interface are vitally dependent on the behavior of surface water molecules, which impact 

the efficacy of numerous applications occurring at the interface between oil and water, 

such as oil spill dispersant remediation, pharmaceutical drug delivery systems, and the 

functionalization of polymer films.4, 7-11 The presence of additional surface-active 

molecules such as surfactants and polymers can alter the functionality of the interface as 

they interact with surface water molecules, providing desirable molecular structures and 

properties at the oil/water surface. 

However, the surface of water can be extremely difficult to experimentally probe, 

especially at these buried interfaces. Some studies have opted to observe the behavior of 

molecules in bulk phases to then infer what may be happening at the surface, while other 

studies use computational methods to virtually simulate what is likely occurring at these 

difficult-to-observe interfaces.12-15 Several experimental methods such as surface 

tensiometry, ellipsometry, and neutron and x-ray scattering allow the detection of 
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properties of surfaces themselves, each with their own limitations.12, 16-17 However, the 

collective work of the scientific community to culminate the findings of studies utilizing 

all these methods can provide a detailed picture of the mysterious and notoriously 

complex world of surface science. 

 The studies presented in this work utilize surface tensiometry and vibrational sum 

frequency (VSF) spectroscopy experimental techniques to probe molecular systems at the 

oil/water interface. VSF spectroscopy is a surface-specific, non-invasive nonlinear 

spectroscopic experimental technique that provides information regarding the population 

and orientation of vibrational dipoles at an interface.18 The interfacial studies given here 

of the oil/water interface provide novel insight into two main areas of its surface 

chemistry: 1) fundamentally understanding the source of weak resonant responses in the 

surface water spectrum due to combination bands, and 2) probing intermolecular 

interactions between charged and nonionic surface adsorbates. Using VSF spectroscopy 

to observe the behavior of water molecules at the oil/water interface provides a crucial 

foundational understanding of the surface water vibrational spectrum and how it is altered 

by various surface adsorbates. Probing the molecular structure of surface adsorbates 

themselves provides insight into complex interactions between interfacial molecules in 

mixed systems at the oil/water surface. Specifically, molecular interactions between 

charged and uncharged surface species at the oil/water interface are determined in these 

studies through detailed analysis of the adsorbates’ vibrational response in VSF spectra 

and surface pressure measurements of the mixed systems, providing fundamental insight 

into their roles in the industrial and environmental applications in which they are used. 

Chapters II outlines the necessary background information and sum frequency 

generation theory for understanding the purpose and analysis of the studies included in 

this work. Chapter III investigates the fundamental behavior of specific vibrational 

responses from interfacial water molecules not yet reported at the oil/water interface, 

namely the stretch + libration combination mode and the bend + libration combination 

mode, also known as the “association band”. The chapter also investigates significant 

implications of these water combination band responses for the analysis of VSF spectra. 

Chapter III contains material currently under second review for publication, with Dr. 

Geraldine Richmond as the principal investigator for the work. Chapter IV applies the 
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knowledge gained from the analysis of the surface water combination bands to 

investigate various mixed systems of nonionic and charged surface adsorbates at the 

oil/water interface. This chapter begins by investigating several mixed systems of 

nonionic polymers with charged surfactants and analyzes various intermolecular 

interactions responsible for the collective interfacial behavior of molecules in these 

mixed solutions. The chapter then focuses on co-surfactant mixed systems containing 

both nonionic and anionic surfactant species and investigates their possible competitive 

adsorption at the oil/water surface. Chapter IV contains published work with Dr. 

Geraldine Richmond as the principal investigator, as well as work that will be published 

with co-authors Evan Christoffersen and Konnor Jones who built upon the preliminary 

findings reported here of competitive adsorption between nonionic and anionic 

surfactants, with Dr. Geraldine Richmond as the principal investigator. Chapter V 

provides a conclusion of the studies presented in this work and summarizes their overall 

implications for the surface science community. 
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CHAPTER II: 

BACKGROUND AND EXPERIMENTAL METHODS 

 
Vibrational Sum Frequency Theory: 

Spectroscopy probes interactions between light and matter. Vibrational 

spectroscopies can probe various molecular vibrations as molecules absorb photons of 

light with frequencies matching that of the molecular vibrations, usually in the infrared 

(IR) wavelength region. Commonly used linear IR spectroscopy methods can probe these 

molecular vibrations by detecting the transmission of a beam of photons through a 

sample of interest as the photon wavelengths vary. However, to spectroscopically detect 

molecular vibrations present at an interface instead of in bulk media, nonlinear 

spectroscopy techniques are required. 

Vibrational sum frequency generation (VSF) is a second-order nonlinear process 

that probes molecular vibrations at an interface. Detailed descriptions of the theory 

behind VSF generation are described elsewhere, however a brief overview is provided 

here.18-21 To understand the origin of a VSF response, it is helpful to begin with a 

mathematical description of how molecules respond to incoming electric fields. The 

electron cloud of each molecule determines its response to the electric field of incident 

photons. As the incoming electric field interacts with the electrons surrounding the 

molecule, the molecule experiences an induced electric dipole response, given by 

𝝁 = 𝜇$ + 𝛼𝑬 (1) 

where 𝜇$ is the molecule’s permanent dipole, 𝛼 is its polarizability, and 𝑬 is the vector 

quantity describing the electric field. On a larger scale, when an aggregate of molecules 

experiences an incoming oscillating electric field, their collective response is given by the 

change in polarization, or dipole per unit of volume, 

𝑷 =	 𝜀$𝜒(-)𝑬   (2) 

where 𝜒(-) is the susceptibility describing the macroscopic average of all individual 

molecular polarizabilities (𝛼). Equation 2 describes the linear first-order polarization 

response, however, if the magnitude of the incoming light’s electric field increases, this 

response begins to include nonlinear contributions, as in equation 3, 
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𝑷 =	 𝜀$𝜒(-)𝑬 +	𝜀$𝜒(/)𝑬𝟐 +	𝜀$𝜒(1)𝑬𝟑 + ⋯     (3) 

where 𝜒(/), 𝜒(1), etc. are the nonlinear second-, third-, and higher order susceptibilities. 

The corresponding nonlinearity of each individual molecule’s response to the incoming 

field described by equation 4, 

𝝁 = 𝜇$ + 𝛼𝑬 + 	𝛽𝑬𝟐 + 	𝛾𝑬𝟑 + ⋯     (4) 

where 𝛽,	𝛾, and likewise higher order variables in equation 4 are the nonlinear molecular 

hyperpolarizabilities. 

 Second-order nonlinear optical effects such as sum frequency generation are not 

allowed in centrosymmetric environments. An extended discussion of the origin of this 

selection rule is described elsewhere, although a brief discussion follows here.18-19 

Because all directions are equivalent in a centrosymmetric environment, the second-order 

susceptibility tensor remains unchanged when there is a reversal of the axis, described 

mathematically as 

𝜒678
(/) = 𝜒969798

(/) 	   (5) 

However, fundamental rules of tensors require the sign of the 𝜒(/) tensor to reverse upon 

this inversion in the axis directionalities, as 

𝜒678
(/) = −𝜒969798

(/) 	   (6) 

The only condition under which both equations 5 and 6 are satisfied is when the 𝜒(/) 

tensor for the centrosymmetric environment is equal to zero, indicating the molecular 

vibrations present in bulk media do not produce any VSF response. Interfaces, however, 

are inherently non-centrosymmetric, causing certain 𝜒678
(/) tensor elements to remain non-

zero under symmetry and tensor rule considerations.18-19 This allows molecular vibrations 

present at an interface to be detected by VSF when other conditions, such as the ones 

described below, are met.  

With this surface-specificity of VSF established, the second-order polarization 

response of molecules probed by VSF spectroscopy is thus described mathematically as 

in equation 7. 

𝑷(𝟐) = 𝜀$𝜒(/)𝑬𝟐  (7) 

To experimentally produce a VSF response from molecules at a surface, a fixed visible 

and a tunable IR beam are overlapped in both space and time at an interface. These 
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pulsed lasers allow the detection of the second-order response of interfacial molecules (as 

depicted in Figure 2.1), causing the expression for the second-order polarization of a  

VSF process to be more accurately described by 

𝑷(𝟐) = 	 𝜀$𝜒(/)𝑬;<𝑬=6> (8) 

The second-order nonlinear susceptibility, 𝜒(/), is the macroscopic average of the 

response of interfacial molecules undergoing a vibrational excitation,  

𝜒(/) = 	 ?
@A
〈𝛽〉       (9) 

where N is the number of molecular vibrations being probed that are present at the 

surface and 𝛽 is the second-order hyperpolarizability tensor describing the vibrational 

response of each individual molecule present (as seen in equation 4). The 𝜒(/) term is 

dependent on the average of the molecular hyperpolarizability tensors being probed, 

indicated by the brackets around the 𝛽 term in equation 9. Thus, if the average orientation 

of a particular molecular vibration causes a net cancellation of the vibrational dipoles 

described in the 𝛽 tensor being probed, no VSF signal will be detected even when the 

molecules are present at the surface. The dependence of 𝜒(/) on the number of molecular 

vibrations present at the interface, N, and the average of the molecular 

hyperpolarizabilities, 〈𝛽〉, as shown in Equation 9 reveals the sensitivity of VSF signal to 

both the population and average orientation of molecular vibrations at the surface. 

When the incident tunable IR beam reaches a wavelength resonant with a 

vibrational mode of a molecule present at the non-centrosymmetric environment of an 

 
Figure 2.1: Depiction of a VSF experimental set up, where the aqueous phase is shown in blue and the oil 
phase is shown in yellow. To produce VSF spectra, the vis and tunable IR pulsed beams are overlapped in 
space and time at the interface to probe the 𝜒(/) response of interfacial molecules. 
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interface, the resulting VSF signal intensity is enhanced. This signal enhancement is also 

directly proportional to the intensity of both the incident IR and visible beams, as shown 

in equation 10. 

𝐼EF ∝ 𝐼;<𝐼=6>H𝜒(/)H
/    (10) 

The value of each molecular 𝛽 response contributing to the macroscopic 𝜒(/) response is 

dependent upon both the Raman and IR transition moments of the vibrational mode.18-19, 

21-22 Because the average of the molecular hyperpolarizabilities (𝛽) of the interfacial 

molecules gives rise to the 𝜒(/) VSF response, 𝛽’s dependence on the IR and Raman 

transition moments reveal the VSF selection rule requiring a molecule’s vibrational 

modes to be both IR and Raman active to produce VSF signal.  

As VSF is known to be sensitive to the average orientation of vibrational dipoles, 

altering the polarization of the incoming IR and visible beams can probe the components 

of a molecule’s vibrational dipole present in different orientations relative to the surface. 

A polarization scheme of SSP (sum frequency, visible, and IR beam polarizations, 

respectively) probes net vibrational dipoles perpendicular to the surface, whereas a 

polarization scheme of SPS probes those parallel to the surface. A polarization scheme of 

PPP probes vibrational dipoles with a net orientation either parallel or perpendicular to 

the surface.18 Other polarizations schemes, such as PSP, have been shown to selectively 

probe the vibrational response of chiral structures (either molecularly or macroscopically) 

at the surface.23-25 The studies described in this work utilize polarization combinations of 

SSP, SPS, PPP, and PSP to investigate the interfacial structure of surface molecules.  

 

Laser System and Experimental Setup: 

The visible and infrared beams needed to produce VSF signal are generated by an Ekspla 

SFG spectrometer with 30 ± 3 ps pulses at a repetition rate of 50 Hz. To generate the 

laser pulses, a master oscillator uses a photodiode through a gain medium to produce a 

beam mode-locked by a saturable absorber. This beam undergoes two amplification 

processes, both using Nd:YAG gain mediums, causing the wavelength of the amplified 

beam to be 1064 nm. The seed pulse then passes an array of optics that split the pulse into 

three beams: one remaining at 1064 nm, and the other two frequency-doubled by second 

harmonic generation (SHG) through KDP nonlinear crystals to produce 532 nm beams. 
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One of these 532 nm beams is directed to the interface and is used as the visible beam 

when producing VSF signal at the interface in the sample cell. The second 532 nm beam 

passes through an OPG and OPA, which includes nonlinear crystals and a diffraction 

grating that selectively tune the idler beam pulse. This pulse, combined with the 

remaining 1064 nm beam, undergoes difference frequency generation (DFG) in a silver 

gallium sulfide (AgGaS2) crystal to produce the tunable infrared pulse (2 - 10 μm) 

incident to the interface sample, where it is overlapped with the 532 nm visible pulse in 

both space and time. As the VSF signal is produced from these overlapped beams at an 

interface of interest, a series of optics selectively filters out the unwanted wavelengths 

and polarizations of light, leading the sum-frequency signal beam to a monochromator 

and photomultiplier tube detector, where the VSF signal at each wavelength is recorded 

to produce a spectrum with a resolution of ± 3 cm-1. A schematic of this experimental 

laser setup is shown in Figure 2.2. 

The standard sum frequency cell setup used in these studies utilizes a bottom-up 

geometry where both the visible and tunable IR beams pass through a calcium fluoride 

window and ~3.5 cm of a carbontetrachloride (CCl4) oil phase before reaching the 

CCl4/water interface while overlapped in both space and time. The beam angles at the 

point of the interface allow for total internal reflection, which produces the maximum 

enhancement of sum frequency generation at the surface. Specifically, the 532 nm visible 

beam has an incident angle of 68 degrees with an average energy of ~4 µJ per pulse. The 

tunable IR beam has an incident angle of 76 degrees with an average energy of ~60 µJ 

 
 
Figure 2.2: A schematic of the laser system used in these studies. Our setup includes an Nd:YAG gain 
medium to amplify a 1064 nm beam, which is split and frequency doubled before undergoing difference 
frequency generation (DFG) to produce the tunable IR beam incident on the interface. 
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per pulse in the wavelength region of 2800 – 3100 cm-1. The energy of the tunable IR 

beam varies slightly depending on the chosen wavelength, and as such, all spectra 

presented here are normalized. To account for these any wavelength-dependent changes, 

as well as any IR absorption through bulk media, the VSF spectra are normalized to the 

nonresonant signal produced by a gold mirror suspended in CCl4 at each corresponding 

wavelength in the spectral range of interest.26 All spectra reported here are an average of 

at least three different spectra taken on separate days, each with an averaged 550 shots 

per point. 

 

Spectral Fitting Procedure: 

Because VSF spectroscopy is a nonlinear process, the vibrational modes probed at 

the surface and detected in the resulting spectrum can mix with each other to produce 

constructive and destructive interferences. Such mixing can occur between both resonant 

and nonresonant responses at the surface. Thus, it is important to mathematically fit the 

resulting VSF spectra to be able to quantitatively comment on specific spectral features. 

Fits to spectra in the studies presented here follow previous Richmond publications 27 

where the procedure described by Bain et al 22 fits line shapes to a convolution of a 

Gaussian and Lorentzian distribution (Equation 11), taking into account the homogenous 

broadening (ΓJ) caused by the nature of the vibrational transition as well as the 

inhomogenous broadening (Γ=) caused by the molecular environment of the detected 

vibrational modes. Each peak is fit to five parameters: amplitude (𝐴=), phase (𝜑=), 

Lorentzian linewidth (ΓJ), frequency (𝜔=), and Gaussian linewidth (Γ=). 

H𝜒(/)(𝜔EF)H
/
= 	 N𝜒?<

(/)	𝑒6PQR +	∑ ∫ UVWXYVWZ[(\]Z\V)/_V]
a

b]9bcR96d]

e
9e= 𝑑𝜔JN

/

        
(11) 

A series of spectra can be globally fit, where certain parameters known to remain 

constant between systems are fit simultaneously to each spectrum in the series. 

Mathematical fits to spectra included in this study were either individually or globally fit, 

the details and parameters of which can be found in the corresponding Appendices. 
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Sample Preparation: 

The oil/water interface investigated by VSF spectroscopy and surface tensiometry 

in these studies utilized carbon tetrachloride (CCl4) as the oil phase due to its 

transmission of the IR beam in the wavelength regions of interest. The CCl4 was 

purchased from Sigma Aldrich (HPLC grade, 99.9%) and was twice distilled before use. 

The H2O used in these studies was filtered to ultrapurity with a resistance of 18.2 

MΩ·cm. The D2O aqueous solvent used in these studies was purchased from Cambridge 

Isotope Laboratories, Inc. at 99.9% deuteration and was used as received. D2O was used 

as the aqueous solvent in many of the VSF studies presented here to shift the water 

vibrational modes out of the region of alkyl vibrational modes (2800-3000 cm-1), so C-H 

stretches of interfacial surfactants and polymers could be observed. The specifications for 

each chemical used in the studies presented here follows. 

Polyacrylamide (PAM) (Mn = 40,000) containing no amount of hydrolysis, 

poly(ethylene glycol) (PEG, Mn = 4,600), and poly(vinyl alcohol) (PVA, Mn = 89,000-

98,000) with 99% hydrolysis were purchased from Sigma Aldrich. Pluronic F127, a 

block co-polymer with polyethylene oxide and polypropylene oxide monomers, was 

purchased from Thermo Fisher Scientific. The cationic surfactants 

dodecyltrimethylammonium bromide (DTAB) and cetrimonium bromide (CTAB) used in 

these studies were purchased from Acros Organics the highest purity possible (99+%). 

Their fully deuterated analogues (d34-DTAB and d42-CTAB) were purchased from CDN 

Isotopes, both at the highest purity possible (98+%). Anionic sodium dodecyl sulfate 

(SDS) surfactant and its fully deuterated analogue (d25-SDS) were purchased from Sigma 

Aldrich at the highest purities possible (99.0% and 98.0+%, respectively). Sorbitan 

monooleate (Span-80) was purchased from Sigma Aldrich. Dioctyl sulfosuccinate sodium 

salt, also known as sodium bis(2-ethylhexyl) sulfosuccinate, (AOT) was purchased from 

Sigma Aldrich at 99% purity. It’s alkyl tail deuterated analogue, sodium bis(2-

ethylhexyl-d17) sulfosuccinate, (d-AOT) at 98% deuteration was purchased from Sigma 

Aldrich. All surfactants and polymers were used as received.  

While some evidence suggests small amounts of dodecanol contaminants are 

found in commercial sources of SDS,28-30 it has been shown that dodecanol does not 

affect the surface properties of SDS at the oil/water interface due to its high solubility in 
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oil.31-32 While trace amounts of dodecanol may be present in the studies herein containing 

SDS surfactant, we attribute any interfacial effects from these samples as being induced 

by the SDS surfactant.  

All glassware and VSF sample cells were extensively cleaned before use, by first 

soaking in a concentrated sulfuric acid bath containing NoChromix for at least 12 hours 

and subsequently placed in an ultrapure water bath for at least 12 hours. Stock solutions 

of all chemicals used in these studies were made and stored in acid-washed glassware. 

Unless otherwise stated, all VSF sample solutions of mixed systems containing two 

aqueous solutes (surfactants or polymers) were prepared by creating 5 mL samples of 

each surfactant/polymer at twice the desired concentration. These individually diluted 

solutions were then mixed together to create a 10 mL aqueous sample at the appropriate 

concentrations for each solute. Surface tensiometry samples were prepared similarly, but 

with a final volume of 5 mL. These mixed system aqueous solutions were used 

immediately after they were created. 

  

Pendant Drop Surface Tensiometry: 

Surface tension measurements utilized the pendant drop method on a KSV 

Instruments Attension Theta Optical Tensiometer. As molecules adsorb to an interface 

and alter the interactions between the surface species, the resulting surface tension 

changes. Surface tensiometry provides complimentary information to VSF data by 

allowing a quantitative measurement with implications regarding the amount of 

molecular adsorbates at the oil/water interface.26, 33-34  

For the pendant drop experimental method used here, a hook-needle containing 

the aqueous solution of interest was suspended in a cuvette containing the oil phase, 

CCl4. Images of the droplet shape were taken in increments over time and fit to the 

Young-Laplace equation to obtain the surface tension value as molecules in the aqueous 

solution adsorbed to the surface. Measurements began immediately after the aqueous 

drop was formed in the oil and continued until equilibrium was reached, where the 

surface tension no longer changed.  

Reported values of these experiments are often conveyed as a measure of surface 

pressure, which is obtained by subtracting the surface tension value for each aqueous 
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sample from the neat oil/water surface tension measurement. Thus, a neat CCl4/water 

surface has a surface pressure value of 0 mN/m and aqueous solutions containing surface 

adsorbates cause an increase in the system’s surface pressure over time as the molecules 

aggregate to the surface. The neat CCl4/water surface tension value was taken before each 

sample run to ensure the cleanliness of the instruments, with an averaged value of 45 ± 1 

mN/m.  

  



 

- 13 - 

 

CHAPTER III: 

WATER COMBINATION BANDS AT THE OIL/WATER 

INTERFACE 

 
 This chapter contains work currently under publication review, with Dr. Geraldine 

Richmond as the principal investigator. 

Understanding the vibrational spectrum of water at hydrophobic interfaces is 

necessary for investigating complex surface chemistry phenomena. However, spectral 

assignments of water modes at surfaces as studied by Vibrational Sum Frequency 

spectroscopy are often more nuanced than in linear spectroscopy. Previous studies 

investigating the water spectrum at hydrophobic surfaces have mainly focused on the 

region of the O-H stretch oscillators (3000 - 3700 cm-1), yet there are many other water 

modes detected by VSF at these surfaces that are consequential to understanding the 

water spectrum at hydrophobic interfaces.20, 35-42 The studies discussed in this chapter 

investigate the source and charge dependence of two water combination modes present in 

the VSF spectrum at the oil/water surface, and their implications for analyzing various 

regions of VSF spectra. The oil/water surface provides an ideal chemical system for 

investigating these modes, as the small nonresonant background at the oil/water surface 

does not obscure the VSF detection of weak resonant modes. 

 
The Water Stretch + Libration Combination Band: 

The studies presented in this section provide insight the source of a broad 

response in the surface water VSF spectrum that appears at energies slightly higher than 

the free OH at the oil/water interface. Isotopic dilutions of the aqueous solvent 

demonstrate this signal is due to a combination mode of the stretch and libration motions 

of interfacial water. This mode is found to be highly sensitive to surface charge. In 

addition to providing previously uninvestigated details of this response, the results 

reported here contain important implications for analyzing various chemical systems by 

VSF spectroscopy. 
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A) The neat water spectrum at the oil/water interface 
 

The O-H stretch oscillators present at the bare oil/water surface have been studied 

in detail.35, 38, 43 However, previous investigation of the high energy region of the water 

spectrum of water stretch oscillators is limited, though questions regarding the source and 

behavior of VSF signal in these regions remain.44-47 This lack of previous investigation is 

likely due to the experimental difficulties in probing such weak signals that exist in this 

high-energy region. This study utilizes VSF spectroscopy to analyze resonant modes 

from interfacial water molecules in this vibrational region.  

The VSF spectra of the high energy region for the bare water spectrum at the 

oil/water interface is shown in Figure 3.1 with aqueous phases of H2O (red trace), and 

D2O (circles trace). The spectral region shown probes the vibrational response from H2O 

molecules, thus, D2O resonant modes are not present in this region, as they redshift to 

lower wavenumbers upon deuteration. The straight fit line through the D2O experimental 

data is the nonresonant signal at the oil/water interface, discussed later in further detail.  

It is well understood from literature that the sharp feature in the H2O spectrum at 

~3665 cm-1 in Figure 3.1 is free OH mode. This mode results from water molecules with 

one O-H oscillator protruding into the hydrophobic phase, unable to engage in hydrogen 

bonding with other water molecules. The free OH at the CCl4/water interface is redshifted 

to a lower frequency than at the air/water interface, where it is found at 3702 cm-1.36, 48 

 
Figure 3.1: VSF spectra of the neat H2O/oil (stars) and D2O/oil (circles) interface. The sharp peak at 
~3665 cm-1 corresponds to the free OH mode. The weak signal in the 3800-4000 cm-1 region, proposed to 
be from the water stretch + libration combination band, is amplified in the inset. Lines are fits to spectra. 
The fit line in the D2O/oil (circles) trace displays the experimentally determined nonresonant response for 
this system. Full fit parameters can be found in Appendix A, Table A.1. 
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This frequency shift is due to weak bonding interactions with the oil phase that are not 

present at the air/water interface.  

The VSF signal at wavenumbers lower than the free OH (3500-3650 cm-1) 

correspond to the O-H stretch oscillators of surface water molecules in coordinated 

hydrogen-bonding environments. Signal from these modes in VSF spectra are known to 

be very sensitive to surface charge.43, 49 We attribute the feature at ~3744 cm-1, slightly 

blue of the free OH, to the asymmetric stretch of water monomers at the CCl4/water 

interface, as assigned in previous experimental and computational studies.35-36, 50 

The spectra of the H2O and D2O surfaces in the high energy region are shown in 

spectral inset of Figure 3.1, with a y-axis scale that allows the magnification of the weak 

signal detected. While the VSF signal in this region is certainly weak compared to the 

intensity of the free OH, it can be observed that the CCl4/H2O spectrum (red stars trace) 

displays a higher signal intensity than that of the nonresonant signal detected at the 

CCl4/D2O surface, indicating resonant signal contributions from water molecules are 

present in this region.  

While this may be considered an unusual region to observe resonant signal from 

H2O, as O-H stretching modes higher in energy than the water monomer O-H stretches 

are traditionally not expected, previous VSF studies have observed similar signal blue of 

the free OD for D2O solutions, but have not attributed it to a specific assignment.45-47 

However, literature of IR, Raman, and computational studies investigating the vibrational 

behavior of bulk liquid water and gas phase water clusters suggest signal detected in this 

region is likely due to a combination band of a water libration with a water stretch.51-60 

Specifically, previous gas phase studies attribute the source of this combination band to a 

water asymmetric O-H stretch being excited simultaneously with a low-frequency torsion 

libration.51-52, 55, 58 Water librations are detected at very low frequencies, which are 

extremely difficult to detect spectroscopically by VSF at an interface.61-63 However, when 

one of these libration vibrations is excited simultaneously with a water stretching 

vibration to create a combination band, the frequency lies at energies slightly higher than 

where the free OH is found.51-52, 55-56 For the chemical systems investigated here at the 

liquid water surface, the O-H stretches of the hydrogen-bonded water molecules excited 

simultaneously with the libration motions causes the frequency of the resulting 
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combination mode to appear at energies to the blue (higher) than the free OH at the 

oil/water interface.43, 52, 56, 63 

Before delving into a further analysis of this weak signal due to the water 

combination mode, it is important to discuss several factors that are often neglected when 

analyzing intense VSF signals but are important to consider when investigating weak 

resonant responses such as the one studied here. Namely, the nonresonant contribution to 

the VSF spectrum and any IR beam dispersion from Fresnel factors must be considered. 

Analysis of VSF spectra is often complicated by the background nonresonant 

response, and understanding this response is important for evaluating accurate resonant 

mode features. The magnitude of the nonresonant response can be dependent on several 

factors including experimental laser setup, surface charge and surface medium.38, 64-66 The 

picosecond experimental system used in this study is able to detect a small but 

measurable nonresonant response at the oil/water interface. The nonresonant response 

shown in Figure 3.1 as the straight fit line through the CCl4/D2O spectrum (circles trace) 

is incorporated into all subsequent fits of VSF spectra at the oil/water interface. This 

weak nonresonant response was determined by experimentally measuring the VSF signal 

produced by the purely D2O aqueous phase in the high-energy region of the H2O 

spectrum where no resonant VSF signal is produced from D2O. Thus, the constant VSF 

signal detected in this region is from the flat nonresonant background. Some previous 

VSF publications investigating the oil/water interface have deemed the nonresonant VSF 

signal negligible when compared to the intensity of the free OH or water stretching 

modes, which is consistent with what is shown here.26, 33-34, 38 However, when much 

weaker resonant modes are present, the small nonresonant signal can interfere with 

vibrational responses, affecting the spectral analysis if not included in the fitting 

procedure (full fit parameters can be found in Appendix A). 

The nonresonant background detected with the picosecond laser system in these 

studies at the oil/water interface is significantly less intense than what has been shown to 

be present at the more commonly studied air/water interface.43, 49, 67 Because the resonant 

modes of interest in these studies are very broad and weak, the small nonresonant 

background of the oil/water surfaces makes it an ideal interfacial system for investigating 

these water modes, as there is minimal interference between the weak resonant and 
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nonresonant signals. While the water modes investigated in this study are likely present at 

the air/water interface as well, the more intense nonresonant background interfering with 

the weak resonant signal would make it more difficult to experimentally detect. It is 

possible that utilizing a heterodyne detection VSF experimental design would allow the 

investigation of these weak resonant modes at other hydrophobic/water interfaces by 

eliminating interferences; however, appropriate sensitivity for these studies must first be 

experimentally achieved.  

Taking into account any changes to the VSF spectrum from IR beam dispersion as 

calculated by the Fresnel factors must also be considered for the present study, as the 

spectral shape of these very weak resonant modes can be significantly affected by IR 

dispersion. As the tunable IR beam changes frequency, the refractive indexes of the 

interfacial media may allow increased IR beam dispersion into the bulk phases at 

particular wavelengths, affecting the maximum amount of VSF signal intensity that can 

be detected at each incoming IR wavelength. This phenomenon is dependent upon 

several factors, including the incoming angles of the visible and IR beams, as well as the 

refractive index of the bulk phases comprising the interface. Although our experimental 

design allows for total internal reflection of both the visible and IR beams, any 

wavelength-dependent IR dispersion can still affect the resulting features in the overall 

spectrum detected. To account for these wavelength-dependent effects, the Fresnel 

factors are used to calculate any dispersion at each IR wavelength for a particular 

interface.68-69 The experimentally obtained spectrum can then be normalized to account 

for any dispersion effects. The most significant effects of normalizing to the Fresnel 

factors occur when there is enough variation in the IR beam dispersion that the 

experimentally detected VSF peaks show spectral shapes that are artifacts of the 

refractive index IR wavelength-dependence and are not actual resonant modes of 

interfacial molecules. Thus, it is important to analyze VSF spectra of weak signal 

intensity to verify the observed spectral shapes are in fact due to resonant modes. 

The Fresnel factors were calculated for this experimental system by accounting 

for both the real and imaginary parts of the refractive index of water.69 The red trace in 

Figure 3.2 shows the original spectrum as normalized by our routine normalization 

process (see Chapter II), and the blue trace is normalized further by accounting for the 
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system’s calculated Fresnel factors. It can be seen that while there are slight variations in 

intensity, the overall spectral shape of the water spectrum’s high energy region remains 

largely unchanged. This indicates that the IR dispersion for the system in this region 

causes largely negligible effects on the overall analysis of the spectrum’s resonant 

features. Thus, all subsequent spectra shown in this chapter were not normalized to 

Fresnel factors. This analysis provides further confidence in the weak signal detected in 

this region originating from resonant modes at the oil/water surface.  

With this confidence in the resonant nature of the weak signal of interest, Figure 

3.3 shows an isotopic dilution study at the neat oil/water interface to further understand 

the high energy region of the neat water spectrum. The isotopic dilutions consist of 

varying ratios of H2O:D2O, which are summarized in Table 3.1 along with the respective 

mole fraction ratios of H2O, D2O, and HOD populations. HOD is produced from 

hydrogen-deuterium exchange, and the mole ratios at each H2O:D2O ratio were 

calculated as in previous publications.49 

As different ratios of H2O and D2O are mixed, the aqueous phase consists of 

varying amounts of H2O, D2O, and HOD molecules. Because the water stretch + libration  

combination band arises from the combination of stretch and libration vibrations from 

intramolecularly coupled H2O molecules, VSF signal from this band is expected to only 

appear when there is a significant amount of H2O in the aqueous phase. Isotopic dilutions 

 
Figure 3.2: The VSF spectrum of the neat H2O/CCl4 surface as detected experimentally with (blue trace) 
and without (red trace) normalization of the calculated Fresnel factors, including both the real and 
imaginary part of the refractive index of water. Lines connect experimental data points for visual clarity. 
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of H2O:D2O can help elucidate what signal is produced by this water combination band, 

as the VSF response will disappear as uncoupled HOD molecules and fully deuterated 

D2O molecules populate the aqueous phase. As the fraction of H2O molecules in the 

isotopic dilution shown in Figure 3.3 increases, the VSF signal in this vibrational region 

also increases until the aqueous phase consists purely of H2O (brown stars trace). Note 

that the highest HOD concentration produced in this series occurs at a H2O:D2O ratio of 

0.6:0.4 (diamonds trace), at  0.48 mf. Additionally, the H2O:D2O ratio of 0.1:0.9 (squares 

trace) produces the highest ratio of HOD:H2O (0.18mf : 0.01mf) in this series. For this 

isotopic mixture, resonant VSF contributions of O-H vibrations can be attributed 

primarily to the uncoupled O-H bonds of HOD. 

 
Figure 3.3: Isotopic dilution VSF spectra at the CCl4/water interface of the neat surface. H2O:D2O ratios of 
0:1, 0.1:0.9, 0.3:0.7, 0.6:0.4, and 1:0 are shown as the circle, square, triangle, diamond, and star traces, 
respectively. The peak at 3665 cm-1 is the free OH. The spectral inset displays the region of the stretch + 
libration combination band for clarity. Lines are fits to spectra. Full fit parameters can be found in Appendix 
A, Table A.2. 

 
H2O:D2O XH2O XD2O XHOD 

0:10 0 1 0 
1:9 0.01 0.81 0.18 
3:7 0.09 0.49 0.42 
6:4 0.36 0.16 0.48 
10:0 1 0 0 

Table 3.1: Mole fractions (X) for H2O, D2O, and HOD at the various H2O:D2O isotopic dilution ratios used 
in Figure 3.3.  
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The free OH feature in the neat CCl4/H2O interface grows in intensity as the 

concentration of O-H oscillators replace the deuterated O-D oscillators present in the 

aqueous phase. The lineshape of the free OH mode also narrows as the ratio of H2O:D2O 

increases to 1:0, as the O-H stretches contributing to the free OH at this ratio arise solely 

from H2O molecules at the interface instead of a mixture of H2O coupled O-H stretches 

and HOD uncoupled O-H stretches. 

 As the high energy broad peak is comprised of the energetic combination of an 

H2O stretch with an H2O libration, no signal is observed at 3830 cm-1 when the majority 

of water molecules are fully deuterated (0% in the circles trace and 1% in the squares 

trace). When the population of H2O species in the aqueous phase increases to 9% 

(triangles trace), signal from this broad band is weakly observed and included in the 

spectral fits (see Appendix A). As the population of H2O molecules continues to increase 

to 36% and 100%, the intensity of the combination band peaks continues to increase. 

The breadth of this peak is consistent with what is expected for this mode. 

Because the VSF signal from the interfacial water stretch + libration combination band is 

dependent on the behavior of water stretches, it is expected to manifest the same 

lineshapes as the water stretching bands and librational bands.43, 49, 62 Water O-H 

stretching modes are known to have broad spectral peaks due to their extended hydrogen 

bonding environments, thus the water combination band would be expected to mirror 

these broad lineshapes. 67, 70-72 Because of its broad lineshape, the water combination 

band can influence spectral features across a large frequency range beyond where its peak 

is centered, which Figure 3.3 shows to be true. 

Through these isotopic dilution studies, it is concluded that the broad VSF 

resonant signal at energies higher than the free OH originate from a resonant H2O 

response, specifically the water libration + stretch combination mode. Previous studies 

have confirmed the O-H water stretching region is very sensitive to surface charge. To 

further confirm the presence of the stretch + libration combination band in the surface 

water spectrum and to understand how it responds to a charged interface, the behavior of 

the water combination band region in the presence of cationic and anionic surface charge 

is discussed next. 
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B) Isotopic dilution studies of the water spectrum at the oil/water interface in the 
presence of surface charge 
 

It is well established that the vibrational region of O-H stretch modes (2800-3700 

cm-1) from interfacial water is sensitive to surface charge.35-36 When a charged surfactant 

is present at an oil/water surface, water molecules orient their dipole in response to the 

electrostatic field. Due to the field induced by the charged surfactant, the VSF spectrum 

in SSP polarizations probes water molecules that have a net orientation perpendicular to 

the interface in an extended interfacial region, beyond the first few Angstroms probed in 

a bare surface spectrum.35, 37, 73-77 These field-oriented water molecules in the extended 

region experience more hydrogen bonds to surrounding water molecules. Thus, the 

surface spectrum of a charged surface shows O-H stretching features of more strongly 

coordinated water molecules in the 2800 – 3600 cm-1 region.35 

The sensitivity of water modes in the high energy region of the water spectrum to 

surface charge has been noted in previous studies35-36, however, it has not been examined 

in any detail before. To understand how these high energy water modes are affected by 

charge at the interface, the water combination band behavior of H2O:D2O isotopic 

dilutions in the presence of cationic and anionic surface is studied here. 

Figure 3.4 shows the water spectrum as probed by VSF spectra at different 

isotopic dilutions at the oil/water interface with either cationic or anionic surfactant 

present. Water modes interfere with each other differently when surface charge is 

introduced to the interface due to their different phases as water dipoles reorient. These 

charge-induced interferences in the water modes result in different lineshapes observed 

around the free OH (3600-3750 cm-1) for the neat water spectrum in Figure 3.1 compared 

to the anionic and cationic surfaces shown here in Figure 3.4. 

Both Figures 3.4a and 3.4b show different VSF intensities for the fully D2O 

(circles) trace than what is reported as the nonresonant spectra from a bare interface in 

Figure 3.1. As a charge is introduced to the surface, the VSF spectrum is affected by 

nonresonant signal produced from a field-dependent background, referred to in previous 

work as a type of 𝜒 (3) effect.78 The properties of this nonresonant background are 

dependent on the sign of charge and the strength of the electrostatic field produced at the 

surface, causing the VSF intensity of the circles traces in Figures 3.1, 3.4a, and 3.4b to 
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vary. Where the D2O/oil spectrum in Figure 3.1 only consists of the nonresonant signal 

from the bare oil/water interface, the D2O/oil spectra of the 0.1 mM SDS and 0.1 mM 

DTAB also contain contributions of the field-dependent nonresonant signal that varies 

with surface charge. The nonresonant signals containing the field-dependent responses 

from charged D2O/oil interfaces are hereafter referred to as the systems’ corresponding 

VSF nonresonant background signals.  

 

 

 
Figure 3.4: Isotopic dilution VSF spectra at the CCl4/water surface with 0.1 mM anionic SDS (a), and 0.1 
mM cationic DTAB (b). H2O:D2O ratios of 0:1, 0.1:0.9, 0.3:0.7, 0.6:0.4, and 1:0 are shown as the circle, 
square, triangle, diamond, and star traces, respectively. The respective mole fractions of H2O, D2O and 
HOD can be found in Table 3.1. The peak at 3665 cm-1 is the free OH. The spectral inset in (b) displays the 
region of the stretch + libration combination band. Lines are fits to spectra. Full fit parameters can be found 
in Appendix A, Tables A.3 and A.4. 
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It is noted that the D2O/oil spectra with DTAB in Figure 3.4b shows a slight free 

OH feature at 3690 cm-1. This is attributed to trace amounts of non-deuterated water 

contaminants from deuteration impurities. This peak is also present in the spectra of bare 

and anionic surfaces; however, it is most apparent in the 0.1 mM DTAB spectra due to 

the elevated VSF nonresonant background of the cationic system. 

Comparing Figures 3.4a and 3.4b, it can be seen that the behavior of the water 

stretch + libration combination band above 3800 cm-1 shows significant differences 

between negatively and positively charged surfaces. This is expected, as the interfacial 

water modes interfere differently with variations in the surface charge. A discussion of 

the high-energy region of the water spectrum under both an anionic and cationic surface 

charge follows. 

Figure 3.4a shows the isotopic dilution spectra of water in the presence of 0.1 mM 

anionic SDS. The VSF signal from the water combination band at this anionic surface (fit 

to 3848 cm-1, see Appendix A) is more intense than that of the neat oil/water spectra in 

Figure 3.1 due to more water molecules being probed by VSF at an extended surface 

region in the presence of a surface charge. This is most evident at isotopic dilutions with 

significant amounts of H2O. When the H2O population is very low at 0% and 1% (circles 

and squares trace of Figure 3.4a, respectively), the signal from the H2O combination band 

at the negatively charged surface has a correspondingly weak signal intensity, even with 

the charge causing an extended interfacial region probed by VSF. However, as the 

amount of H2O in the aqueous phase increases through the isotopic dilution to 9%, 36%, 

and 100% (triangle, diamond, and star traces, respectively), the VSF signal from the H2O 

combination band continuously increases, reaching peak intensities higher than the same 

H2O compositions at a bare surface.  

Figure 3.4b shows the effects of an oppositely charged surface (0.1 mM cationic 

DTAB) on the isotopically diluted H2O combination band surface behavior. Although the 

overall intensity of the region encompassing the combination mode in these spectra 

appear much lower than in the anionic SDS system, the signal intensity solely from the 

water combination band at this cationic surface is continually increasing as the amount of 

H2O increases from 0% to 100%, as would be expected (see Appendix A). As this signal 

from the combination mode negatively interferes with the nonresonant signal at this 
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surface, the overall VSF intensity in this region first appears to decrease (going from 0% 

to 1% and 9% H2O) before increasing (to 36% and 100% H2O) through the isotopic 

dilution series. The interference between the flat nonresonant signal of the cationic 

surface with the broad resonant signal from the combination mode causes this dip and 

rise in the overall intensity through the isotopic dilution series, even though the signal 

intensity from the combination mode continually increases as the population of H2O 

molecules in the aqueous phase increase.  

If the broad signal detected in this region at these charged surfaces are indeed due 

to a resonant water mode, the same isotopic dilution series performed at anionic and 

cationic surfaces should display VSF responses from water modes with opposite phases. 

The comparison of spectral features in the 2800 – 3000 cm-1 region in Figures 3.4a and 

3.4b shows this to be true, further confirming that interfacial water modes are the origin 

for the weak VSF signal the high energy region of the water spectrum.  

The addition of salt to a charged interface electrostatically screens the surface 

charge, causing the probed interfacial depth to decrease and become more similar to that 

of a bare surface, even when charged surfactants are present.43, 79 As fewer water 

molecules are probed, the signal intensity from the water modes decreases. Figures 3.5a 

and 3.5b display the H2O and D2O water spectra, respectively, of 0.01 mM d-SDS in the 

presence of a high salt concentration (1 M NaCl). The VSF intensity in the water 

combination band region in these figures decreases as salt is added to the system, true 

when the aqueous phase is either H2O or D2O.  

It is noted that in Figure 3.5b, some VSF signal intensity is still observed in the 

high-energy region of the D2O spectrum. Several factors are likely contributing to this 

signal: (1) the D2O combination mode is still present, although weaker, (2) the 

nonresonant signal of the d-SDS + NaCl system is more intense than the d-SDS system 

alone (see Appendix A), and (3) the charge screening upon addition of salt allows a much 

higher adsorption of d-SDS molecules to the surface, causing trace amounts of C-H  

stretching signal from deuteration impurities to become detectable in the salt system (C-H 

stretches are found in the 2750-3100 cm-1 region). Factors 2 and 3 listed above cause the 

VSF signal in the salt system to increase, however, the spectrum in Figure 3.5b still 

shows an overall lower VSF intensity in the water combination band region. The only 
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plausible factor that would cause a decrease in the signal detected in this region upon the 

addition of salt is a decrease in the D2O stretch + libration combination mode 

contribution to the VSF signal due to charge screening. Thus, the lower intensity 

observed for both the H2O and D2O spectra in Figure 3.5 upon surface charge screening 

with the addition of salt provides further evidence of the water stretch + libration 

combination mode’s responsibility for the signal detected blue of the free OH(D). 

The detection of signal in this high energy region of 3800-4000 cm-1 at all three 

interfacial systems of neat, cationic, and anionic, as well as the VSF signal dependence 

on the addition of salt provides strong evidence of the presence and surface charge 

dependence of the water stretch + libration combination band in VSF spectra at the 

 

                      
 
Figure 3.5: VSF spectra at the oil/water interface with aqueous solvents of H2O (a) and D2O (b). Both 
spectra show the water combination mode region blue of the free OH(D) in the presence of 0.01 mM d-
SDS (blue trace) and 0.01 mM d-SDS + 1 M NaCl (red trace). The free OH is the sharp peak located at 
~3665 cm-1 in 5a, and the free OD is that located at ~2720 cm-1 in 5b. In 5a lines are guides to the eye and 
in 5b lines are fits to spectra. Full fit parameters for Figure 3.5a can be found in Appendix A, Table A.4. 
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oil/water interface. The following section further discusses the dependence of this high 

energy signal on the water libration mode behavior. 

 

C) Combination band frequency shift upon surface charge  

Further exploration of the surface charge effect on the combination band shows 

that in addition to intensity and phase changes, there is also a frequency shift between the 

neat and charged surfaces. The presence of anionic or cationic surfactants at the surface 

causes the water stretch + libration combination band to blueshift in frequency to higher 

wavenumbers compared to a bare surface. At a bare H2O/CCl4 surface, spectral fitting 

reports the combination band centered at a frequency of 3805 ± 8 cm-1. However, the 

frequency position of the combination mode blueshifts to fit frequencies of 3848 ± 3 cm-1 

with 0.1 mM anionic surfactant and 3857 ± 13 cm-1 with 0.1 mM cationic surfactant (full 

fit parameters can be found in Appendix A).  

This blueshift is evidence of this water mode’s dependence on the libration 

motion. Water’s libration motion becomes increasingly frustrated upon additional 

hydrogen bonding, causing the energy of the movement to increase (blueshift).61-62, 70, 73, 

80-82 As either cationic or anionic surfactant is added to the oil/water interface and surface 

water molecules reorient their dipoles in response, their hydrogen bonding networks are 

altered and the coordination between water molecules at the surface increases. This 

causes the libration motion of interfacial water molecules probed by VSF to be higher in 

energy than when at a bare uncharged surface, evidenced by a blueshift in the stretch + 

libration combination band of water molecules at the surface. 

To further elucidate the details of the blueshift in the water combination band and 

altered hydrogen bonding environment upon addition of surfactant, Figure 3.6 shows the 

VSF spectra of the D2O vibrational stretching region at various concentrations of anionic 

surfactant at the D2O/oil interface. The VSF spectra in the wavenumber region of D2O 

vibrations (2600 – 3100 cm-1) displays a higher signal-to-noise ratio than compared to the 

H2O region due to more stable tunable IR energy production, allowing for more clarity 

when analyzing a surfactant concentration series. Figure 3.6 shows the VSF spectra of a 

bare D2O/oil interface, as well as the D2O/oil interface with 0.01 mM and 0.1 mM 

deuterated SDS (d-SDS). The peak at ~2720 cm-1 is from the free OD oscillators at the 
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interface. The rise in intensity at wavenumbers lower than the free OD is due to the 

enhancement of the O-D stretches upon surface charge, and the broad signal at higher 

wavenumbers (2800 – 31000 cm-1) arises from the D2O stretch + libration combination 

band. The SDS surfactant used in these systems was deuterated to shift its C-H stretching 

modes out of the D2O combination band region (2800-3100 cm-1), removing any 

interference between the surfactant C-H stretches and signal from the D2O combination 

band. Anionic SDS was used instead of a cationic surfactant because the combination 

band’s behavior is more visually apparent with anionic surfactant due to the phase 

interaction between the water resonant modes and the VSF nonresonant background 

signal, as discussed previously. It is noted that the features of the D2O/oil interface vary 

slightly from that of the H2O/oil surface, as a vibration’s deuterated analogue is known to 

have slightly different spectral features.3, 48, 66, 83 Additionally, there may be trace amounts 

of impurities in the D2O solvent, as the H2O used in this study was purified to 18.2 

MΩ·cm, while the D2O solvent was not.  It is also noted that an isotopic dilution study in 

the D2O region is not beneficial for the sake of this study, as the addition of O-H 

oscillators would introduce signal in this region from O-H stretches (2850-4000 cm-1), 

which are further amplified by the presence of a surface charge.  

Because the broad nature of the combination mode causes its frequency position 

to be difficult to visually approximate, mathematical fitting of the spectra is necessary to 

quantitatively analyze its peak position. The spectra in these studies were extensively fit 

both individually and globally, and the results report a blueshift in the frequency position 

of the interfacial water stretch + libration combination band from 2815 ± 30 cm-1 at a 

bare surface to 2851 ± 10 cm-1 with 0.01 mM d-SDS. This is expected, as our surfactant 

studies at the H2O/oil interface above discusses this same blueshift. However, when the 

concentration of d-SDS is further increased to 0.1 mM at the D2O/oil interface, the 

frequency position does not show any further blueshift, fitting to a peak position of 2856 

± 10 cm-1 (see Appendix A for full fit parameters). This lack of further blueshift upon 

increased surfactant concentration indicates that the libration movement of the probed 

surface water molecules is not further frustrated by changes in the hydrogen bonding 

network with increased surface charge. 
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Although the peak for the stretch + libration combination band of interfacial water 

in Figure 3.6 does not blueshift further upon the addition of more SDS (from 0.01 mM to 

0.1 mM), the intensity of the combination band continues to increase, indicating a limit to 

how much the water libration is hindered by surface charge. The increase in intensity of 

the combination band with the increase in surfactant suggests more water molecules at 

further interfacial depths are contributing to the VSF signal; however, the additional 

surface charge does not further hinder the interfacial water libration. The observation of a 

blueshift in the broad water combination mode peak in the presence of both cationic and 

anionic surfaces in H2O, as well as with an aqueous solvent of either H2O or D2O 

provides evidence of the mode’s dependence on the water libration behavior, supporting 

the assignment of this high-energy mode as a response from the water stretch + libration 

combination band. 

 

D) Implications for studying the C-H stretching region with VSF 
 

In many studies using VSF to investigate the structure of surface adsorbates, the 

intensity ratio of the C-H symmetric methylene and methyl stretches near 2850 cm-1 and 

2870 cm-1, respectively, are commonly used to determine the relative chain 

conformational order of an adsorbed alkyl surfactant.18, 34, 66 Larger methylene mode 

intensity relative to the methyl mode intensity indicates higher chain disorder. These 

 
Figure 3.6: VSF spectra of the CCl4/D2O interface with no surfactant (grey stars), 0.01 mM d-SDS (light 
blue circles), and 0.1 mM d-SDS (dark blue triangles). The broad signal in the region blue of the free OH 
from 2850-3100 cm-1 is amplified upon the presence of surface charge. Lines are fits to spectra. Full fit 
parameter can be found in Appendix A, Table A.6. 
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experiments are often performed in an aqueous solvent of D2O to avoid interference 

between the C-H stretch modes with the O-H stretches of H2O.65-66, 84-87 As shown by 

Figure 3.6, the D2O stretch + libration combination band produces signal at wavenumbers 

encompassing the range where C-H stretch vibrations are detected (2750-3100 cm-1). 

Thus, neglecting to incorporate the presence of this combination mode into the 

mathematical fits of the spectra can introduce inaccuracies in the resulting fit parameters. 

It is imperative to take into account the presence of the water combination band when 

analyzing C-H stretches in an aqueous solvent of D2O– a consideration this section will 

discuss in detail using model co-surfactant systems. 

Figure 3.7 shows the VSF spectra of two different co-surfactant mixtures of a 

nonionic surfactant with either an anionic or cationic surfactant, demonstrating the 

interference of the interfacial D2O combination band with C-H stretches at the D2O/oil 

surface. The C-H peaks observed in Figure 3.7 are due to nonionic Span-80 surfactant at 

the surface. In addition to nonionic Span-80, the spectra in Figure 3.7 include either 

anionic d-SDS (purple circles), or cationic d-DTAB (blue triangles). The charged 

surfactants are deuterated to shift their C-H stretches out of the spectral region shown, 

allowing the C-H modes in these spectra to be produced solely from the nonionic Span-

80 surfactant.  

As discussed previously, the broad underlying signal from the interfacial water 

combination band at an anionic surface (circles) is visually higher and has an opposite 

phase than the combination band at a cationic surface (triangles). This causes the C-H 

stretches of Span-80 to interfere oppositely with the combination band signal between 

these the cationic and anionic surfaces. Most visually apparent, the sharp peak centered at 

2933 cm-1 from Span-80 displays a lineshape with a dip in intensity as it interferes with 

the broad water mode signal when in the d-SDS system. This same C-H mode manifests a 

more distinct Gaussian-like lineshape when in the cationic d-DTAB system, due to the 

differing phase of the underlying combination band signal between these two charged 

systems. 



 

- 30 - 

 

Additionally, the combination band at these oppositely charged surfaces affects 

the spectra in the region of the methylene symmetric stretch peak (d+) from Span-80, 

located at ~2850 cm-1. Although the underlying combination band signal in the Span-80 + 

anionic d-SDS system causes this peak to visually appear similar in intensity to the 

system with cationic DTAB, the mathematical fits report a much higher intensity for this 

mode when cationic surfactant is present in the co-surfactant mixture versus anionic 

surfactant, as the water combination band is taken into account (see fit values in 

Appendix A). Failing to account for the presence of VSF signal produced from the water 

stretch + libration combination band signal can cause inaccurate results regarding the 

relative VSF intensities produced by other vibrational modes of interest in the same 

region.  

Although the presence of this VSF signal due to water modes is apparent in the 

study discussed here, there may be experimental systems where choosing to not account 

for the combination mode is still appropriate, such as analyzing a spectrum of C-H modes 

in D2O at a surface with a net charge close to zero. It is important to understand the 

experimental factors impacting the surface behavior and spectral features of the 

 
 

Figure 3.7: VSF spectra in the C-H region of 0.02 mM Span-80 with 0.015 mM d-SDS (circles) and 0.02 
mM Span-80 with 0.015 mM d-DTAB (triangles). The C-H stretches of Span-80 are affected by the 
underlying response from the D2O stretch + libration combination mode when in the presence of surface 
charge. Lines are fits to spectra. Full fit parameters can be found in Appendix A, Table A.7. 
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combination mode and analyze systems of interest appropriately. Chapter IV investigates 

various mixed chemical systems at the oil/water interface where accounting for the water 

stretch + libration combination mode is imperative for the accurately understanding the 

system.  

This section has investigated the presence of the water stretch + libration 

combination band at the oil/water surface and its implications for studying the C-H 

stretching region with vibrational spectroscopies. The following section demonstrates the 

presence of another broad and weak combination mode from H2O at the oil/water surface, 

which is found to be important for studies investigating deuterated hydrocarbon stretches 

by VSF spectroscopy.  

 

The Water Bend + Libration Combination Band: 

The purpose of this section is to report and analyze the presence of H2O’s bend + 

libration combination band, also known as the “association band”, located in the C-D 

stretching region, arising from interfacial water molecules. This section will show that 

this water mode is charge dependent, as is expected for interfacial water responses, and 

that understanding its behavior at the oil/water interface is important when considering 

what aqueous solvent to use in VSF analysis of deuterated surfactant studies. 

 Literature has confirmed the presence of a very weak and broad vibrational 

response from bulk H2O molecules in the 2000 – 2400 cm-1 range that arises when water 

bend and water libration motions are excited simultaneously.80, 88-92 Because of the weak 

and broad nature of this mode, its vibrational response spans a large wavenumber region, 

causing the determination of its peak position maxima to be problematic. These studies 

have investigated the properties of this combination band in bulk water, however, it is 

well understood that the behavior of interfacial water molecules varies from that of bulk 

solution. Thus, this study investigates the water bend + libration combination mode 

behavior at the oil/water surface by VSF spectroscopy. 

Understanding the behavior of this mode at the surface of water is important for 

any VSF studies investigating C-D stretches (deuterated C-H stretches) in an aqueous 

H2O solvent, as the broad response from this combination mode can interfere with the 

sharp peaks arising from C-D stretches. One previous VSF study by Tyrode et. al. 
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observed a charge-sensitive background in the C-D stretching region at the air/H2O 

interface when investigating the C-D stretching modes from deuterated SDS (d-SDS).66 

Tyrode et. al. suggested three possible sources for the detected background: 1) the CD2 

methylene Fermi resonance, 2) the symmetric stretch of the CD2 group next to the sulfate 

headgroup of SDS, or 3) the combination band of the bending and libration modes of 

H2O. Tyrode et. al. provide reason for why either source 1 or 2 from C-D modes listed 

above are not very plausible sources of signal for the given system, and thus hypothesize 

the most likely contributing factor to the broad background signal is due to the water 

bend + libration combination mode. However, their analysis of this background 

terminates at suggesting the water bend + libration combination mode as the most likely 

source, and no further investigation on the presence or charge dependence of the mode at 

the air/water surface is pursued. 

 The studies in this section investigate the presence and charge sensitivity of the 

VSF response from this water combination mode in detail at the oil/water surface. By 

first investigating the region with non-deuterated charged surfactants, we eliminate any 

potential C-D contributions and can assume all signal observed in the probed region is 

due to a water response in the presence of a charged surface. Unlike the study performed 

by Tyrode et. al., the use of non-deuterated surfactants in investigating the behavior of 

this broad signal excludes any possible contribution of CD2 methylene Fermi resonance 

or CD2 symmetric stretch modes. 

We then investigate the features observed when the surfactants are instead 

deuterated and their C-D stretching modes are detected in the region along with the water 

response, at both anionic and cationic surfaces. Using our understanding of the water 

bend + libration combination mode and its effects on C-D spectra at charged surfaces, we 

will discuss what factors should be considered when determining an aqueous solvent for 

studying deuterated surfactants with VSF spectroscopy. 
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A) Experimental considerations for detecting VSF signal in the C-D stretching 
region at the oil/water interface 
 
 Before investigating the VSF signal from the water bend + libration combination 

mode, we must consider the experimental limitations in the chosen interfacial system. 

The picosecond VSF laser system used in this study utilizes a bottom-up geometry for 

observing the CCl4/water interface, as discussed in Chapter II. Due to this experimental 

design, the tunable IR beam passes through ~ 4 cm of CCl4 oil phase before reaching the 

water surface. Thus, any absorption of the IR beam at wavelengths within the C-D 

stretching region by the CCl4 oil phase must be considered. Figure 3.8 shows the IR 

transmittance spectrum of liquid CCl4 with a thickness of ~ 3 mm. It can be seen that 

CCl4 molecules begin to absorb IR light at wavelengths on either side of the C-D 

stretching region, at ~ 2020 cm-1 and ~ 2250 cm-1. Similarly, the IR transmittance 

spectrum of CO2 contains a strong IR absorbance beginning at ~ 2200 cm-1. Due to the 

absorbance of IR light by the CCl4 oil phase and ambient CO2, there is a window of ~ 

 
Figure 3.8: IR transmittance spectrum through a CCl4 layer of ~3 mm thickness. The onset of CCl4 IR 
absorption in the C-D stretching region is marked by the blue arrows and the region shaded in green 
corresponds to the window for detecting C-D stretching modes.  
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2020 – 2200 cm-1 for detecting the C-D stretching modes in this experimental system. 

While C-D stretches are found in the 1950 – 2300 cm-1 region and the broad H2O bend + 

libration combination mode has been detected in the region of 1900 – 2350 cm-1, the 

spectral window of 2020 – 2200 cm-1 probed in these studies provides a sufficient 

window for observing both the C-D stretches, as well as the most intense region of the 

H2O bend + libration combination mode response.  

 

B) Charge-dependence of the water bend + libration combination mode 

Figure 3.9 shows the charge dependence of the H2O bend + libration combination 

mode in the presence of both anionic and cationic surfaces. Figure 3.9a shows the VSF 

spectra from H2O water molecules as h-SDS (nondeuterated) surfactant is added to the 

surface. The VSF signal increases in intensity with increased anionic surface charge. This 

is expected, as the interfacial depth probed by VSF increases as water molecules orient 

their dipoles in response to the surface charge, as discussed in the previous section. 

Because the surfactant used in this system is not deuterated, it can be assumed all VSF 

response detected originates from surface water molecules.  

To confirm this charge-dependent water response, Figure 3.9b shows the H2O 

bend + libration combination mode signal in the presence of cationic h-DTAB. Similar 

results of an increase in VSF signal upon increased charged surfactant adsorption is 

observed. The VSF spectra shown in Figure 3.9 are largely featureless, as expected for 

the response of the broad H2O bend+ libration combination mode.80 Nevertheless, the 

increase in intensity upon the addition of either anionic or cationic charge supports the 

assignment of this broad mode to a VSF resonant response from water.  

It is noted that an isotopic dilution study would not be beneficial for this spectral 

region. As O-D oscillators are introduced into the aqueous phase through deuterated 

water, the O-D stretch modes would begin to appear in the region of 2000 – 2700 cm-1, 

which would interfere with the analysis of the O-H stretching modes.  
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C) C-D stretching VSF response in the water bend + libration region 

With an understanding of the surface charge dependence of the water bend + 

libration combination mode from Figure 3.9, deuterated surfactant systems containing C-

D stretching modes are investigated for both anionic and cationic surfactants. Figure 

3.10a shows the VSF spectrum of d-SDS in H2O in SSP polarizations. The methyl CD3 

symmetric stretch (r+) is observed as a peak at ~2070 cm-1. The broad signal detected 

from 2100 – 2200 cm-1 contains contributions from the CD2 methylene symmetric (d+) 

and asymmetric (d-) stretches, and the CD3 Fermi resonance mode, located at ~ 2100 cm-

 
Figure 3.9: VSF spectra of the H2O bend + libration combination mode in the presence of a 
concentration series of anionic h-SDS (a) and cationic h-DTAB (b) surfactants. The broad signal in this 
region attributed to the water bend + libration combination band is amplified upon the presence of 
surface charge. Lines are guides to the eye. 
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1, 2185 cm-1, and 2135 cm-1, respectively.66  The intensity of these modes are elevated 

and their spectral features obscured by the underlying broad H2O bend + libration 

combination mode response.  

 To confirm the contribution of the H2O bend + libration combination mode 

response in this region, Figure 3.10b shows the VSF spectra in this region when cationic 

surfactant is present, allowing a comparison between the two oppositely charged surfaces 

in Figure 3.10. Due to the 180-degree flip in phase of water molecules between the 

anionic and cationic surfaces in Figure 3.10, the water modes interfere oppositely in the 

two spectra with the C-D stretching modes of the deuterated surfactants. This results in 

the overall lower intensity in the 2100-2200 cm-1 region in the presence of cationic 

surfactant (Figure 3.10b), and the oppositely increased intensity in this same region in the 

presence of anionic surfactant (Figure 3.10a) as the C-D stretches and H2O combination 

mode interfere. 

 
Figure 3.10: VSF spectra of 1.5 mM d-SDS in H2O (a) and 5 mM d-DTAB in H2O (b) at the oil/water 
interface. Due to the oppositely charged surfaces, the C-D stretching modes of the deuterated surfactants 
interfere oppositely with the underlying water bend + libration combination mode. Lines are guides to the 
eye. 
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It is important to consider the presence and charge dependence of the water bend 

+ libration combination mode in the C-D stretching region of VSF spectra when 

designing and analyzing studies investigating deuterated surfactants at charged aqueous 

surfaces. Figure 3.11 compares the VSF signal of d-DTAB adsorbed to the oil/water 

interface in an aqueous solvent of H2O and D2O. The use of deuterated water (D2O) 

avoids detection of the H2O bend + libration combination mode in this region. However, 

interfacial D2O introduces signal from O-D stretching modes that are also amplified in 

the presence of a charged surfactant.26 It is seen from Figure 3.11 that both aqueous 

solvents of H2O and D2O produce broad underlying resonant responses, resulting in very 

similar spectral features between the two systems. However, it is noted that the intensity 

of the overall response from the H2O combination mode is weaker that from the O-D 

stretching modes from coordinated D2O molecules. This is an important factor to 

consider when analyzing C-D stretching modes at a charged surface: If the C-D 

stretching modes of interest are weak in intensity, an aqueous phase of H2O may allow 

less interference of the C-D bands with the aqueous background; however, full 

 
Figure 3.11: VSF spectra of 0.5 mM (orange trace) and 5 mM (blue trace) d-DTAB in D2O (a) and H2O (b) 
aqueous solvents. Either aqueous phase displays background signal in the C-D stretching region, either due to D2O 
coordinated O-D stretches, or the H2O bend + libration combination band. Lines are guides to the eye. 
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extermination of any underlying resonant response from the aqueous phase is likely not 

possible. 

The work described in this chapter investigates the presence of broad signal in the 

surface water vibrational spectrum from water combination bands and discusses their 

implications for analyzing VSF spectra containing other vibrational modes interfering 

with the water combination mode signal. The following chapter discusses several 

different mixed systems where both C-H and C-D vibrational modes from surface 

adsorbates are of interest, incident with the same region encompassed by signal from 

water combination modes. As such, both the water stretch + libration and bend + libration 

modes are taken into consideration when investigating the surface structure of mixed 

systems by VSF spectroscopy at the oil/water interface. 
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CHAPTER IV: 

MIXED SYSTEMS AT THE OIL/WATER INTERFACE 

 
 This chapter contains work that will be published with co-authors Evan 

Christoffersen and Konnor Jones, who performed additional experiments to those 

reported here investigating the competitive adsorption of nonionic Span-80 and anionic 

AOT surfactants. I, Rebecca Altman, was the primary contributor to the design and 

development of the experimental studies and performed the data analysis. Dr. Geraldine 

Richmond was the principal investigator for this work. This chapter also contains work 

published in the following citation:  

Altman, R. M.; Richmond, G. L., Coming to Order: Adsorption and Structure of 

Nonionic Polymer at the Oil/Water Interface as Influenced by Cationic and Anionic 

Surfactants. Langmuir 2020, 36 (8), 1975-1984. 

 

Surface chemistry applications utilize the chemical properties of various surface-

active molecules to alter the structure and behavior of interfaces.9, 65, 93-105 Surface 

adsorbates allow the controlled functionalization of interfaces, which is crucial to 

applications such as targeted drug delivery, environmental remediation techniques, and 

the formation of functionalized polymer films.9, 11, 106-121 However, the surface dynamics 

of mixed systems can vary significantly depending on the chemicals involved. Because 

many surface chemistry applications rely on the details of chemical adsorption at buried 

liquid/liquid interfaces, a molecular-level understanding of the structure of these buried 

interfaces is needed.  

This chapter includes studies that use VSF spectroscopy and surface pressure 

measurements to investigate several different mixed systems at the oil/water interface, 

including nonionic polymers/surfactant systems, as well as co-surfactant mixtures. 

Specifically, the interfacial structure formed by the interactions between nonionic 

functional groups and charged surfactants are probed to understand how they alter the 

overall interfacial properties at the buried oil/water interface. Building off of the 

knowledge of water’s fundamental behavior at both neat and charged oil/water interfaces 
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discussed in Chapter IV, the studies investigated here analyze the VSF response of 

polymer and surfactant functional groups in aqueous solution.  

 

I) Nonionic Polymer + Surfactant Systems 
Polymer-surfactant mixtures have been studied extensively both in bulk solution 

and at surfaces, due to their prevalent use in industrial, environmental, and 

pharmaceutical application.99, 103, 108, 115, 122-133 The majority of these studies have focused 

on the behavior of charged polyelectrolytes and surfactants with oppositely charged 

headgroups. The strong electrostatic interactions between these polyelectrolytes and 

charged surfactants significantly impact their cooperative attraction, both in bulk solution 

and at surfaces. However, many applications of polymer-surfactant solutions utilize 

mixed systems of nonionic polymers with surfactants, where the strong charge-charge 

interactions between species no longer exist.98, 108, 115, 127, 134-138 

This section investigates several different nonionic polymers and their behavior at 

the buried oil/water interface when alone in solution and in mixed systems with charged 

surfactants. Nonionic polymers that favorably adsorb to the oil/water interface when 

alone in solution are found to be minimally affected by the added presence of charged 

surfactant. However, surface-inactive nonionic polymers are drawn to the interface by 

synergic interactions with charged surfactants. The molecular functional groups present 

on the nonionic polymer play a significant role in the polymer’s interaction (or lack 

thereof) with charged surfactants. 

 

A) Nonionic polymers alone at the oil/water surface 

 Understanding the surface behavior of nonionic polymers alone at the surface 

allows comparison of their behavior when in the presence of charged surfactants. Here, 

the surface behaviors of three different nonionic polymers are studied at the CCl4/H2O 

surface: polyvinyl alcohol (PVA), polyethylene glycol (PEG), and polyacrylamide 

(PAM). Full chemical specifications for each of these polymers can be found in the 

materials section in Chapter II. 

Figure 4.1 shows the VSF spectrum in SSP polarizations of 0.15 mM PVA at the 

D2O/CCl4 interface. The peak at ~2915 cm-1 is due to the methylene symmetric stretch 



 

- 41 - 

 

(d+)  of the C-H bonds on the polymer backbone. The weak shoulder at ~2950 cm-1 

results from the methylene asymmetric stretch (d-). Although the polymer has an alcohol 

functional group bonded to the backbone, the D2O solvent readily causes hydrogen-

deuterium exchange to occur on this alcohol group, causing the O-H stretch of the 

polymer to be found in the region of O-D stretch oscillators (2400 – 2700 cm-1), which is 

obscured from VSF signal of the D2O solvent, encompassing the same region. 

 It can be observed that this polymer is not only present at the surface, but also 

adopting an orientation that allows the methylene symmetric stretch (d+) to be detected 

by VSF in SSP polarizations, suggesting the d+ vibrational dipole has a net order 

perpendicular to the surface. PVA’s hydrocarbon backbone is likely interacting with the 

hydrophobic oil phase while the alcohol functional groups are solvated in the aqueous 

phase, causing favorable adsorption to the interface. This differs notably from the 

behavior of polyelectrolytes, whose charged functional groups cause the polymer chains 

to be more favorably solvated in bulk solution, rather than adsorbing to the surface. In 

this way, the PVA polymer acts as a surface-active molecule that alone can alter the 

molecular properties of the interface as it adsorbs. 

Where the alcohol group on PVA is branched from the polymer backbone, PEG is 

instead a nonionic polymer with a continual chain of carbon and oxygen atoms, with no 

functional groups other than hydrogen atoms bonded to the chain. Figure 4.2 shows the 

VSF spectrum in SSP polarizations of 0.015 mM PEG at the CCl4/D2O surface. The 

 
Figure 4.1: The VSF spectrum in SSP polarizations of 0.15 mM PVA at the CCl4/D2O interface. The 
sharp peak at ~2915 cm-1 is due to the methylene symmetric stretch of the polymer backbone, showing 
PVA is surface-active and ordered at the surface. Line is a guide to the eye. 
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methylene symmetric (d+), methylene asymmetric (d-), and methylene Fermi resonance 

(FRCH2) peaks are observed at ~2865, 2910, and 2940 cm-1, respectively.139 Where the 

methylene asymmetric stretch (d-) was not as prevalent in the SSP spectrum 

perpendicular to the interface with PVA, it is much more present in the spectra of PEG. 

Interestingly, PEG also adsorbs readily with a net structure to the interface even though it 

does not have a continual hydrocarbon backbone as PVA does, hydrophobically 

interacting with the oil phase. 

The long, broad tail to the red region of the spectrum is attributed to the presence 

of VSF signal from the water stretch + libration combination mode discussed in Chapter 

III. The interaction of the oxygen groups of PEG with the water molecules at the surface 

likely induces a net order in the water molecules that allows detection of the weak water 

stretch + libration combination mode. If the broad signal in the 2800 – 2850 cm-1 region 

of the PEG spectrum in Figure 4.2 is in fact due to the presence of the water stretch + 

libration combination mode, the same feature should be observed in the 3750 – 4000 cm-1 

VSF spectral region in an aqueous phase of H2O, as discussed extensively in Chapter III. 

Figure 4.3 shows the VSF spectrum in SSP polarizations of 0.15 mM PEG in H2O. The 

signal detected blue of the free OH (~3770 cm-1) supports the claim that the VSF signal 

from the water stretch + libration combination mode is enhanced at the oil/water interface 

in the presence of PEG.  

 
Figure 4.2: The VSF spectrum in SSP polarizations of 0.015 mM PEG at the CCl4/D2O interface. The 
sharp C-H stretches due to the polymer backbone show PEG is present and ordered at the surface. Line 
is a guide to the eye. 
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Surface pressure measurements show that PEG is even more surface active than 

PVA, with a surface pressure value of 21 ± 1 mN/m for 0.15 mM PEG and 10 ± 1 mN/m 

for 0.15 mM PVA. Although the oxygen atoms are imbedded in the PEG’s chain, the 

large conformational space of this flexible polymer allows it to favorably adsorb to the oil 

surface in a manner allowing a net orientation of the methylene stretch dipoles to have a 

component perpendicular to the surface, as detected by VSF in SSP polarizations.  

The conformational structures and functional groups of these first two nonionic 

polymers, PVA and PEG, cause the chains to be surface active. However, this behavior is 

not the case for all nonionic polymers. Figure 4.4 shows the VSF spectrum of nonionic 

PAM in SSP polarizations at the CCl4/D2O surface. Figure 4.4 shows weak signal from 

interfacial PAM in the C-H stretching region. Due to PAM’s extremely low surface 

activity, a higher concentration is necessary to observe any signal in the C-H stretching 

region, compared to PVA and PEG. The peak at ~2930 cm-1 corresponds to the 

methylene symmetric stretch (d+) of the PAM backbone.140 While this weak peak is 

detectable for a solution of 1.4 mM PAM at the oil/water interface, corresponding surface 

pressure measurements of this system are unable to detect any molecular adsorption to 

the surface, resulting in a value of 0 ± 1 mN/m for 1.4 mM PAM. This indicates that the 

PAM polymer does not readily adsorb to the surface in a manner that causes the chemical 

 
Figure 4.3: The VSF spectrum in SSP polarizations of 0.15 mM PEG at the CCl4/H2O interface in the H2O 
vibrational region. Signal in the 3800-4000 cm-1 region is observed, indicating the water stretch + libration 
combination band signal is amplified upon the surface presence of PEG. Line is a guide to the eye. 
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bonding environment between surface molecules in this system to differ than that of a 

bare water/oil surface. Because VSF is a more sensitive surface technique than pendant 

drop tensiometry, slight signal from PAM is observed in Figure 4.2 despite the surface 

pressure measurements indicating no adsorption. This weak signal from PAM could in 

part be due to the polymer’s random dispersion throughout the bulk aqueous phase, rather 

than favorable interactions causing the polymer to preferentially adsorb to the surface. 

Due to the weak VSF signal and inability of surface tensiometry to detect any presence of 

PAM at the oil/water surface, PAM is referred to in this study as a surface in-active 

polymer when alone in solution, while PEG and PVA display high levels of surface 

activity. 

The next section will investigate and discuss the effects on these polymers’ 

surface activities when they are components of a mixed system with charged surfactant 

molecules. 

 

B) Surface-active nonionic polymers with charged surfactants 

 To investigate the role of electrostatic interactions on the structure of nonionic 

polymer-surfactant mixed systems at the oil/water interface, PVA and PEG were 

analyzed by VSF spectroscopy in the presence of both cationic and anionic surfactants. 

Because PVA and PEG are both surface-active polymers, any changes to their interfacial 

structure in the mixed system is attributed to their interaction with the charged surfactants 

 
Figure 4.4: The VSF spectrum in SSP polarizations of 1.4 mM PAM at the CCl4/D2O interface. Slight C-H 
stretching signal from the polymer backbone is observed at ~2930 cm-1. Line is a guide to the eye. 
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at the surface. Figure 4.5 shows the chemical structures of the two surfactants used in this 

section. 

 Figure 4.6 compares the VSF spectra of the polymer PVA by itself at the surface 

and in the presence of cationic or anionic charged surfactants. All surfactants used in 

these mixed systems were fully deuterated, so the only C-H stretch modes detected are 

due to the polymer’s presence at the surface. Figure 4.6 shows both the SSP and SPS 

spectra for these systems, probing the components of the polymer’s C-H vibrational 

dipole moments that are perpendicular and parallel to the interfacial surface, respectively. 

It is noted that where the methylene asymmetric stretch (d-) is simply a weak shoulder in 

the SSP spectrum of PVA alone (blue trace), it is much more prevalent in the SPS 

spectrum, indicating the d- mode has a higher component of its vibrational dipole 

oriented parallel to the surface. 

 Upon the addition of deuterated charged surfactant to the PVA aqueous system, 

the SSP spectrum in Figure 4.6 shows slight changes in intensity of the PVA d+ mode. 

The intensity appears to increase slightly from the PVA only system (blue trace) with the 

addition of both cationic and anionic charged surfactant (green and orange traces, 

respectively). However, the SPS spectrum shows no evidence of a corresponding 

intensity change in the d- mode upon the addition of charged surfactants. Surface 

pressure measurements report a surface pressure for the bare surface as 10 ± 1 mN/m, and 

values of 11 ± 1 mN/m and 12 ± 1 mN/m for 0.15 mM PVA with 0.015 mM d-DTAB 

and 0.015 mM d-SDS, respectively. The small change in the VSF spectra of PVA alone 

compared to its presence in the mixed systems, along with the negligible changes in 

      
Figure 4.5: The chemical structures for the two charged surfactants investigated in this section: 
dodecyltrimethylammonium bromide (DTAB) and sodium dodecyl sulfate (SDS). 
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surface pressure measurements for the three systems indicates that PVA’s interfacial 

population and dipole orientations do not change significantly upon the addition of 

charged surfactant. This could indicate that PVA’s attractive interactions with the oil and 

water molecules at the CCl4/D2O interface are more favorable than any intermolecular 

interactions between PVA and DTAB or SDS molecules. It is noted that evidence of the 

water stretch + libration combination mode is not apparent in any of the spectra in Figure 

4.6, even upon the addition of anionic surfactant, which has been shown to increase the 

visual appearance of the combination mode in this region (Chapter III). While the water 

combination mode is still present at this interface, it is likely the C-H stretch modes 

 
Figure 4.6: The VSF spectra in SSP and SPS polarizations of 0.15 mM PVA at the CCl4/D2O interface 
with no surfactant (blue trace), 0.015 mM anionic d-SDS (orange trace), and 0.015 mM cationic d-DTAB 
(green trace). Signal intensity from the C-H stretching modes of the polymer are analyzed with the 
presence of cationic and anionic surfactant. Lines are guides to the eye. 
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detected in this spectrum display such strong signal that the combination mode has 

negligible effects on the spectra of these PVA systems. 

 The VSF spectra of chemical systems with the surface-active nonionic polymer, 

PEG, is shown in Figure 4.7 in SSP and SPS polarizations. The spectra of 0.015 mM 

PEG alone at the CCl4/D2O surface and with 0.015 mM d-DTAB and 0.015 mM d-SDS 

are shown as the blue, green, and orange traces, respectively. Once again, the surfactants 

in the mixed system are fully deuterated so the only observable VSF signal in this region 

comes from the PEG polymer. As discussed in Figure 4.2, PEG shows three peaks in the 

SSP spectrum, corresponding to the methylene symmetric (d+), asymmetric (d-) and 

Fermi resonance (FRCH2) modes. Figure 4.7 also shows C-H signal in the SPS spectrum, 

 
Figure 4.7: The VSF spectra in SSP and SPS polarizations of 0.015 mM PEG at the CCl4/D2O interface 
with no surfactant (blue trace), 0.015 mM anionic d-SDS (orange trace), and 0.015 cationic d-DTAB 
(green trace). Signal intensity from the C-H stretching modes of the polymer are analyzed with the 
presence of cationic and anionic surfactant. Lines are guides to the eye. 
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which indicates the methylene asymmetric and Fermi resonance dipoles have 

contributions parallel to the interfacial surface. As discussed above from Figure 4.3, PEG 

alone causes VSF detection of the water combination mode at the CCl4/water surface, 

evidenced here by the broad signal in the 2800 – 2850 cm-1 region. 

 Comparison between the VSF spectra in Figure 4.7 of PEG alone (blue trace), and 

PEG with cationic and anionic surfactants (green and orange traces, respectively) in both 

SSP and SPS polarizations indicate very little, if any, changes to the polymer’s surface 

behavior with the addition of either cationic or anionic charged surfactant. Similar to 

what was observed in Figure 4.6 with PVA, the interfacial structure of this surface-active 

polymer appears to be minimally influenced by the presence of charged surfactants. To 

further investigate the apparent lack of change in the surface behavior of PEG when in a 

mixed system, Figure 4.8 compares the VSF spectra of the chemical systems containing 

PEG in a PPP polarization combination, which probes VSF-active modes that are either 

perpendicular or parallel to the surface. 

 Figure 4.8a shows the PPP spectra for PEG alone compared to PEG with anionic 

d-SDS surfactant. Once again, the spectra for these two systems display very little 

differences in the polymer’s interfacial behavior with and without anionic surfactant. 

Figure 4.8b, however, shows the PPP spectra for PEG alone at the surface compared to in 

a mixed system with cationic d-DTAB surfactant. These spectra in Figure 4.8b, while still 

largely similar, do display some differences in PEG’s C-H stretching region when d-

DTAB is also present. However, analysis of the slight changes to the spectral features 

upon addition of d-DTAB reveals this difference is likely not due to changes in the 

polymer’s C-H stretch behavior at the surface, but rather differences in how the D2O 

stretch + libration combination mode manifests in the spectrum when cationic DTAB is 

present at the surface.  

 From the understanding of the water stretch + libration combination mode 

behavior in the presence of cationic surfactant discussed in Chapter III, cationic 

surfactants at the surface cause the phases of the water combination mode to destructively 

interfere with the nonresonant response, resulting in a very low overall VSF signal 

detected for the overall region of the water combination mode at the surface. In Figure 

4.8b, this phase relationship of the water mode and the cationic nonresonant causes the C-
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H stretch modes of PEG to interfere differently with the signal from the water 

combination mode than what is observed for PEG alone at the surface, where the water 

stretch + libration combination mode is detected by VSF (see Figure 4.3). This difference 

in interference results in an overall lower VSF intensity detected in the 2800 – 2850 cm-1 

region, as well as slightly different spectral shapes for the C-H stretch modes of PEG. 

Thus, while the few differences between the spectra shown in Figure 4.8b may initially 

appear to indicate that PEG’s interfacial behavior is affected by the presence of cationic 

surfactant, it’s surface behavior is likely unchanging, and rather producing different 

spectral features due to a different interference with the combination mode. 

It is noted that a similar observation is not seen when PEG is in the presence of 

anionic SDS in Figure 4.8a. Compared to PEG, anionic surfactant causes very similar 

spectral features of the water combination mode at the surface as detected by VSF 

spectroscopy (see Figure 3.4a in Chapter III). Thus, the combination mode in Figure 4.8a 

does not display a difference between the PEG systems when the polymer is alone at the 

surface and when it is in a mixed system with anionic surfactant.  

The PPP spectra shown in Figure 4.8 confirm the lack of change in PEG’s surface 

activity upon the addition of other charged surface-active molecules, similar to what was 

observed for PVA. As charged surfactant does not alter PEG’s surface behavior, the 

following discussion investigates two additional experimental factors that may affect the 

surface behavior of PEG in a mixed system: polymer concentration and hydrophobicity. 

 
Figure 4.8: The VSF spectrum in PPP polarizations of 0.015 mM PEG at the CCl4/D2O interface with no surfactant 
(blue trace), and with 0.015 mM anionic d-SDS (orange trace, 7a), and 0.015 cationic d-DTAB (green trace, 7b). 
Signal intensity from the C-H stretching modes of the polymer are analyzed with the presence of cationic and 
anionic surfactant. Lines are guides to the eye. 
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Figure 4.9 shows the VSF spectra of the same PEG chemical systems discussed 

above in Figure 4.7, however, with the polymer concentration increased by an order of 

magnitude. The spectra in Figure 4.9 show more apparent changes in the C-H stretches of 

the PEG polymer when charged surfactant is present. In the SSP spectra in Figure 4.9, the 

C-H peaks of PEG appear to increase significantly upon the addition of anionic d-SDS. 

However, the elevated background VSF signal intensity in the 2800 – 2850 cm-1 region 

also increases significantly, indicating a possible increase in the signal contribution from 

the water stretch + libration combination mode.  

To help better understand the source of the increased signal in Figure 4.9 upon 

addition of anionic surfactant, surface pressure measurements were taken. The surface 

 
Figure 4.9: The VSF spectrum in SSP and SPS polarizations of 0.15 mM PEG at the CCl4/D2O interface 
with no surfactant (blue trace), 0.015 mM anionic d-SDS (orange trace), and 0.015 cationic d-DTAB (green 
trace). Signal intensity from the C-H stretching modes of this higher concentration of polymer are analyzed 
with the presence of cationic and anionic surfactant. Lines are guides to the eye. 
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pressure of 0.15 mM PEG alone at the surface is measured to be 21 ± 1 mN/m. When 

combined with 0.015 mM d-SDS, the surface pressure does not significantly change, 

equilibrating to a value of 22 ± 1 mN/m. This indicates that the presence of anionic 

surfactant does not induce additional adsorption of PEG to the surface. Before the studies 

performed in Chapter III, these surface pressure measurements would seem to indicate a 

reorientation of the polymer’s conformation at the surface, causing the increase in VSF 

signal intensity of the C-H stretches. However, now that we understand the water stretch 

+ libration combination mode is present in this region and affected by surface adsorbates, 

there are actually two factors that could be contributing to the increase in PEG’s C-H 

stretch intensity upon the addition of d-SDS in the SSP spectrum of Figure 4.9: 1) the 

increase in the water combination band intensity causes PEG’s C-H stretching modes to 

interfere with the underlying signal, displaying an overall higher intensity, or 2) the C-H 

dipoles of the PEG backbone reorient in response to the anionic charge at the surface, 

causing larger components of the C-H stretch vibrational dipoles perpendicular to the 

surface. Additional studies would need to be performed to distinguish the true source for 

this increase in signal. It is noted that the spectra of 0.15 mM PEG alone and 0.15 mM 

PEG with cationic d-DTAB in the SSP spectra in Figure 4.9 do not show significant 

variation. 

 Interestingly, the SPS spectra in Figure 4.9 show a different trend in PEG’s C-H 

stretches. When probing the methylene asymmetric stretch (d-) and methylene symmetric 

stretch (d+) vibrational dipoles parallel to the oil/water surface, PEG alone at the surface 

does not show much variation in the SPS spectrum compared to the addition of anionic d-

SDS. However, there is an overall increase in intensity of these C-H stretches when 

cationic d-DTAB is introduced into the polymer mixed system. Comparing the surface 

pressure values of 0.15 mM PEG by itself to that of 0.15 mM PEG with 0.015 mM d-

DTAB suggest no significant effect on the interfacial adsorption between the two 

systems, with measured surface pressure values of 21 ± 1 mN/m and 20 ± 1 mN/m for 

PEG alone and PEG with d-DTAB, respectively. Thus, the increase in the C-H stretches 

of PEG in the SPS spectrum could be due to a reorientation of the C-H modes in the 

presence of cationic surfactant so that its signal detected by VSF parallel to the interface 

increases. However, future studies would need to be performed to confirm this behavior.  
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 This analysis of mixed systems with a higher concentration of PEG unveils the 

complicated structures that flexible polymers with large conformational spaces such as 

PEG can form at the surface. While the spectra shown in Figure 4.9 suggest that charged 

surfactants may have some effect on the interfacial behavior of PEG, determining its 

specific behavior and interaction with surfactants is experimentally challenging due to the 

large conformational space of the polymer. However, the effects of one last variable on 

the interactions between polymers and surfactants are tested: the hydrophobicity of the 

polymer chain. 

 To investigate the impact of the polymer’s hydrophobicity on intermolecular 

interactions with charged surfactants a mixed system, a polymer similar to PEG but with 

additional hydrophobic properties was studied. Pluoronic F127 (hereafter referred to as 

F127) is a block co-polymer that has polyethylene glycol (PEG) monomers on either end 

of the polymer strand and polypropylene glycol (PPO) monomers in the middle, as shown 

in Figure 4.10. The PPO monomers contain an additional methyl group bonded to the 

polymer backbone, thus increasing F127’s overall hydrophobic nature when compared to 

the PEG polymer studied above. 

 Figure 4.10 shows the VSF spectrum in SSP polarizations for the polymer F127 

alone at the surface (blue trace), and in the presence of 3 mM and 8 mM d-SDS (light and 

 
Figure 4.10: The VSF spectrum in SSP polarizations of 132 ppm F127 at the CCl4/D2O interface with no 
surfactant (blue trace), 0.27 mM d-SDS (light purple trace), and 0.8 mM d-SDS (dark purple trace). Signal 
intensity from the C-H stretching modes of this more hydrophobic polymer are analyzed with the presence 
of anionic surfactant. Lines are guides to the eye. 
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dark purple traces, respectively). The SDS surfactant used in these mixed systems was 

fully deuterated so the only observable C-H modes in this region are from the polymer’s 

VSF response at the surface. The concentration of F127 is reported in parts per million 

(ppm), as there are two different monomer units in each polymer strand. For reference, 

the 132 ppm of F127 contained in all systems shown in Figure 4.10 corresponds to 

monomer concentrations of 2 mM ethylene glycol (from PEG ends) and 0.7 mM 

propylene glycol (from PPO center).  

The SSP spectra of all three systems probing the C-H stretches of F127 in Figure 

4.10 show three peaks corresponding to the same methylene symmetric (d+), methylene 

asymmetric (d-), and Fermi resonance modes that were probed for the PEG polymer (see 

Figures 4.7 and 4.9). However, there are additional modes contributing to the signal of 

large peak at ~2935 cm-1 from the methyl (CH3) group of PVA, including its strong 

Fermi resonance response.34, 66 Additionally, the SSP spectra of all three F127 systems in 

Figure 4.9 contain a weak peak around ~2965 cm-1, corresponding to the methyl 

asymmetric stretch (r-), again arising from the presence of the methyl CH3 functional 

groups in the PPO monomers in the F127 polymer. 

 The three spectra in Figure 4.10 of F127 alone at the surface and with increasing 

amounts of d-SDS are strikingly similar. The lack of variance in the VSF spectra of the 

three systems indicates that any hydrophobic interactions between the PEG polymer and 

the charged surfactants does not alter the polymer’s surface behavior.  

 All chemical systems discussed in this section investigated surface-active 

nonionic polymers in mixed systems with charged surfactants at the oil/water interface. 

While it could be argued that some spectra displayed in this section imply charged 

surfactants can have some effect on the interfacial behavior of nonionic polymers, the 

majority of the data suggests negligible intermolecular interactions between the surface-

active nonionic polymers and charged surfactants. Additional studies would need to be 

performed to verify any possible effects of charged surfactants on the surface activity of 

the nonionic polymers studied here.  
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C) Nonionic polymer PAM + charged surfactants 

This section investigates the interfacial behavior of a surface-inactive nonionic 

polymer as induced by its intermolecular interactions with charged surfactants at the 

oil/water interface. In section A of this chapter, polyacrylamide (PAM) was shown to be 

surface-inactive when alone in solution. Here, we will investigate how its surface 

behavior is drastically affected by the hydrophobic and electrostatic properties of charged 

surfactants. Figure 4.11 shows the chemical structures of the surfactants used in these 

studies.  

Figure 4.12 shows surface pressure measurements for polyacrylamide (PAM) 

systems at the CCl4/water interface. PAM is not surface active by itself at the oil/water 

interface at any concentration, as indicated by the yellow line in Figure 4.12. The orange, 

green, and blue traces in Figure 4.12 correspond to mixed systems of PAM at different 

concentrations with cationic CTAB, DTAB, and anionic SDS surfactants, respectively. 

The concentrations of the surfactants were chosen such that their surface pressure values 

when alone in solution are similar, indicating comparative levels of surface activity: 1.8 ± 

0.1 mN/m, 1.53 ± 0.06 mN/m, 1.6 ± 0.1 mN/m, and 0.001 mM CTAB, for 0.015 mM 

DTAB, 0.015 mM SDS and, respectively.   

 Figure 4.12 shows increased surface adsorption for all mixed systems with 

increased PAM concentration. Both cationic surfactant systems (orange and green traces) 

show increased surface adsorption beginning at lower concentrations of PAM in solution 

than the anionic SDS system (blue trace). The mixed system of PAM with CTAB 

displays the highest surface pressure values. CTAB has the most hydrophobic 

 
Figure 4.11: The chemical structures for the three charged surfactants used in this section: sodium dodecyl 
sulfate (SDS), dodecyltrimethylammonium bromide (DTAB) and cetrimonium bromide (CTAB). 
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characteristics of the three surfactants studied here, as its hydrocarbon tail is the longest. 

The fact that PAM displays the highest surface pressure values with the most 

hydrophobic surfactant is consistent with literature that has found certain nonionic 

polymers interact more strongly with surfactants in bulk solution with increased 

hydrophobicity of the molecules.141-145 However, this is notably in contrast to what was 

observed in the previous section with PEG and F127 polymers, where the presence of 

additional hydrophobic methyl groups on the polymer were not found to affect the 

surface behavior of those polymers. Where PEG and F127 are surface active on their 

own, the PAM polymer discussed here is not. The following discussion uses VSF 

spectroscopy to investigate what specific molecular properties of PAM may play a role in 

its attraction to the surface upon the addition of charged surfactants, as indicated by the 

surface pressure trends in Figure 4.12. 

 Figure 4.13 shows the VSF spectra in SSP polarizations of PAM at three different 

concentrations with 0.015 mM d-SDS. The SDS surfactant has been fully deuterated in 

these systems so any modes observed in the C-H stretching region (2800-3000 cm-1) are 

 
Figure 4.12: Surface pressure of PAM mixtures with surfactants CTAB (orange triangles), DTAB (green 
squares), and SDS (blue circles). Surface pressure of PAM alone is depicted by the yellow line. 
Concentrations of PAM used are 0.015, 0.15, 1.5, 4.2, and 21 mM. The log of the PAM concentration is 
plotted as the x-axis for visual clarity. 
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attributed to the presence of the PAM polymer at the surface. It is noted that C-D peaks 

from d-SDS at this low concentration are not observable by VSF, as signal from the O-D 

stretches from coordinated D2O molecules encompass the same region and obscures the 

C-D stretch modes. No SPS spectra are shown for these systems because no signal was 

observed for any of the systems of PAM with d-SDS in SPS polarizations.  

The grey trace shows the SSP spectrum of 0.015 mM d-SDS alone at the surface, 

in the absence of any PAM in solution. This spectrum has been analyzed in detail in 

Chapter III, but a brief summary here follows. The sharp peak located at ~2720 cm-1 is 

due to free OD oscillators at the oil/water surface. The increase in VSF intensity at 

wavenumbers lower than the free OD is due to hydrogen-bonded O-D oscillators from 

the D2O solvent. The broad signal in the 2800 – 3000 cm-1 region is due to the D2O 

stretch + libration combination mode, which has an amplified VSF response in the 

presence of the anionic charged surface. 

 
Figure 4.13: The VSF spectrum in SSP polarizations of 0.015 mM d-SDS at the CCl4/D2O interface with 
no polymer (grey trace), and with 0.015 mM, 4.2 mM, and 21 mM PAM (green, blue, and red traces, 
respectively). Lines are fits to spectra, full parameters can be found in Appendix B, Table B.1. The dotted 
line traces correspond to the fit peaks of the PAM d+ mode for each PAM concentration: 0.015 mM, 4.2 
mM, and 21 mM shown by the green dot trace, the blue dot-line trace, and the red dot-dot-line trace, 
respectively. 
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Upon the addition of PAM to the d-SDS system in Figure 4.12, the free OD mode 

at ~2720 cm-1 decreases in intensity. As PAM adsorbs to the surface, there is less surface 

area for D2O molecules to protrude into the oil surface, causing this decrease in signal 

intensity from the free OD mode. The slight decrease in VSF signal at higher 

wavenumbers in the water stretch + libration combination mode region upon addition of 

PAM also indicates increased molecular adsorption.  There is a sharp dip in the broad 

VSF intensity, located at ~ 2930 cm-1. This feature is due to the presence of methylene 

symmetric stretch (d+) from C-H oscillators on the PAM backbone, as the polymer has 

adsorbed to the surface. This polymer C-H stretch mode is out of phase with the 

underlying broad signal from the D2O stretch + libration combination mode, causing the 

interference feature to be observed. Figure 4.12 also shows the corresponding fit peak 

components of the methylene symmetric stretch at ~2930 cm-1 from surface PAM in each 

system, color coordinated to their specific mixed systems. It can be seen that the methyl 

symmetric stretch of the PAM backbone is present at all PAM concentrations when 

anionic d-SDS is present, however the intensity of these peaks does not significantly vary 

(see full fit parameters in Appendix B).  

Although the VSF intensity of this mode does not increase with additional PAM 

concentration, the surface pressure values for the system of d-SDS with PAM in Figure 

4.12 indicate an increase in total interfacial adsorption with the increase in PAM 

concentration. This increase in surface pressure could be due to higher amounts of PAM 

or SDS adsorbed to the surface, or a combination of both. If the amount of SDS present at 

the surface increases with higher PAM concentrations, the coordinated O-H stretching 

region in the VSF spectra in Figure 4.13 would increase as well, as the additional surface 

charge causes more water molecules to orient their dipoles relative to the surface in 

response to the stronger electrostatic field. However, Figure 4.13 does not show any 

changes in the coordinated O-H stretching region upon the increase of PAM 

concentration. Thus, the increase in surface pressure values in Figure 4.12 for the PAM 

with SDS system is most likely due to higher amounts of PAM polymer adsorbing to the 

oil/water surface. The fact that the intensity of the methylene symmetric stretch does not 

display a corresponding increase indicates all additional PAM polymer adsorbing to the 
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surface adopts a disordered structure, so an overall C-H stretch dipole is not detected by 

VSF. 

An overall disordered interfacial structure of PAM in the presence of anionic SDS 

is further supported by the VSF spectra in the carbonyl (C=O) stretching region of these 

systems. Figure 4.14 shows the VSF spectrum in SSP polarizations of the varying 

concentrations of PAM in the presence of 0.015 mM d-SDS. Data points that drop below 

VSF intensity values of 0 a.u. in these traces are due to normalization artifacts and 

correspond to no detectable VSF signal at those wavenumbers. While the spectra in this 

region display an overall lower signal to noise ratio due to IR adsorption, it is observed 

that none of the spectra display evidence of the carbonyl stretch from PAM at the 

oil/water surface. The absence of a carbonyl stretch in the SSP VSF spectrum from the 

interfacial PAM confirms the limited overall order in the polymer chain as it adsorbs to 

the anionic charged surface. While carbonyl stretches from the polymer are certainly 

present at the surface, they do not adopt an overall dipole orientation that allows their 

detection by VSF.  

Despite its limited overall structural order, the PAM polymer is favorably 

attracted to the oil/water interface in the presence of anionic charged surfactant, where it 

otherwise stays solvated in the bulk aqueous phase when alone in solution. To determine 

if electrostatic interactions between the polymer and SDS surfactant molecules play a role 

 
Figure 4.14: The VSF spectrum in SSP polarizations of 0.015 mM d-SDS at the CCl4/D2O interface in 
the carbonyl stretching region with 0.015 mM, 4.2 mM, and 21 mM PAM (green, blue, and red traces, 
respectively. No signal in the C=O stretching region is observed, indicating the polymer is largely 
disordered at the surface. Lines are guides to the eye. 
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in this favorable adsorption of PAM to the surface, a high salt concentration was added to 

the mixed polymer-surfactant system to screen the electrostatic field induced at the 

surface when anionic SDS adsorbs. Figure 4.15 shows the VSF spectrum in SSP 

polarizations of 0.015 mM d-SDS and 1 M NaCl in solution with and without PAM. The 

two spectra are strikingly similar. Where there was evidence of a weak response from the 

PAM methylene symmetric stretch when d-SDS was in solution with 4.2 mM PAM in the 

absence of salt (Figure 4.12), the addition of 1 M NaCl causes any evidence of interfacial 

PAM in the VSF spectrum to disappear. Additionally, surface pressure measurements 

indicate no significant difference between the two chemical systems investigated in 

Figure 4.15: A value of 18.4 ± 0.3 mN/m measured for 0.015 mM SDS + 1 M NaCl, and 

that of 18 ± 1 mN/m for 0.015 mM SDS + 1 M NaCl with 4.2 mM PAM. This indicates 

no PAM adsorbs to the surface when salt is present to screen the anionic charge of the 

SDS headgroups. Thus, the electrostatic interactions between PAM and SDS are likely 

the primary force causing favorable adsorption of the polymer to the surface in this mixed 

system. To further investigate these charge-dipole interactions between PAM and 

surfactants in mixed systems at the surface, PAM was studied by VSF spectroscopy in 

the presence of oppositely charged cationic surfactants.  

Figure 4.16 shows the VSF spectra in the C-H stretching region for mixed 

systems of PAM with cationic d-DTAB. The DTAB used in these studies were fully 

 
Figure 4.15: The VSF spectrum in SSP polarizations of 0.015 mM d-SDS with 1 M NaCl at the 
CCl4/D2O interface with no polymer (purple trace) and with 4.2 mM PAM (blue trace). The spectra are 
largely similar, indicating the polymer is not attracted to the surface when salt is present to screen the 
surfactant charge. Lines are fits to spectra, full parameters can be found in Appendix B, Table B.2.  
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deuterated so the signal observed in the C-H stretching region is only due to interfacial 

polymer. In Figure 4.16a, the grey trace corresponds to the spectrum in the C-H 

stretching region from 0.015 mM d-DTAB alone at the D2O/CCl4 interface in SSP 

polarizations. The free OD mode is detected as the sharp peak around 2720 cm-1. The rise 

in signal at wavenumbers lower than the free OD correspond to coordinated O-D stretch 

oscillators, whose VSF signal is enhanced in the presence of the charged surface. As 

discussed in Chapter III, the water stretch + libration mode in the 2800 – 3000 cm-1 

region of the D2O/CCl4 interface at the cationic surface of d-DTAB is not as visually 

apparent as when an anionic charge is present, due to interferences between the resonant 

combination mode and the nonresonant background. A very weak peak is observed in this 

spectrum of d-DTAB only around 2950 cm-1 (grey trace, Figure 4.16a), which is 

attributed to trace amounts of C-H oscillators on the d-DTAB surfactant, as 100% 

deuteration is not possible. Similar to the discussion in the d-SDS systems above, the C-D 

peaks from d-DTAB at these low concentrations are not observable by VSF, as strong 

signal from the coordinated O-D stretches encompasses the same region.  

As PAM is added to solution, sharp peaks are detected in the C-H stretching 

region in both SSP and SPS polarizations (Figures 4.16a and 4.16b), due to PAM 

 
Figure 4.16: The VSF spectrum in SSP (a) and SPS (b) polarizations of 0.015 mM d-DTAB at the 
CCl4/D2O interface with no polymer (grey trace) and with 0.015 mM, 4.2 mM PAM, and 21 mM PAM 
(green, blue, and red traces, respectively). The sharp peaks due to the polymer backbone indicate PAM is 
present and ordered at the surface. Lines are fits to spectra, full parameters can be found in Appendix B, 
Tables B.3, B.4, and B.5.  
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adsorbing to the interface in an ordered manner. The small peaks fit to 2875 ± 3 cm-1 in 

the SSP spectrum in Figure 4.16a and 2873 ± 3 cm-1 in the SPS spectrum of Figure 4.16b 

are attributed to the methine C-H stretch of the backbone, indicating that the methine 

mode has both parallel and perpendicular components of its net dipole relative to the 

interface. The peak fit to 2935.5 ± 0.3 cm-1 in the SSP polarized spectra of Figure 4.16a is 

due to the methylene symmetric stretch (d+) of the polymer backbone. In the SPS 

polarized spectra of Figure 4.16b, the methylene asymmetric stretch (d-) is fit to a 

frequency of 2958 ± 1 cm-1 and is not present in the SSP polarized spectra. (Full fit 

parameters can be found in Appendix B.)  

The strong C-H stretch peaks observed in both SSP and SPS polarizations of 

PAM in the presence of cationic d-DTAB contrast what was observed for mixed systems 

of PAM with anionic d-SDS above. Where interfacial PAM is very limited in its overall 

structural order with anionic surfactant, the VSF spectra in Figure 4.16 suggest the 

polymer adopts a much more ordered structure at the surface when in a mixed system 

with cationic surfactant. Additionally, the surface pressure measurements for the system 

of PAM with DTAB shown in Figure 4.12 imply a continual increase in the amount of 

surface adsorbates with the increase in PAM concentration, until it plateaus at PAM 

concentration of ~1.5 mM. The SSP spectra of the PAM + DTAB mixed system in Figure 

4.16a show a corresponding increase in intensity of the C-H stretches from 0.015 mM to 

4.2 mM PAM concentration and no additional change from 4.2 mM to 21 mM PAM 

concentration, consistent with the surface pressure trend in Figure 4.12. This suggests the 

rise in intensity of PAM’s C-H peaks in Figure 4.16a is most likely due to the additional 

adsorption of ordered PAM to the surface upon increased bulk concentration. 

To further investigate the order of the polymer at the surface with cationic DTAB, 

the carbonyl stretching region of these mixed systems was probed by VSF in SSP 

polarizations. While the signal to noise ratio is lower in this region, Figure 4.17 clearly 

shows a carbonyl response from ordered PAM at the surface in this mixed system at all  

three concentrations of PAM, indicating that PAM adsorbs to the surface and adopts an 

orientation where the carbonyl stretches of the acrylamide monomers have a net  

vibrational dipole component perpendicular to the interface when a cationic surfactant is 

present.   
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 Combining the information obtained from the VSF spectra in the C-H and C=O 

stretching regions of PAM’s interfacial structure, Figure 4.18 depicts the likely average 

orientation of PAM at the surface in this mixed system. The partial negative charge on 

PAM’s carbonyl groups is shown to be attracted to the cationic surfactant headgroups 

through charge-dipole interactions. This causes the C=O stretch to have a net orientation 

perpendicular to the interface, which allows its detection by VSF in SSP polarizations 

(Figure 4.17). This orientation of the acrylamide carbonyl groups causes the backbone of 

the polymer to order itself as shown in Figure 4.18, where the methylene symmetric 

stretch (d+) has a net vibrational dipole 

perpendicular to the surface and the asymmetric 

stretch (d-) parallel. The d+ mode detected in the 

SSP spectra and the d- mode detected in the SPS 

spectra of Figure 4.16 support this conclusion. 

The significant difference in PAM’s 

interfacial structure in the presence of anionic 

surfactant and cationic surfactant is analyzed in 

Table 4.1 by comparing the surface pressure values 

and methylene symmetric stretch intensity fit values 

of the two systems. Where the surface pressure 
 

Figure 4.18: A depiction of the structure 
of interfacial PAM when in a mixed 
system with cationic surfactant.  

 
 

Figure 4.17: The VSF spectrum in SSP polarizations of 0.015 mM d-DTAB at the CCl4/D2O interface 
with 0.015 mM, 4.2 mM PAM, and 21 mM PAM (green, blue, and red traces, respectively) in the carbonyl 
stretching region. Lines are fits to spectra, full parameters can be found in Appendix B, Table B.6. 
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measurements for each concentration of PAM are closely comparable between the 

cationic or anionic surfactant mixed systems, the fit intensities of the polymer’s 

methylene symmetric stretch (d+) are significantly higher for the PAM + DTAB mixed 

system. This suggests that while similar amounts of PAM have adsorbed to the surface in 

both mixed systems, the polymer’s overall structural order at the surface is limited when 

anionic SDS is present, but much more uniform with a net order when cationic DTAB is 

present.   

 This is further understood by analyzing the electrostatic potential map of the 

acrylamide monomers, shown in Figure 4.19. The partial negative charge of the 

acrylamide monomer primarily surrounds the carbonyl group, allowing a distinct anchor 

point for interacting with the cationic surfactant headgroups through charge-dipole 

interactions. The polymer’s partial positive charge, on the other hand, is distributed  

throughout the NH2 group and carbon backbone. This allows more polymer  

conformations to have weakly attractive charge-

dipole interactions between the partial positive 

regions and anionic surfactant headgroups, causing a 

more disordered structure of PAM at the surface 

with anionic SDS. Thus, the partial charge 

distribution around PAM’s functional groups affects 

the structure it adopts when adsorbing to the surface 

with charged surfactants.  

To investigate whether there is any limit on 

the ability of the cationic surfactant to induce a net 

 
Figure 4.19: The electrostatic potential 
map of an acrylamide monomer. The 
partial negative regions are shaded in red, 
localized around the oxygen atom. The 
partial positive regions are shaded in blue. 

PAM 

(mM) 

+ 0.015 mM DTAB +0.015 mM SDS 
PAM d+  

Intensity (a.u.) 
SP  

(mN/M) 
PAM d+  

Intensity (a.u.) 
SP  

(mN/m) 
0.015 0.319 ± 0.003 2.3 ± 0.4 0.08 ± 0.01 1.4 ± 0.4 

4.2 0.450 ± 0.003 3.4 ± 0.2 0.09 ± 0.01 2.4 ± 0.5 

21 0.459 ± 0.004 3.5 ± 0.4 0.08 ± 0.01 3.4 ± 0.6 
Table 4.1: A comparison of the surface pressure (S.P.) values and fit intensities of PAM’s methylene 
symmetric stretch (d+) at different polymer concentrations for mixed systems of nonionic PAM with 
anionic (SDS) and cationic (DTAB) surfactants. 
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interfacial structure of PAM, the time-dependent nature of PAM’s surface activity with 

cationic surfactant is analyzed in Figure 4.20, which shows the surface pressure plot for 

4.2 mM PAM with 0.015 mM DTAB and the corresponding VSF spectra in SSP 

polarizations with deuterated DTAB. The surface pressure plot indicates an equilibration  

time of ~11 hours (hrs) for the PAM + DTAB mixed system to reach full adsorption at 

the oil/water interface. The VSF spectra shown were taken at two different time points: 

when the mixed system was initially introduced to the oil surface, and after allowing 11 

hrs for the chemical system to equilibrate. It can be seen that the intensity of the polymer 

C-H modes does not change between the initial time and after equilibration, indicating all 

ordered polymer contributing to the VSF signal adsorbs immediately to the surface. All 

additional adsorption of the polymer over time must manifest an overall disordered 

structure, so as not to cause a further increase in the VSF intensity detected for the 

system. Similar field-limited ordering of interfacial polymer has been shown to exist for 

charged polyelectrolyte adsorbing to an oil/water interface and is responsible for the 

multistep adsorption process of disordered polymer chains aggregating on top of an 

ordered polymer layer.146 

 The PAM studies discussed up to this point have investigated the effects of the 

electrostatic interactions between the polymer and charged surfactant headgroups at the 

oil/water interface. To understand the effects of any possible hydrophobic interactions 

between the PAM polymer and the surfactants at the surface, Figure 4.21 shows the VSF 

 
Figure 4.20: The time-dependent surface pressure and VSF spectra (in SSP polarizations) of 4.2 mM PAM 
with 0.015 mM DTAB at the oil/water interface. Fully deuterated DTAB and an aqueous phase of D2O 
were used for the chemical systems probed by VSF. Lines in the VSF spectra are guides to the eye. 
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spectra in SSP polarizations of PAM at various concentrations with 0.001 mM d-CTAB 

surfactant. CTAB has the same cationic headgroup as the previously discussed DTAB 

surfactant, however, the carbon tail is longer, causing it to be more hydrophobic. The 

CTAB surfactant has been deuterated so that the only C-H modes investigated in these 

spectra are due to PAM at the surface. 

 The spectra shown in the PAM + d-CTAB mixed system in Figure 4.21 are 

strikingly similar to what was observed in Figure 4.16 for the PAM with d-DTAB 

system. The C-H stretch of the methine group is detected at ~2875 cm-1, and the methyl 

symmetric stretch is observed at ~2935 cm-1 (see Appendix B for full fit parameters). The 

intensity of PAM’s C-H stretches increase when the PAM concentration increases from 

0.015 mM to 4.2 mM and does not change further with a PAM concentration of 21 mM. 

This is consistent with the trend in the surface pressure measurements for the PAM + 

 
Figure 4.21: VSF spectra at the CCl4/D2O surface in SSP polarizations of 0.001 mM d-CTAB with 0.015 
mM, 4.2 mM, and 21 mM PAM (green, blue, and red traces, respectively). The spectral inset shows the 
VSF spectra in SSP polarizations of 0.001 mM d-CTAB + 4.2 mM PAM (blue solid squares) compared to 
0.015 mM d-DTAB + 4.2 mM (purple open squares). Although CTAB is more hydrophobic than DTAB, 
the polymer structure at the surface is unchanging. Lines are fits to spectra and full fit parameters can be 
found in Appendix B, Tables B.3 and B.7. 
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CTAB mixed system shown in Figure 4.12, indicating the rise in intensity of the C-H 

modes is due to more PAM adsorbing to the surface. 

 The spectral inset in Figure 4.21 compares the SSP spectra of 4.2 mM PAM with 

0.015 mM d-DTAB (purple open squares) and with 0.001 mM d-CTAB (blue solid 

squares), showing very little difference between the VSF spectra of the two systems. 

However, the surface pressure measurements report a significantly higher surface 

pressure for the PAM + CTAB system than the PAM + DTAB system (Figure 4.12), 

indicating higher amounts of PAM surface adsorbates from the mixed system are present 

at the surface when the cationic surfactant has higher hydrophobicity. However, all 

additionally adsorbed PAM in the CTAB system must be disordered with no net 

vibrational dipole moments, so as to not contribute to higher VSF signal. The adsorption 

of this disordered polymer layer is likely due to the limited penetration depth of the 

interfacial field induced by the cationic surfactant headgroups.146 

 The investigation of nonionic PAM at the oil/water interface with various charged 

surfactants have provided a picture of how this surface-inactive polymer is affected by 

both electrostatic and hydrophobic properties of surfactants. While the surfactant 

hydrophobicity affects the amount of polymer attracted to the interface, the surfactant’s 

headgroup properties are responsible for the overall structure adopted by PAM at the 

surface. Figure 4.22 depicts a summary of PAM’s interfacial behavior with both cationic 

and anionic surfactant. When alone in solution, PAM does not favorably adsorb to the 

oil/water interface. However, when in a mixed system with either anionic or cationic 

 
Figure 4.22: A depiction of the surface activity at the oil/water interface of PAM when alone in solution 
and when in mixed systems with anionic and cationic surfactants. 
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surfactant, the polymer readily adsorbs to the surface. With cationic surfactants, PAM 

adopts an overall ordered structure where the carbonyl groups are attracted to the cationic 

surfactant headgroup through charge-dipole interactions, causing a net structure in the 

interfacial polymer’s carbon backbone. However, when anionic surfactants are present, 

PAM favorably adsorbs to the surface in a largely disordered structure, due to the larger 

special distribution of the partial positive charge on the acrylamide monomers.  

The polymer-surfactant studies investigated in this chapter provide valuable 

insight to the behavior of various nonionic polymers at the oil/water interface. However, 

some applications utilizing mixed systems of nonionic polymers and surfactants may 

require further investigation into the dynamics and surface properties of these systems. 

Specifically, studies aiming to understand why certain surface-active polymers, such as 

PVA and PEG, tend to be minimally affected by the presence of charged surfactants 

could be beneficial to the environmental and pharmaceutical applications in which they 

are used.9, 98, 117, 138, 147 Additionally, studies providing further investigation into how the 

partial charge distribution around branched monomer structures of other nonionic 

polymers affect their ability to adsorb to charged surfaces could be valuable to 

applications dependent on the functionalization of various polymer films. 110-112 

 

II) Nonionic Surfactant + Charged Surfactant Mixed Systems 
The previous section has investigated the interfacial behavior of mixed systems 

involving nonionic polymers and charged surfactants at the oil/water surface. Many 

applications utilizing mixed systems at the oil/water interface also involve co-surfactant 

mixtures. One such application is the use of dispersants as an oil spill remediation 

technique, as the mixture of various surfactants and solvents aid the dissipation of surface 

oil into droplets accessible to degradation by microorganisms. However, the 2010 

Deepwater Horizon oil spill in the Gulf of Mexico was a major environmental disaster 

whose effects called into question the use of chemical dispersants as a remediation 

technique. While the dispersants succeeded in dissipating the surface oil, the chemical 

mixture used to remediate the Horizon spill themselves introduced toxic effects on 

marine and shore life, further amplifying the disaster.4, 136, 148 To engineer safe dispersant 
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mixtures, a fundamental understanding of the interplay between surfactants in these 

mixtures is necessary. 

This section investigates the behavior of a nonionic surfactant, Span-80, as a 

component in co-surfactant mixtures with anionic surfactants. Span-80 is a current 

ingredient used in oil spill dispersant mixtures, as it is known to be biodegradable and 

nontoxic.7-8, 134, 149-151 Anionic surfactants have also been shown to be an effective 

ingredient of oil spill dispersants, as they are known to have high surface activities.6-7, 152 

Thus, understanding how nonionic Span-80 interacts with anionic surfactants at the 

oil/water interface and how the surface behaviors of these molecules are affected by each 

other is important for understanding the effectiveness of Span-80’s use in dispersant 

applications, and what interfacial properties of co-surfactant mixtures may be desirable 

for the engineering of safe dispersant solutions.  

The chemical structures of the surfactants investigated in this section are shown in 

Figure 4.23. It is noted that some studies included in this section investigate very weak 

signal from the chiral C-H stretches of the Span-80 headgroup. Thus, the beam energies 

and pulse stability of our experimental laser system (described in Chapter II) required 

careful optimization, and figures shown of PSP polarizations probing chiral signals are an 

average of at least ten different spectra, to produce appropriate signal-to-noise ratios for 

analysis. 

 
 
Figure 4.23: The chemical structures of surfactants used in these studies. Sodium dodecyl sulfate (SDS) 
was fully deuterated. Dioctyl sulfosuccinate sodium salt (AOT) was deuterated in the alkyl tails. Sorbitan 
monooleate (Span-80) was not deuterated. 
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A) Nonionic Span-80 surfactant with anionic SDS 

 This section uses VSF to investigate the interfacial behavior of a co-surfactant 

mixed system of nonionic Span-80 with SDS, a widely used anionic surfactant.153-157 

However, before studying the surface dynamics of Span-80 in a co-surfactant mixture, it 

is important to understand its behavior alone at the oil/water surface.  

 Figure 4.24 shows the VSF spectra in SSP polarizations of 0.025 mM Span-80 

alone at the D2O/CCl4 interface. D2O was used as the aqueous solvent to avoid 

interference from O-H stretch oscillators in the region of 2750 – 3000 cm-1. Figure 4.24 

shows the VSF response from 0.025 mM Span-80 in the C-D stretching region (2020 – 

2200 cm-1), and the C-H stretching region (2750 – 3000 cm-1) at 1 hour after the 0.025 

mM solution of Span-80 was allowed to adsorb to the surface, and 24 hours after (blue 

and orange traces, respectively). 

 Figure 4.24 also shows the VSF signal detected in the region of the O-D stretch 

oscillators from the D2O solvent modes, which can be observed in the 2450 – 2750 cm-1 

region. VSF signal from D2O modes are known to be enhanced upon the presence of a 

surface charge, as the water molecules orient their dipole in response to the interfacial 

field. When this occurs, VSF signal from the O-D stretch oscillators can encompass an 

extended region including 2000 – 2750 cm-1, due to the highly coordinated hydrogen-

bonding environment of the O-D stretches.26 However, Figure 4.24 does not show any 

VSF intensity detected in the 2020 – 2200 cm-1 due to O-D stretch oscillators, as the 

 
Figure 4.24: VSF spectra in SSP polarizations of 0.025 mM Span-80 at the CCl4/D2O interface, taken 1 
hour and 24 hours after formation of the interface (indicated by the blue and orange traces, respectively). 
The C-H stretches due to Span-80 increase in intensity over time. Lines are guides to the eye. 
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uncharged Span-80 headgroup does not produce a significant field at the surface to 

enhance the hydrogen-bonding coordination of water molecules. Additionally, no VSF 

response from C-D stretch modes are detected in this region, as all Span-80 surfactant 

molecules in this system are non-deuterated and do not contain any C-D bonds. It is noted 

that the data points in the 2020 – 2200 cm-1 region in Figure 4.24 that dip below a VSF 

intensity of 0 a.u. are due to normalization artifacts and indicate no VSF signal is 

detected at those wavenumbers.  

 Analyzing the 2450 – 3000 cm-1 spectral region, the weak mode detected at ~ 

2720 cm-1 in both spectra correspond to free OD oscillators from D2O molecules 

protruding into the oil phase. The sharp and narrow peaks at ~2850 cm-1 and 2870 cm-1 

are due to the VSF response from the methylene symmetric (d+) and methyl symmetric 

(r+) stretches, respectively. The peak at ~2930 cm-1 contains signal from several VSF-

active C-H stretching modes, including the methylene Fermi resonance and methyl Fermi 

resonance modes, and is hereafter referred to as the Fermi resonance (F.R.) response.34, 66 

Additionally, the methylene asymmetric stretch (d-) appears as a slight shoulder to the 

red (lower wavenumbers) of the Fermi resonance mode, at a peak position of ~2920 cm-1.  

As the amount of time Span-80 has to adsorb to the surface increases from 1 to 24 

hours, the VSF signal produced by all C-H stretches from Span-80 increases. 

Understanding from Equation 9 in Chapter II, this could either be due to continual 

adsorption of more Span-80 molecules to the surface, or a reorientation of the C-H 

vibrational dipoles already present at the surface, causing a larger component of their 

vibrational dipoles to be detected perpendicularly to the surface. Surface pressure 

measurements report an equilibration time of ~1 hour for the 0.025 mM Span-80 solution 

(at an equilibration surface pressure of 0.4 ± 0.2 mN/m), indicating this concentration of 

Span-80 allows maximum adsorption to the oil/water interface after 1 hour. Thus, the 

increase in intensity of the C-H stretches in the SSP spectra between the 1 hour and 24 

hour traces are likely due to the reorientation of the Span-80 hydrocarbon tails after they 

have adsorbed to the interface. This re-structuring of the Span-80 tail groups once they 

have adsorbed to the surface could be driven by the favorable interactions between the 

surfactant’s hydrophobic C-H bonds and the oil solvent molecules.158-159 
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The D2O O-D stretch oscillators detected in the region of 2450 – 2750 cm-1 also 

contribute additional signal to the VSF spectra over time, indicating more interfacial 

water molecules are engage in coordinated hydrogen bonding over time. This could be 

due to the reorientation of the hydrophilic Span-80 headgroup at the surface after it 

adsorbs, maximizing favorable interactions with solvent water molecules. As the 

hydrocarbon tail of Span-80 reorients to maximize favorable interactions with the oil 

phase, the hydrophilic headgroup could also be reorienting, optimizing favorable 

hydrogen bonding interactions between the Span-80 headgroup and water molecules. 

However, additional studies would need to be performed to confirm this behavior. 

Nevertheless, despite the very low surface pressure value of 0.4 ± 0.2 mN/m for 

the 0.025 mM Span-80 system at the oil/water interface, it can be seen from the VSF 

spectra in Figure 4.24 that Span-80 molecules are present with a net orientation of 

vibrational dipoles at the surface in this system, producing significant signal in the C-H 

stretching region of the SSP polarized spectra. 

 When SDS is added to create a co-surfactant system with Span-80, the SDS 

molecules are fully deuterated to allow differentiation between the VSF response of both 

surfactants. SDS was chosen to be deuterated, as the process of fully deuterating Span-80 

molecules is much more experimentally difficult, causing deuterated Span-80 to be more 

expensive and rare to find. The features of the VSF spectra of d-SDS alone at the 

D2O/CCl4 interface is discussed in detail in Chapter III. 

Figure 4.25 shows the VSF spectra in SSP polarizations of the co-surfactant 

system containing 0.025 mM Span-80 with 0.25 mM deuterated SDS (d-SDS) at the 

D2O/CCl4 interface at 1 hour and 24 hours after the interface was formed. The C-H 

stretching region from 2750 – 3000 cm-1 shows the same C-H peaks discussed above 

from Span-80 surfactant present at the surface. The overall VSF signal in the C-H 

stretching region again increases over time. The sharp peaks in the C-H stretching region 

suggests Span-80 is present and ordered at the surface at both 1 hour and 24 hours after 

formation of the interface.  
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Signal in the O-D stretching region of 2550 – 3000 cm-1 is considerably higher in 

intensity than what was observed for Span-80 alone at the surface in Figure 4.24, due to 

the presence of charged d-SDS surfactant at the interface in the co-surfactant system. 

Where Span-80 alone at the surface does not induce the coordination of water molecules 

at further interfacial depths due to its nonionic headgroup, the anionic charge of the d-

SDS surfactant causes water molecules to orient their dipole in response to the surface 

charge, allowing more VSF signal to be detected in the coordinated water stretching 

region compared to an uncharged surface. 

 The VSF spectra in the 2020 – 2200 cm-1 region in Figure 4.25 probes the region 

of O-D stretch oscillators from coordinated D2O molecules as well as any C-D stretches 

from the deuterated SDS surfactant. While distinct C-D stretching peaks are not observed 

in the 2020 – 2200 cm-1 region in Figure 4.25, this does not necessarily imply that d-SDS 

has not adsorbed to the surface. In fact, the presence of broad signal in this region due to 

highly coordinated hydrogen-bonded D2O molecules implies the charged d-SDS is in fact 

present at the surface, as Span-80 alone does not induce signal in this region from 

interfacial water molecules (Figure 4.24). There are two likely reasons why the C-D 

stretching modes from adsorbed d-SDS molecules, while present, are not detectable by 

VSF as distinct peaks: either their lack of significant population or net dipole orientation 

at the surface causes their overall VSF signal to be too weak to allow their detection as 

distinguished peaks from the broad O-D stretching signal. This is consistent with 

 
Figure 4.25: VSF spectra in SSP polarizations of 0.025 mM Span-80 with 0.25 mM d-SDS at the 
CCl4/D2O interface at 1 hour and 24 hours after the interface was formed. The C-H stretches from Span-80 
increase in intensity over time, while the signal from the coordinated water O-D stretches decreases. Lines 
are guides to the eye.  
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literature that shows that the presence of SDS at the oil/water interface affects the signal 

from water stretch modes at low enough concentrations where the C-H modes from the 

surfactant are not yet visible as peaks in VSF spectra.36 

 One possible experimental consideration that may help the C-D modes of d-SDS 

be observed by VSF in this system is to probe the same system in an aqueous solvent  of 

H2O, to remove the signal from the O-D stretch oscillators. This consideration is 

investigated for a similar co-surfactant system in the next section, however, as discussed 

in Chapter III, the use of H2O as the aqueous solvent introduces a broad signal in this 

same region due to the H2O bend + libration combination mode, which could also 

obscure the VSF detection of C-D oscillators.   

 Despite the lack of distinct C-D modes observable in this region, the spectra 

encompassing 2020 – 2200 cm-1 of the mixed co-surfactant system still contributes 

interesting information regarding the behavior of Span-80 with d-SDS at the oil/water 

surface. Over time, the VSF signal intensity due to O-D stretch oscillators from 

coordinated water molecules in this region decreases, possibly implying a weaker 

interfacial field from fewer d-SDS surfactants is at the surface over time. If so, the 

concurrent increase in intensity of Span-80’s C-H stretches may suggest competitive 

adsorption at the surface between nonionic Span-80 and anionic SDS, where Span-80 

more favorably adsorbs to the surface over time, causing the increase in VSF C-H 

stretching signal, and d-SDS is removed from the surface, causing the decrease in the 

coordinated water O-D stretching signal.  

 Competitive adsorption between Span-80 and SDS at the oil/water interface is 

further supported by the surface pressure values and VSF spectra shown in Figure 4.26. 

Figure 4.26a shows the VSF signal from coordinated water O-D stretch oscillators for 

Span-80 and SDS alone at the surface (red and blue traces, respectively) and as a mixed 

co-surfactant system (green trace). The very low VSF intensity of 0.025 mM nonionic 

Span-80 in this region is expected, as discussed earlier. The intensity due to the 

coordinated D2O molecules is weaker for the mixed system than when 0.25 mM d-SDS is 

alone at the surface, implying a weaker field at the surface from fewer SDS charged 

headgroups adsorbed to the interface in the co-surfactant mixture. However, the surface 

pressure plot in Figure 4.26b displays higher surface pressure values for the mixed 
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systems than that of either Span-80 or SDS alone, indicating more overall surface 

adsorbates in the mixed systems. The lower VSF intensity from coordinated D2O 

molecules in the mixed system spectra of Figure 4.24a suggest less SDS is at the surface 

in the co-surfactant mixture; thus, additional adsorption of Span-80 molecules is likely 

responsible for the higher surface pressure value of this system. These studies suggest 

some amount of competitive adsorption is present in the co-surfactant mixture of anionic 

SDS and nonionic Span-80, with favorable adsorption of Span-80 to the oil/water surface. 

However, without a distinct analysis of the C-D vibrational modes of interfacial d-SDS 

and further studies, these conclusions are not confirmed. 

 
Figure 4.26: VSF spectra in SSP polarizations (a) and surface pressure values (b) for Span-80 alone 
(red), SDS alone (green), and the mixed system of Span-80 with SDS (blue). The concentration of Span-
80 in all systems was 0.025 mM. In the VSF spectra of (a), the concentration of SDS alone and in the 
mixed system was 0.25 mM. In the surface pressure measurements of (b), the concentrations of SDS 
alone and in the mixed systems were 0, 0.015, 0.025, and 0.5 mM. Lines in VSF spectra are guides to 
the eye. 
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 To gain a better understanding of Span-80’s behavior in a mixed system with 

anionic surfactant, an experimental system that allows VSF to probe the vibrational 

response of the adsorbed anionic surfactant must be investigated. The next section 

discusses such a study, investigating Span-80 and anionic AOT at the oil/water surface. 

However, before introducing the details of the new experimental system, one 

consideration warranted by the preliminary results of the Span-80 with SDS system 

described above is that of preparation procedure. Specifically, if Span-80 is truly 

competitively adsorbing with SDS at the surface over time, is this behavior amplified if 

Span-80 is allowed to adsorb first to the interface, followed by the addition of SDS? 

Figure 4.27 shows the VSF spectra of the co-surfactant system 0.025 mM Span-80 with 

0.25 mM d-SDS in D2O at the CCl4/water interface with three different preparation 

procedures: (a) the equilibration of Span-80 first, with the subsequent addition of d-SDS, 

(b) the equilibration of d-SDS first, with the subsequent addition of Span-80, and (c) 

Span-80 and d-SDS are mixed together in solution, and then added to the CCl4 surface. 

For reference, the spectra shown above in Figure 4.25 utilized preparation procedure 

(c),where both Span-80 and d-SDS were first mixed together in solution.  

 The trends in the VSF spectra over time for each of the three preparation 

procedures in Figure 4.27 are strikingly similar. This suggests that the order in which 

surfactants are introduced into the system does not have a significant effect on the 

resulting VSF spectra. All three procedures produce VSF spectra with a decrease in the 

signal from the coordinated O-D stretch oscillators in the 2020 – 2200 cm-1 region over 

time, and a corresponding increase in the intensity of the Span-80 C-H stretch modes 

found in the 2750 – 3000 cm-1 region. This suggests that any possible competitive 

adsorption between Span-80 and SDS to the oil/water interface is not impacted by the 

order of sample preparation. In light of these observations of preparation method, the 

next section investigates the co-surfactant system of Span-80 with anionic AOT, utilizing 

the same sample preparation procedure as used in these studies to observe the behavior of 

nonionic Span-80 in the co-surfactant mixed system. 
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Figure 4.27: VSF spectra at the CCl4/D2O in SSP polarizations for three different preparation procedures 
of the mixed system containing 0.25 mM d-SDS with 0.025 mM Span-80 surface at 1 hour and 24 hours 
after the interface was formed. The similar spectra of each preparation procedure indicates the preparation 
procedure does not significantly affect the surface activity of the co-surfactant system. 
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B) Nonionic Span-80 surfactant with anionic AOT 

This section investigates the co-surfactant system of 0.1 mM Span-80 with 0.01 

mM deuterated AOT (d-AOT). AOT is a surfactant commonly used as an ingredient in 

oil spill dispersant mixtures, as it is very surface active.6-7, 152 Understanding how Span-

80 and AOT behave in a mixed system is important for evaluating Span-80’s 

performance as a nontoxic ingredient in dispersant mixtures. As shown in Figure 4.23, 

the d-AOT used in this study is only deuterated in the surfactant alkyl tails; the 

headgroup of d-AOT contains one methylene (CH2) group and one methine (CH) group. 

Thus, the majority of VSF signal detected in the C-H stretching region is due to Span-80, 

however, it is possible that a small contribution to that signal is due to the headgroup of 

the d-AOT molecules, discussed later in more detail.  

AOT was chosen for this mixed co-surfactant system because of its high surface 

activity and contribution to very intense VSF signal at the oil/water interface, as well as 

its relevance in dispersant mixture applications. Where the C-D stretching modes from d-

SDS at the surface were not observable in the VSF spectra, d-AOT has a higher 

likelihood of contributing C-D peaks to the spectrum, even at lower bulk concentrations 

than SDS, due to its high surface activity. Additionally, the experimental laser system 

used in these studies allow the detection of the carbonyl (C=O) stretch modes of the AOT 

headgroup, however, the sulfate (S=O) modes of the SDS headgroup are not able to be 

probed with the given tunable IR range of this experimental system. Thus, for these 

studies investigating Span-80 with anionic d-AOT, the detection of the C-D stretching 

and C=O stretching regions by VSF spectroscopy allow two spectral markers that provide 

information regarding the population and net order of adsorbed AOT molecules at the 

oil/water surface. 

Due to the weak contribution in the C-H stretching region from the C-H modes on 

the d-AOT headgroups, the VSF polarization combination of PSP was utilized to probe 

the signal from the chiral C-H modes of Span-80’s headgroup. The PSP spectra uniquely 

probe Span-80 molecules without any interference with d-AOT modes, complementing 

the SSP spectra of the C-H stretching modes for the co-surfactant system. It is noted that 

Span-80 also has carbonyl (C=O) modes in its headgroup and will contribute signal in 

this region when present with a net vibrational dipole at the surface. 
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Because this mixed system is analyzing VSF signal in both the C-H and C-D 

stretching regions, the aqueous solvent used in these solutions must be considered. O-H 

stretching oscillators from coordinated H2O molecules encompass the same spectral 

region as the C-H stretches (2800 – 3100 cm-1). Synonymously, the O-D stretching 

oscillators from coordinated D2O molecules encompass the same spectral region as the C-

D stretch modes (2000 – 2250 cm-1). Chapter III discussed the presence and surface 

charge dependence of the bend + libration combination mode from H2O molecules, 

which also appears in the C-D stretching region. Thus, either aqueous phase of H2O or 

D2O may affect the spectral peaks that arise from C-D stretches. 

Figure 4.28 shows the VSF spectra of the C-D stretching region for the co-

surfactant system of d-AOT with Span-80 in aqueous phases of H2O and D2O. There is 

an elevated background from resonant water modes detected when the system has either a 

deuterated or non-deuterated aqueous solvent, although that of the O-D stretching modes 

from coordinated D2O molecules is more intense than the H2O bend + libration 

combination mode. This difference in intensity is expected due to the combination 

mode’s weaker response discussed in Chapter III. The sharp peak at ~2070 cm-1 in the 

co-surfactant system with a D2O aqueous phase (purple trace) is due to a C-D stretch 

 
Figure 4.28: VSF spectra in SSP polarizations of 0.01 mM d-AOT with 0.1 mM Span-80 at the CCl4/D2O 
surface with an aqueous solvent of H2O (blue trace) and D2O (purple trace). The purple trace is elevated 
due to signal from the coordinated water O-D stretching modes. Underlying signal from the H2O bend + 
libration mode is present in the blue trace. Lines are guides to the eye. 
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mode from interfacial d-AOT molecules. This peak is also detectable when the aqueous 

phase is H2O (blue trace), although much weaker than what is seen in the D2O system.  

Because the only aspect of this chemical system that has changed is the aqueous 

phase, it can be assumed that the presence and structure of d-AOT at the surface of this 

system is equivalent in either aqueous phase. Thus, the higher overall VSF intensity 

detected for the 2070 cm-1 C-D stretch peak in D2O is a consequence of the presence of 

the more intense underlying O-D stretch modes elevating the C-D stretching peak in the 

spectrum. Such elevation from the constructive interference of resonant modes in the 

D2O system allows detection of a much more distinct C-D stretch mode. For this reason, 

all spectra taken for this co-surfactant system investigated here utilize D2O as the 

aqueous solvent; however, it must be kept in mind that the overall intensity observed for 

the C-D stretching peaks contain contributions from the underlying water signal. 

It is important to understand the spectral features arising from the d-AOT 

molecules alone at the interface before analyzing spectra of the mixed co-surfactant 

system. Figure 4.29 shows VSF spectra of 0.01 mM d-AOT at the D2O/oil interface at 1 

hour and 24 hours after the interface was formed. Anionic AOT induces an enhancement 

of the D2O stretch + libration combination mode detected as the broad signal in the 2800 

– 3000 cm-1 region of the SSP spectra, similar to what was discussed in Chapter III for 

 
Figure 4.29: VSF spectra in SSP polarizations of 0.01 mM d-AOT at the CCl4/D2O surface at 1 hour (blue 
trace) and 24 hours (orange trace) after the interface was formed. The spectral inset in the grey box was 
taken with a polarization combination of PSP. The surface behavior of d-AOT does not change 
significantly over time. Lines are guides to the eye. 
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the anionic SDS surfactant system. The peak at 2720 cm-1 is due to the free OD mode, 

and the sharp increase in signal at wavenumbers in the region 2600 – 2700 cm-1 is due to 

the O-D stretch oscillators strongly coordinated D2O molecules, enhanced by the 

presence of the anionic charge at the surface. There is a noticeable dip in intensity at 

~2950 cm-1 (labeled with the asterisk), that is not present in the similar VSF spectra of d-

SDS at the D2O/oil surface in Figure 3.6. This dip in intensity is due to the interference 

between the broad combination mode signal and the signal from the C-H stretches of the 

d-AOT headgroups (see Figure 4.23). While weak, the C-H modes of the d-AOT 

headgroups do indeed contribute some signal to the SSP spectra in the C-H stretching 

region. The spectra in the grey inset encompassing the same wavenumber region shows 

the VSF signal detected for the d-AOT system in the PSP polarizations. As expected, no 

spectral features are detected in this spectral inset, as the d-AOT molecules do not 

contain any chiral centers that would cause signal in this region to be observed by a 

polarization combination of PSP.  

The SSP spectra in the 2020 – 2200 cm-1 region probe the VSF response from C-

D stretch modes, as well as O-D stretch oscillators from highly coordinated interfacial 

D2O molecules. The broad signal encompassing the entirety of this region is due to the 

coordinated D2O molecules, as the anionic charge of the adsorbed d-AOT headgroups 

enhances the signal from D2O molecules in this region. However, amidst this broad 

signal, there is a distinct peak observable at ~2075 cm-1, due to the deuterated methyl 

symmetric stretch (CD3 r+).66 Although the broad signal from coordinated water 

oscillators is present in this region, the high surface activity and net structure of the d-

AOT alkyl tails at the oil/water interface allow the CD3 modes of the d-AOT surfactant to 

be observed in the VSF spectra.  

Signal from the carbonyl stretches in the d-AOT headgroup can also be observed 

at the surface via VSF spectroscopy. Figure 4.30 shows the SSP spectra in the carbonyl 

stretching region of 0.01 mM d-AOT in D2O at 1 hour and 24 hours after the interface 

was formed. The carbonyl mode creates a dip in the spectrum with a peak position of 

~1730 cm-1, as it interferes with the broad underlying signal from a low-wavenumber 

D2O combination band, which is amplified in response to the anionic surface (see full fit 

parameters in Appendix C).160-161 Over time, the intensity of this carbonyl peak does not 
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significantly increase, however, it does broaden slightly. This broadening likely indicates 

further solvation of interfacial d-AOT headgroups after the molecules have adsorbed to 

the surface, as the aqueous solvent molecules maximize favorable interactions with the 

carbonyl modes.  

The spectra in Figures 4.29 and 4.30 of d-AOT alone at the surface do not show 

significant changes in intensity over time from 1 hour to 24 hours after the interface is 

formed. The VSF detection of the O-D stretching modes from coordinated D2O 

molecules and the C-D methyl symmetric stretch suggests d-AOT molecules are present 

with a net order of the alkyl tails at the surface. As neither the coordinated O-D stretches 

or C-D stretch modes change in intensity over time, the population and alkyl tail structure 

of adsorbed d-AOT molecules likely do not change significantly 1 hour to 24 hours after 

formation of the interface. 

The concentration of Span-80 investigated here is higher than that analyzed in the 

previous section of the SDS co-surfactant mixture (Figure 4.24). Figure 4.31 shows the 

VSF spectra of 0.1 mM Span-80 alone at the D2O/CCl4 interface at 1 hour and 24 hours 

after the formation of the interface. As described previously, the peaks in the C-H 

stretching region (2750 – 3000 cm-1) correspond to the methylene symmetric stretch (d+), 

methyl symmetric stretch  (r+), methylene asymmetric stretch (d-), and Fermi resonance 

modes at ~2850 cm-1, 2870 cm-1, 2920 cm-1, and 2930 cm-1, respectively. The spectral 

 
Figure 4.30: VSF spectra in SSP polarizations in the carbonyl stretching region of 0.01 mM d-AOT at the 
CCl4/D2O surface at 1 hour (blue trace) and 24 hours (orange trace) after the interface was formed. Lines 
are fits to spectra. Full fit parameters can be found in Appendix C, Table C.1. 
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inset in Figure 4.31 shows the VSF spectra of 0.1 mM Span-80 taken with PSP 

polarizations, probing the C-H stretch responses from Span-80’s chiral headgroup (see 

Figure 4.23). The peaks at ~2850 cm-1, 2875 cm-1, and 2935 cm-1 in the PSP spectra are 

attributed to the methylene symmetric stretch (d+), methylene asymmetric stretch (d-), 

and methylene Fermi resonance (CH2 FR) modes of the Span-80 chiral headgroup, 

respectively. The shoulder at ~2900 cm-1 in this PSP spectra is due to the methine 

stretch.162  

The 2020 – 2200 cm-1 spectral region shows the VSF response of any C-D 

stretching modes or O-D oscillators from highly coordinated D2O molecules. No signal 

from the 0.1 mM Span-80 system is detected in this region in either the 1 hour or 24 

hours traces, which is expected given Span-80 is not deuterated and has an uncharged 

headgroup. 

Surface pressure measurements report a value of 4 ± 0.6 mN/m for the solution of 

0.1 mM Span-80 at the CCl4/water interface, with an equilibration time of 1 hour. Thus, 

the amount of Span-80 molecules adsorbed to the surface and contributing to the VSF 

spectra after 1 hour and 24 hours are expected to be the same. The VSF intensity of the 

C-H stretching modes from Span-80 do not change in either the SSP or PSP spectra from 

1 hour to 24 hours, indicating that the Span-80 molecules adsorbed to the surface at a 

bulk concentration of 0.1 mM do not undergo any additional reorientation after 

 
 
Figure 4.31: VSF spectra in SSP polarizations of 0.1 mM Span-80 at the CCl4/D2O surface at 1 hour (blue 
trace) and 24 hours (orange trace) after the interface was formed. The spectral inset in the grey box was 
taken with a polarization combination of PSP. The surface behavior of 0.1 mM Span-80 does not change 
significantly over time. Lines are guides to the eye. 
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adsorption. This differs from what was observed in Figure 4.24 for a lower bulk 

concentration of 0.025 mM Span-80, where the intensity of Span-80’s C-H stretches 

continued to increase even after the population of adsorbed molecules had equilibrated. 

The amount of Span-80 molecules adsorbed to the surface in this higher concentration 

system likely limits the ability of the surfactant alkyl tails to reorient after adsorption. 

Where at lower concentrations, the Span-80 molecules at the surface have room to re-

structure the hydrocarbon tails to maximize favorable interactions with the oil phase, the 

higher concentration of Span-80 molecules causes less room between surfactant nearest 

neighbors, affecting the net order of the surfactants immediately after adsorption 

equilibration.  

Observing the VSF response of the carbonyl (C=O) mode on Span-80’s 

headgroup further confirms the lack of additional adsorption or reorientation of the 

molecules after equilibration. Figure 4.32 shows the VSF spectra in SSP polarizations of 

the C=O stretch for 0.1 mM Span-80 at the D2O/CCl4 interface. The carbonyl stretch of 

the Span-80 headgroup is detected by VSF as a distinct peak in Figure 4.32, contrasting 

the interference feature observed for the carbonyl stretch mode of d-AOT in Figure 4.29. 

This is because the nonionic headgroup of Span-80 does not produce a charged surface as 

d-AOT does, thus the low-wavenumber combination modes from coordinated D2O 

 
 
Figure 4.32: VSF spectra in the carbonyl stretching region in SSP polarizations of 0.1 mM Span-80 at the 
CCl4/D2O surface at 1 hour (blue trace) and 24 hours (orange trace) after the interface was formed. Lines 
are fits to spectra. Full fit parameters can be found in Appendix C, Table C.2. 
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molecules are not detected by VSF Figure 4.32 and therefore do not interfere with the 

carbonyl mode.  

The overall intensity of the carbonyl mode from interfacial Span-80 does not 

significantly change between 1 hour and 24 hours, consistent with what was observed in 

the C-H stretching region (see Appendix C for full fit parameters). The lack of significant 

change in the VSF intensity due to interfacial Span-80 in Figures 4.30 and 4.31 suggests 

that the population and surface structure of Span-80 molecules at this concentration does 

not change after its equilibration time of 1 hour, as supported by surface pressure 

measurements. 

Figure 4.33 shows the VSF spectra of the co-surfactant system containing 0.01 

mM d-AOT and 0.1 mM Span-80 at the D2O/oil interface at 1 hour and 24 hours after 

formation of the interface. Surface pressure measurements indicate a very long 

equilibration time of ~ 30 hours for this co-surfactant mixture, with an equilibrated 

surface pressure value of 14 ± 1 mN/m. This surface pressure value does not vary 

significantly from that of 0.01 mM AOT alone at the oil/water surface, which equilibrates 

to a surface pressure of 12 ± 2 mN/m, indicating the surfactants in the mixed system does 

not interact synergistically to induce additional molecular adsorption to the surface. 

The C-H stretching region (2750 – 3000 cm-1) in Figure 4.33 shows the signal 

from the hydrocarbon tail on interfacial Span-80 molecules increasing over time. This is 

 
Figure 4.33: VSF spectra in SSP polarizations of 0.1 mM Span-80 with 0.01 mM d-AOT at the CCl4/D2O 
surface at 1 hour (blue trace) and 24 hours (orange trace) after the interface was formed. The spectral inset 
in the grey box was taken with a polarization combination of PSP. Signal from the C-H stretches of Span-
80 increase over time, while signal from the C-D stretches of d-AOT decrease. Lines are guides to the eye. 



 

- 85 - 

 

in contrast to what was observed in Figure 4.31 where the signal from Span-80 did not 

change over time when alone at the surface. The increase in intensity of Span-80’s C-H 

modes in Figure 4.33 is likely due to additional Span-80 molecules adsorbing to the 

interface over time, as surface pressure shows a very slow continual adsorption of the co-

surfactant system over approximately 30 hours. This trend of increasing C-H mode 

intensity is present in both the spectra of SSP and PSP polarization schemes, confirming 

these changes are due to the Span-80 molecules at the surface, and not the few C-H 

modes from d-AOT. 

Interestingly, the signal from O-D stretch oscillators due to coordinated water 

molecules (2500 – 2700 cm-1) decreases significantly from 1 hour to 24 hours after the 

interface is formed. This suggests the amount of charged d-AOT molecules at the surface 

decreases over time. The spectra in the C-D stretching region of 2020 – 2200 cm-1 

supports this observation. The CD3 methyl symmetric stretch (r+) from d-AOT, detected 

as the sharp peak at ~2075 cm-1, decreases in intensity from 1 hour to 24 hours after 

formation of the interface. It is understood from Equation 9 in Chapter II that such a 

decrease in the C-D stretching VSF signal is either due to a loss of C-D oscillators at the 

surface, or a higher amount of disorder in the d-AOT alkyl chains. However, because this 

decrease in the CD3 r+ signal is concurrent with the decrease in the signal from 

coordinated water O-D stretches, the charged d-AOT molecules are likely leaving the 

interface over time. 

It is noted that the broad signal encompassing the 2020 – 2200 cm-1 region due to 

the O-D stretch oscillators from highly coordinated D2O molecules in Figure 4.33 is 

significantly lower than in Figure 4.29 where 0.01 mM d-AOT was alone at the surface. 

This decrease in the coordinated water modes causes the CD3 r+ peak from d-AOT to be 

more prominent in the spectra shown in Figure 4.33, as it is less obscured by the water 

signal. This also indicates less charged AOT surfactant is at the surface when in the co-

surfactant mixture with Span-80, compared to when it is alone in solution. 

 The trends in the VSF spectra shown in Figure 4.33 of the Span-80 with d-AOT 

co-surfactant system indicates competitive adsorption between the two surfactant 

molecules, where Span-80 continually adsorbs to the surface over time as d-AOT 

molecules desorb. This conclusion is supported by previous studies that have found 
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competitive adsorption of a similar co-surfactant system of AOT with a nonionic 

surfactant adsorbing to a hydrophobic gold surface.163 The VSF spectra of the Span-80 

and d-AOT co-surfactant mixture in the carbonyl stretching region further support the 

competitive adsorption between the two surfactants. 

 Figure 4.34 shows the VSF spectra in SSP polarizations of 0.01 mM d-AOT with 

0.1 mM Span-80 at the oil/water surface in the carbonyl stretching region. Both the d-

AOT and Span-80 molecules contain carbonyl modes in their headgroups, allowing both 

surfactants to contribute to carbonyl stretching peak observed at ~1730 cm-1. In Figure 

4.29, the spectrum of the carbonyl stretching mode of d-AOT alone at the surface 

displayed an interference pattern as the carbonyl mode interfered with the elevated signal 

from the broad underlying D2O combination band response. However, the spectral shape 

of the carbonyl stretch peak observed in Figure 4.34 more closely resembles that of Span-

80 alone at the surface (Figure 4.32), where the underlying water modes are not amplified 

due to the uncharged surface, allowing the carbonyl stretch to be detected as a distinct 

peak. There is a weaker enhancement of the D2O combination mode in the mixed system 

compared to the system of d-AOT alone, which is consistent with what was observed for 

the intensity of the O-D stretch oscillators in the mixed system. This suggests fewer 

 
 

Figure 4.34: VSF spectra in the carbonyl stretching region in SSP polarizations of 0.1 mM Span-80 with 
0.01 mM d-AOT at the CCl4/D2O surface at 1 hour (blue trace) and 24 hours (orange trace) after the 
interface was formed. Lines are fits to spectra. Full fit parameters can be found in Appendix C, Table C.3. 
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charged d-AOT molecules are present at the surface in the mixed system, as the nonionic 

Span-80 molecules more favorably adsorb to the surface. 

 Over time from 1 hour to 24 hours after formation of the interface, the carbonyl 

mode peak in Figure 4.34 does not change in intensity, however, it does broaden (see full 

fit parameters in Appendix C). It is difficult to distinguish the exact source of the 

unchanging intensity for this mode, as both AOT and Span-80 molecules contribute to the 

detected signal. However, it is known from the mathematical fits of the carbonyl modes 

of AOT and Span-80 alone at the surface (Figures 4.29 and 4.31) that the carbonyl peak 

of Span-80 is significantly broader than that of AOT. Thus, the broadening of the 

carbonyl peak for the co-surfactant system in Figure 4.34 likely indicates a higher 

contribution of signal from Span-80 molecules at the surface over time, consistent with 

what is observed in the C-H stretching region for this system in Figure 4.33.  

All VSF spectra discussed in this section suggest competitive adsorption between 

Span-80 and AOT surfactant molecules at the oil/water interface. It is possible that the 

longer hydrocarbon chains of Span-80 cause it to more favorably adsorb to the oil surface 

over time through stronger hydrophobic interactions. Additionally, the charge-charge 

repulsion of the d-AOT headgroups likely pose a limiting factor to the adsorption of the 

charged surfactant, where the Span-80 headgroups do not experience such repulsive 

forces because they are nonionic. Future studies varying the concentration of Span-80 in 

solution and investigating the effects of salt added to the mixed system will provide 

further understanding of the role of Span-80’s favorable adsorption to the surface as well 

as any electrostatic factors limiting the adsorption of AOT to the surface over time.  
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CHAPTER V: 

CONCLUSIONS 
 

The detection and analysis of water vibrational modes at the oil/water surface 

provide important insight to the intermolecular interactions occurring between molecules 

at the interface. The water stretch + libration combination band produces a weak, but 

detectable signal in VSF spectra at wavenumbers slightly higher than that of the free OH. 

As expected from signal produced by interfacial water molecules, the intensity of the 

stretch + libration combination mode signal is very sensitive to surface charge, with an 

anionic surface producing the most visually apparent enhancement of this broad mode. 

This water combination band’s dependence on the libration motion is evidenced by a 

blueshift in the mode’s peak position upon the addition of surface charge, as the 

enhanced hydrogen bonding network between surface water molecules further frustrates 

their libration. Due to its dependence on the O-H stretch and H2O libration motions, the 

combination mode exhibits a very broad spectral lineshape, affecting spectral features in 

a wide region beyond its peak location. Specifically, the presence of the D2O stretch + 

libration combination mode in VSF spectra at the oil/water interface coincides with the 

region of interfacial C-H stretching modes detected by VSF spectroscopy (2800 – 3000 

cm-1). As the signal from the broad water band and alkyl responses from surface 

adsorbates mix, constructive and destructive interferences can occur between the modes 

in the resulting spectrum. Thus, it is imperative to understand the experimental factors 

affecting the spectral features of the water combination mode, and how its presence may 

affect the spectral analysis of other vibrational regions of interest. 

A second H2O combination mode arising from the simultaneous excitation of the 

bend and libration motions, also known as the “association band”, is detected at the 

oil/water interface in the region of C-D stretches (2000 – 2200 cm-1). Originating from 

coordinated water molecules, this mode is also very broad in nature and sensitive to 

surface charge. Its ability to be detected by VSF spectroscopy warrants consideration for 

an important experimental factor when analyzing deuterated alkyl modes at the surface– 
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regardless of whether choosing an aqueous phase of H2O or D2O, this region of C-D 

stretches will contain underlying signal from water modes. 

It may be beneficial for future studies to investigate the presence of these broad 

water combination modes through heterodyne-detection VSF spectroscopy, to 

compliment the findings discussed in this work. These studies would provide further 

insight to the phase relationship between these weak modes and the underlying 

nonresonant signal. While signal from these water combination bands are likely present 

at other interfaces, such as the commonly studied air/water interface, the inherently more 

intense nonresonant backgrounds of these surfaces may obscure the detection of these 

weak modes with homodyne VSF spectroscopy. Thus, heterodyne-detection VSF 

spectroscopy will likely be beneficial for investigating the presence and behavior of these 

weak resonant water modes at other aqueous/hydrophobic surfaces. 

The analysis of these water combination modes is taken into consideration when 

analyzing mixed systems of nonionic polymers and charged surfactants, as the charged 

headgroup of the surfactants can cause these water modes to appear in the VSF spectra. 

The interfacial presence and structure of surface-active nonionic polymers, such as PEO 

and PVA, are found to be largely unaffected by the addition of charged surfactants. 

However, polyacrylamide (PAM), a surface-inactive nonionic polymer, is drawn to the 

oil/water interface in the presence of charged surfactant when it would otherwise remain 

solvated in the bulk aqueous solution. Cationic surfactants induce a strict ordering of the 

PAM chain, as the partial negative charge of the carbonyl mode on the acrylamide 

monomers acts anchor points for attracting the polymer to the adsorbed surfactant 

headgroups through charge-dipole interactions. Anionic surfactants on the other hand, 

while attracting the polymer to the surface through charge-dipole interactions, do not 

induce a strict overall structure to the interfacial polymer due to the spatial distribution of 

the partial positive charge along the polymer backbone.  

Co-surfactant mixtures containing a nonionic species were also investigated; 

however, similar charge-dipole interactions between the surface adsorbates are not found 

to be present between the nonionic and anionic surfactants chosen for these studies. 

Instead, evidence of competitive adsorption between nonionic Span-80 and anionic 

surfactants SDS and AOT imply the attraction of Span-80 to the oil phase is stronger than 
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any attractive intermolecular forces with anionic surfactants. This finding is of 

consequence for oil spill dispersant applications, which rely on mixtures of nonionic and 

anionic surfactants to lower the surface tension between crude oil and water to disperse 

the oil spill into the ocean. 

Because the systems involved in remediating oil spills through dispersant 

mixtures contain complex chemical mixtures, future studies investigating the effects salt 

and various solvents on the surface behavior of these co-surfactant systems will provide 

further insight to their efficacy as dispersant mixture ingredients. Additionally, if 

computational costs can be overcome for simulating large systems, computational studies 

analyzing the behavior of polymer chains in interfacial mixed systems would be 

beneficial for further understanding the wide variety of structures these polymers can 

form at the surface, especially in the presence of charged surfactants. Along with the 

results discussed in these works, studies utilizing other methods to probe the complex 

behavior of molecules at the oil/water interface together can provide the scientific 

community with collective insight to the mysteries of surface-specific chemical events. 
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APPENDIX A: 

FIT PARAMETERS FOR SPECTRAL OF WATER STRETCH + 

LIBRATION COMBINATION BAND SYSTEMS 

 
Table A.1: Fit parameters for VSF spectra in Figure 3.1 of the bare water/CCl4 interface 
with aqueous solvents of H2O and D2O in the 3600-4000 cm-1 region in SSP 
polarizations. Spectra were fit individually. 

Peak 
Assignment 

 
Fit Variable 

H2O : D2O 
0 : 1 1 : 0 

Free OH Amplitude 0.03 ± 0.02 0.90 ± 0.03 

Phase 3.14 3.14 

Lorentzian Width 12 12 

Peak Position (cm-1) 3692 ± 4 3679 ± 0.7 

Gaussian Width 11 ± 9 12 ± 0.7 

Coordinated  
O-H Stretches 

Amplitude   
  
  
  
  

0.281 ± 0.008 

Phase 0 

Lorentzian Width 5 

Peak Position (cm-1) 3470 ± 20 

Gaussian Width 100 ± 20 

H2O Stretch + 
Rotation 

Combination 
Band 

Amplitude   
  
  
  
  

0.083 ± 0.007 

Phase 3.14 

Lorentzian Width 5 

Peak Position (cm-1) 3805 ± 8 

Gaussian Width 200 ± 20 

Water 
monomer OH 
sym. stretch 

Amplitude  0.15 ± 0.03 

Phase  0 

Lorentzian Width  5 

Peak Position (cm-1)  3650 ± 3 

Gaussian Width  21 ± 4 

Water 
monomer OH 
asym. stretch 

Amplitude   0.061 ± 0.005 

Phase  3.14 

Lorentzian Width  5 

Peak Position (cm-1)  3744 ± 2 

Gaussian Width  26 ± 3 

Nonresonant 
 

Amplitude 0.054248 0.054248 

Phase 0 0 
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Table A.2: Fit parameters for VSF spectra in Figure 3.3 of the isotopic dilutions of the 
bare water/CCl4 interface in the 3600-4000 cm-1 region in SSP polarizations. The 
integrated area of the combination band fit peak under the 0.3:0.7, 0.6:0.4, and 1:0 ratios 
are 0.04, 0.19, and 0.79, respectively, providing further evidence of the gradual increase 
in combination mode signal. It is noted that large Gaussian widths are present in the 
coordinated O-H stretch and the water combination band fit peaks, as the hydrogen 
bonding network of liquid water creates a complex bonding environment for O-H 
oscillators, causing large spectral widths in modes dependent on O-H stretch and libration 
motions. The spectra of isotopic dilution ratios of 0:1 and 0.1:0.9 were fit individually, 
while those of 0.3:0.7, 0.6:0.4, and 1:0 ratios were globally fit to determine the peak 
position of the combination band, due to their more prominent spectral features. 
 

Peak 
Assignment 

Fit 
Variable 

H2O : D2O 
0 : 1 0.1 : 0.9 0.3 : 0.7 0.6 : 0.4 1 : 0 

Free OH Amplitude 0.03 ± 0.02 0.146 ± 0.009 0.31 ± 0.02 0.53 ± 0.02 0.90 ± 0.03 

Phase 3.14 3.14 3.14 3.14 3.14 

Lorentzian 
Width 

12 12 12 12 12 

Peak 
Position 

(cm-1) 

3692 ± 4 3669 ± 1 3671 ± 1 3674 ± 0.06 3679 ± 0.7 

Gaussian 
Width 

11 ± 9 20 ± 2 17 ± 1 13 ± 0.5 12 ± 0.7 

Coordinated  
O-H Stretches 

Amplitude   
  
  
  
  

0.023 ± 0.005 0.05 ± 0.01 0.121 ± 0.007 0.281 ± 0.008 

Phase 0 0 0 0 

Lorentzian 
Width 

5 5 5 5 

Peak 
Position 

(cm-1) 

3190 ± 180 3538 ± 30 3540 ± 8 3470 ± 20 

Gaussian 
Width 

300 ± 100 60 ± 30 60 ± 10 100 ± 20 

H2O Stretch + 
Rotation 

Combination 
Band 

Amplitude   
  
  
  
  

  
  
  
  
  

0.018 ± 0.004 0.041 ± 0.003 0.083 ± 0.007 

Phase 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 

Peak 
Position 

(cm-1) 

3805 ± 8 3805 ± 8 3805 ± 8 

Gaussian 
Width 

200 ± 100 200 ± 40 200 ± 20 

Water 
monomer OH 
sym. stretch 

Amplitude     0.15 ± 0.03 

Phase     0 

Lorentzian 
Width 

    5 

Peak 
Position 

(cm-1) 

    3650 ± 3 

Gaussian 
Width 

    21 ± 4 
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Table A.2 continued 
Water 

monomer 
OH asym. 

stretch 

Amplitude          0.061 ± 0.005 

Phase     3.14 

Lorentzian 
Width 

    5 

Peak 
Position 

(cm-1) 

    3744 ± 2 

Gaussian 
Width 

    26 ± 3 

Nonresonant 
 

Amplitude 0.054248 0.054248 0.054248 0.054248 0.054248 

Phase 0 0 0 0 0 
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Table A.3: Fit parameters for VSF spectra in Figure 3.4a of the isotopic dilutions of the 
water/CCl4 interface in the 3600-4000 cm-1 region with 0.1 mM anionic SDS in SSP 
polarizations. The integrated area of the combination band fit peak under the 0.1 : 0.9, 0.3 
: 0.7, 0.6 : 0.4, and 1: 0 ratios are 0.005, 0.008, 0.01, and 0.588, respectively, providing 
further evidence of the gradual increase in signal contribution due to the combination 
mode. The spectrum of isotopic dilution ratio 0:1 was fit individually, while those of 
0.1:0.9, 0.3:0.7, 0.6:0.4, and 1:0 ratios were globally fit to determine the peak position of 
the combination band, due to their more prominent spectral features. 

Peak 
Assignment 

 
Fit Variable 

H2O : D2O 
0 : 1 0.1 : 0.9 0.3 : 0.7 0.6 : 0.4 1 : 0 

Free OH Amplitude 0.06 ± 0.1 0.15 ± 0.03 0.23 ± 0.02 0.50 ± 0.03 1.2 ± 0.3 
Phase 3.14 3.14 3.14 3.14 3.14 

Lorentzian 
Width 

12 12 12 12 12 

Peak Position 
(cm-1) 

3692 ± 2 3689 ± 3 3683 ± 2 3674.9 ± 0.5 3675.8 ± 0.4 

Gaussian 
Width 

13 ± 4 20 ± 6 20 ± 3 12 ± 2 5 ± 1 

Coordinated  
O-H 

Stretches 

Amplitude  0.073 ± 0.001   0.229 ± 0.004  0.423 ± 0.003 0.825 ± 0.004 0.819 ± 0.007 

Phase 3.14 3.14 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 5 5 

Peak Position 
(cm-1) 

3510 ± 10 3550 ± 10 3373 ± 4 3188 ± 6 3304 ± 4 

Gaussian 
Width 

120 ± 10 120 ± 10 262 ± 5 300 ± 5 227 ± 3 

H2O Stretch 
+ Rotation 

Combination 
Band 

Amplitude   
  
  
  
  

 0.03 ± 0.02  0.037 ± 0.006 0.040 ± 0.004 0.145 ± 0.003 
Phase 3.14 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 5 

Peak Position 
(cm-1) 

3848 ± 3 3848 ± 3 3848 ± 3 3848 ± 3 

Gaussian 
Width 

52 ± 47 55 ± 10 58 ± 9 100 ± 7 

Water 
monomer 
OH sym. 
stretch 

Amplitude   0.09 ±0.02 0.105 ± 0.008 0.021 ± 0.009 
Phase 0 0 0 

Lorentzian 
Width 

5 5 5 

Peak Position 
(cm-1) 

3642 ± 3 3634 ± 5 3628 ± 6 

Gaussian 
Width 

15 ± 4 50 ± 5 18 ± 10 

Water 
monomer 
OH asym. 

stretch 

Amplitude   
  
  
  

  
  
  
  
  

  
  
  
  
  

 
0.11 ± 0.009 

Phase 3.14 
Lorentzian 

Width 
5 

Peak Position 
(cm-1) 

3741 ± 2 

Gaussian 
Width 

38 ± 3 

Nonresonant  Amplitude 0.0190261 0.0190261 0.0190261 0.0190261 0.0190261 
Phase 3.14 3.14 3.14 3.14 3.14 
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Table A.4: Fit parameters for VSF spectra in Figure 3.4b of the isotopic dilutions of the 
water/CCl4 interface in the 3600-4000 cm-1 region with 0.1 mM cationic DTAB in SSP 
polarizations. The integrated areas of the combination band fit peak under the 0.1:0.9, 
0.3:0.7, 0.6:0.4, and 1:0 ratios are 0.0108, 0.002, 0.080, 0.445, respectively. It is noted 
the integrated area under the 0.3:0.7 isotopic dilution ratio is an outlier in the trend of the 
combination mode’s contribution to signal intensity increasing upon addition of O-H 
modes. This is likely due to the large errors in fitting the combination mode at this 
isotopic ratio, as the overall VSF intensity is nearly zero due to mode interferences (see 
Figure 3.4b), proving fitting of this isotopic dilution spectrum very difficult. However, 
the general trend in the integrated area under the combination mode regardless of this 
outlier still provides evidence of the gradual increase in signal contribution due to the 
combination mode. The spectrum of isotopic dilution ratio 0:1 was fit individually, while 
those of 0.1:0.9, 0.3:0.7, 0.6:0.4, and 1:0 ratios were globally fit to determine the peak 
position of the combination band, due to their more prominent spectral features. 

Peak 
Assignment 

 
Fit Variable 

H2O : D2O 
0 : 1 0.1 : 0.9 0.3 : 0.7 0.6 : 0.4 1 : 0 

Free OH Amplitude 0.14 ± 0.04 0.14 ± 0.10 0.21 ± 0.04 0.34 ± 0.02 0.79 ± 0.04 

Phase 3.14 3.14 3.14 3.14 3.14 
Lorentzian 

Width 
12 12 12 12 12 

Peak Position 
(cm-1) 

3689 ± 2 3670 ± 30 3678 ± 3 3671 ± 1 3676 ± 0.6 

Gaussian 
Width 

12 ± 4 24 ± 29 26 ± 6 24 ± 2 12 ± 1 

Coordinated  
O-H 

Stretches 

Amplitude  1 ± 12   0.39 ± 0.02  0.560 ± 0.004 0.97 ± 0.01 1.07 ± 0.03 
Phase 0 0 0 0 0 

Lorentzian 
Width 

5 5 5 5 5 

Peak Position 
(cm-1) 

3130 ± 300 3177 ± 50 3314 ± 6 3268 ± 9 3434 ± 10 

Gaussian 
Width 

76 ± 900 300 ± 40 280 ± 7 242 ± 7 146 ± 7  

H2O Stretch 
+ Rotation 

Combination 
Band 

Amplitude   
  
  
  
  

 0.02 ± 0.01 0.018 ± 0.03 0.10 ± 0.01 0.193 ± 0.006 
Phase 3.14 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 5 

Peak Position 
(cm-1) 

3857 ± 13 3857 ± 13 3857 ± 13 3857 ± 13 

Gaussian 
Width 

95 ± 70 65 ± 130 66 ± 13 78 ± 5 

Water 
monomer 
OH sym 
stretch 

Amplitude     0.071 ± 0.007 
Phase 3.14 

Lorentzian 
Width 

5 

Peak Position 
(cm-1) 

3602 ± 1 

Gaussian 
Width 

24 ± 3 

Nonresonant  Amplitude 0.19939 0.19939 0.19939 0.19939 0.19939 

Phase 0 0 0 0 0 
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Table A.5: Fit parameters for VSF spectra in Figure 3.5b of the isotopic dilutions of the 
D2O/CCl4 surface in the presence of 0.01 mM d-SDS with and without 1 M NaCl in SSP 
polarizations. Spectra were fit individually. 

Peak 
Assignment 

Fit Variable 0.01 mM SDS + 
1M NaCl in D2O 

0.01 mM SDS in 
D2O 

Free OD Amplitude 0.06 ± 0.01 0.36 ± 0.02 

Phase 3.14 3.14 

Lorentzian 
Width 

12 12 

Peak Position 
(cm-1) 

2721 2720.7 ± 0.7 

Gaussian Width 16 ± 12 12 ± 2 

Coordinated 
O-D Stretches 

Amplitude 0.06 ± 0.01   0.33 ± 0.01 

Phase 0 3.14 

Lorentzian 
Width 

5 5 

Peak Position 
(cm-1) 

2550 2495 ± 4 

Gaussian Width 100 ± 40 61 ± 1 

D2O Stretch + 
Rotation 

Combination 
Band 

Amplitude 0.05 ± 0.04   0.042 ± 0.003 

Phase 3.14 3.14 

Lorentzian 
Width 

5 5 

Peak Position 
(cm-1) 

2855 ± 80 2851 ± 10 

Gaussian Width 100 ± 50 87 ± 10 

Water 
monomer OD 
sym. stretch 

Amplitude 0.02 ± 0.02 0.093 ± 0.008 

Phase 0 0 

Lorentzian 
Width 

5 5 

Peak Position 
(cm-1) 

2708 2708 ± 2 

Gaussian Width 11 ± 8 57 ± 5 

Water 
monomer OD 
asym. stretch 

Amplitude 0.02 ± 0.07 0.06 ± 0.01 

Phase 3.14 3.14 

Lorentzian 
Width 

5 5 

Peak Position 
(cm-1) 

2762 2762 ± 7 

Gaussian Width 70 ± 100 45 ± 10 

Nonresonant  Amplitude 0.034463 0.017982 

Phase 0 0 
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Table A.6: Fit parameters for VSF spectra in Figure 3.6 of the bare D2O/CCl4 interface, 
and in the presence of 0.01 mM and 0.1 mM d-SDS in SSP polarizations. Spectra were fit 
individually. 

Peak 
Assignment 

Fit Variable D2O 0.01 mM SDS in 
D2O 

0.1 mM SDS 
in D2O 

Free OD Amplitude 0.28 ± 0.03 0.36 ± 0.02 0.47 ± 0.04 

Phase 3.14 3.14 3.14 

Lorentzian 
Width 

12 12 12 

Peak Position 
(cm-1) 

2721 ± 1 2720.7 ± 0.7 3720.7 ± 0.7 

Gaussian Width 10 ± 1 12 ± 2 16 ± 2 

Coordinated 
O-D Stretches 

Amplitude 0.070 ± 0.005   0.33 ± 0.01 0.407 ± 0.007 

Phase 0 3.14 3.14 

Lorentzian 
Width 

5 5 5 

Peak Position 
(cm-1) 

2560 ± 20 2495 ± 4 2480 ± 4 

Gaussian Width 110 ± 10 61 ± 1 89 ± 1 

D2O Stretch + 
Rotation 

Combination 
Band 

Amplitude 0.012 ± 0.003   0.042 ± 0.003 0.077 ± 0.007 

Phase 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 

Peak Position 
(cm-1) 

2815 ± 30 2851 ± 10 2856 ± 10 

Gaussian Width 96 ± 31 87 ± 10 100 ± 10 

Water 
monomer OD 
sym. stretch 

Amplitude 0.026 ± 0.008 0.093 ± 0.008 0.22 ± 0.04 

Phase 0 0 0 

Lorentzian 
Width 

5 5 5 

Peak Position 
(cm-1) 

2697  ± 2 2708 ± 2 2708 ± 2 

Gaussian Width 10  ± 5 57 ± 5 36 ± 1 

Water 
monomer OD 
asym. stretch 

Amplitude 0.008 ± 0.004 0.06 ± 0.01 0.05 ± 0.02 

Phase 3.14 3.14 3.14 

Lorentzian 
Width 

5 5 5 

Peak Position 
(cm-1) 

2770 ± 5 2762 ± 7 2762 ± 7 

Gaussian Width 15 ± 13 45 ± 10 59 ± 20 

Nonresonant  Amplitude 0.03368 0.017982 0.00186515 

Phase 0 0 0 
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Table A.7: Fit parameters for VSF spectra in Figure 3.7 of the D2O/CCl4 interface with 
0.02 mM Span-80 + 0.015 mM d-SDS and 0.02 mM Span-80 + 0.015 mM d-DTAB in 
SSP polarizations. Spectra were fit individually. 

Peak Assignment Fit Variable 15 uM d-SDS + 20 
uM Span-80 in D2O 

15 uM d-DTAB + 20 
uM Span-80  

In D2O 
CH2 S.S. Amplitude 0.24 ± 0.02 0.7 ± 0.1 

Phase 3.14 3.14 

Lorentzian Width 2 2 

Peak Position (cm-1) 2851 ± 1 2852.6 ± 0.8 

Gaussian Width 8.9 ± 0.6 9.5 ± 0.5 
CH3 S.S. Amplitude 0.10 ± 0.03 0.32 ± 0.04 

Phase 3.14 3.14 

Lorentzian Width 2 2 

Peak Position (cm-1) 2871 ± 1 2869 ± 1 

Gaussian Width 4 ± 2 4.0 ± 0.8 
CH2 A.S. Amplitude 0.2 ± 0.2  0.3 ± 1 

Phase 0 0 

Lorentzian Width 2 2 

Peak Position (cm-1) 2919 ± 7 2916 ± 5 

Gaussian Width 10 ± 7 16 ± 5 
CH3 F.R. Amplitude 0.6 ± 1 0.4 ± 0.1 

Phase 0 0 

Lorentzian Width 2 2 

Peak Position (cm-1) 2933 ± 2 2928 ± 2 

Gaussian Width 8 ± 2 7 ± 2 
CH3 A.S. Amplitude 0.16 ± 0.07 0.6 ± 0.3 

Phase 0 3.14 

Lorentzian Width 2 2 

Peak Position (cm-1) 2960 ± 10 2940 ± 7 

Gaussian Width 22 ± 20  14 ± 2 
D2O Stretch + 

Rotation Combination 
Band 

Amplitude 0.26 ± 0.03  0.14 ± 0.06 

Phase 3.14 0 

Lorentzian Width 5 5 

Peak Position (cm-1) 2865 ± 60 2825 ± 45 

Gaussian Width 150 ± 70 100 ± 50 
Water monomer OD 

asym. stretch 
Amplitude  0.4 ± 0.2 

 

Phase 0 

Lorentzian Width 5 

Peak Position (cm-1) 2781 ± 8 

Gaussian Width 50 ± 10 
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APPENDIX B: 

FIT PARAMETERS FOR SPECTRA OF POLYACRYLAMIDE-

SURFACTANT SYSTEMS 
 
Table B.1: Fit parameters for VSF spectra in Figure 4.12 of the D2O/CCl4 with 0.015 
mM d-SDS and 0, 0.15, 4.2, and 21 mM PAM in SSP polarizations. Spectra were fit 
individually. 
 

 

PAM + 0.015 mM d-SDS 
 (SSP) 

0 mM 
PAM 

0.015 mM 
PAM 

4.2 mM 
PAM 

21 mM 
PAM 

Coordinated 
O-D stretches 

Amplitude 0.9 ± 0.2 0.9 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 
Phase 0 0 0 0 
Lorentzian  5 5 5 5 
Peak Position 2480 ± 30 2485 ± 6 2484 ± 25 2486 ± 48 
Gaussian 100 ± 4 80 ± 6 96 ± 4 110 ± 7 

Free OD 

Amplitude 0.62 ± 0.06 0.5 ± 0.1 0.42 ± 0.08 0.5 ± 0.2 
Phase 0 0 0 0 
Lorentzian  12 12 12 12 
Peak Position 2719 2716 ± 1 2717 ± 2 2719 ± 2 
Gaussian 11 ± 1 8 ± 2 10 ± 2 8 ± 3 

Water 
monomer OD 
asym. stretch 

Amplitude 0.10 ± 0.01 0.09 ± 0.03 0.1 ± 0.04 0.10 ± 0.04 
Phase 0 0 0 0 
Lorentzian  5 5 5 5 
Peak Position 2781 2789 ± 2 2790 ± 3 2791 ± 3 
Gaussian 40 ± 8 40 ± 8 43 ± 10 44 ± 10 

D2O Stretch + 
Rotation 

Combination 
Band 

Amplitude 0.14 ± 0.2 0.067 ± 0.009 0.07 ± 0.02 0.08 ± 0.03 
Phase 0 0 0 0 
Lorentzian  5 5 5 5 
Peak Position 2880 ± 9 2871 ± 31 2872 ± 47 2878 ± 43 
Gaussian 112 ± 14 111 ± 31 112 ± 46 115 ± 46 

CH2 
symmetric 

stretch 

Amplitude  0.08 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 
Phase  3.14 3.14 3.14 
Lorentzian   2 2 2 
Peak Position  2932 ± 2 2931 ± 2 2928 ± 3 
Gaussian  13 ± 3 16 ± 3 20 ± 5 
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Table B.2: Fit parameters for VSF spectra in Figure 4.15 of the D2O/CCl4 with 0.015 
mM d-SDS and 1 M NaCl with and without 4.2 mM PAM in SSP polarizations. Spectra 
were fit individually. 
 
 
 
 
 

 

 
  

0.015 mM d-SDS + 1 M NaCl 
 (SSP) 0 mM PAM 4.2 mM PAM 

Coordinated O-D 
stretches peak 1 

Amplitude 0.07 ± 0.01 0.080 ± 0.007 
Phase 0 0 
Lorentzian  5 5 
Peak Position 2646 ± 4 2640 ± 8 
Gaussian 60 ± 10 75 ± 22 

Coordinated O-D 
stretches peak 2 

Amplitude 0.27 ± 0.01  0.38 ± 0.01 
Phase 0 0 
Lorentzian 5 5 
Peak Position 2488 ± 12 2490 ± 8 
Gaussian 88 ± 11 66 ± 8 

Free OD 

Amplitude 0.11 ± 0.03 0.1 ± 0.1 
Phase 0 0 
Lorentzian  12 12 
Peak Position 2720 ± 2 2719 ± 4 
Gaussian 11 ± 5 8 ± 11 

Water monomer 
OD asym. stretch 

Amplitude 0.03 ± 0.01 0.04 ± 0.02 
Phase 0 0 
Lorentzian  5 5 
Peak Position 2785 ± 8 2790 ± 9 
Gaussian 53 ± 18 43 ± 19 

D2O Stretch + 
Rotation 

Combination 
Band 

Amplitude 0.067 ± 0.004 0.056 ± 0.004 
Phase 0 0 
Lorentzian  5 5 
Peak Position 2906 ± 18 2909 ± 21 
Gaussian 174 ± 35 123 ± 37 
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Table B.3: Fit parameters for VSF spectra in Figure 4.16a of the D2O/CCl4 with 0.015 
mM d-DTAB and 0.15, 4.2, and 21 mM PAM in SSP polarizations. Spectra were fit 
individually. 

 
 
Table B.4: Fit parameters for VSF spectra in Figure 4.16a of the D2O/CCl4 with 0.015 
mM d-DTAB only in SSP polarizations.  
 
 
 
 
 
 
 
 
 
 
  

PAM + 0.015 mM d-DTAB 
(SSP) 0.015 mM PAM 4.2 mM PAM 21 mM PAM 

C-H Stretch 

Amplitude 0.06 ± 0.01 0.096 ± 0.009 0.11 ± 0.01 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2875 ± 3 2872 ± 2 2871 ± 2 
Gaussian 15 ± 4 15 ± 2 15 ± 3 

CH2 symmetric 
stretch 

Amplitude 0.319 ± 0.003 0.450 ± 0.003 0.458 ± 0.004 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2935.5 ± 0.3 2935.7 ± 0.2 2935.2 ± 0.2 
Gaussian 14.4 ± 0.3 14.1 ± 0.2 14.0 ± 0.3 

0.015 mM d-DTAB (SSP) 

Coordinated 
D2O peak 1 

Amplitude 0.92 ± 0.02 
Phase 3.14 
Lorentzian  2 
Peak Position 2576 ± 4 
Gaussian 47 ± 3 

Coordinated 
D2O peak 2 

Amplitude 0.42 ± 0.02 
Phase 0 
Lorentzian  2 
Peak Position 2719 ± 1 
Gaussian 18 ± 1 

Free OD 

Amplitude 0.11 ± 0.02 
Phase 0 
Lorentzian 2 
Peak Position 2682 ± 1 
Gaussian 15 ± 3 
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Table B.5: Fit parameters for VSF spectra in Figure 4.16b of the D2O/CCl4 with 0.015 
mM d-DTAB and 0.015, 4.2, and 21 mM PAM in SPS polarization. The elevated 
background in the spectra is fit to a constant background response. Spectra were fit 
individually. 
 

  PAM + 0.015 mM d-DTAB 
(SPS) 0.015 mM PAM 4.2 mM PAM 21 mM PAM 

C-H stretch 

Amplitude 1.71 ± 0.09 1.60 ± 0.09 1.47 ± 0.08 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2875 ± 3 2873 ± 3 2870 ± 3 
Gaussian 63 ± 14 63 ± 13 52 ± 7 

CH2 
symmetric 

stretch 

Amplitude 0.12 ± 0.2 1.2 ± 0.2 1.07 ± 0.07 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2959 ± 2 2957 ± 2 2957 ± 1 
Gaussian 32 ± 3 30 ± 3 28 ± 2 

Background 
Amplitude  1.09 ± 0.05  1.07 ± 0.05  1.08 ± 0.04 
Phase 3.14 3.14 3.14 

 
 
Table B.6: Fit parameters for VSF spectra in Figure 4.17 of the D2O/CCl4 with 0.015 
mM d-DTAB and 0.015, 4.2, and 21 mM PAM in SSP polarizations. Spectra were fit 
individually. 
 

  PAM + 0.015 mM d-DTAB 
(SSP) 0.015 mM PAM 4.2 mM PAM 21 mM PAM 

C=O peak 

Amplitude 1.51 ± 0.09 2.2 ± 0.1 1.85 ± 0.08 
Phase 0 0 0 
Lorentzian  5 5 5 
Peak Position 1650.4 ± 0.8 1651.1 ± 0.6 1649.6 ± 0.5 
Gaussian 12 ± 1 10.3 ±0.8 10.0 ± 0.7 
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Table B.7: Fit parameters for VSF spectra in Figure 4.17 of the D2O/CCl4 with 0.015 
mM d-CTAB and 0.015, 4.2, and 21 mM PAM in SSP polarizations. Spectra were fit 
individually. 
 

 
 
  

PAM + 0.001 mM d-CTAB 
(SSP) 0.015 mM PAM 4.2 mM PAM 21 mM PAM 

C-H stretch 

Amplitude 0.051 ± 0.007 0.07 ± 0.008 0.12 ± 0.01 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2879 ± 3 2875 ± 2 2873 ± 2 
Gaussian 20 ± 4 15 ± 2 12 ± 2 

CH2 
symmetric 

stretch 

Amplitude 0.266 ± 0.002 0.413 ± 0.002 0.396 ± 0.004 
Phase 0 0 0 
Lorentzian  2 2 2 
Peak Position 2937.2 ± 0.3 2937.1 ± 0.2 2934.0 ± 0.3 
Gaussian 15.7 ± 0.3 15.4 ± 0.2 15.4 ± 0.3 
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APPENDIX C: 

FIT PARAMETERS FOR SPECTRA OF SPAN-80 CO-

SURFACTANT SYSTEMS 
 

Table C.1: Fit parameters for VSF spectra in Figure 4.30 of the D2O/CCl4 with 0.01 mM 
d-AOT at 1 hour and 24 hours after formation of the interface in SSP polarizations. 
Spectra were fit individually. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C.2: Fit parameters for VSF spectra in Figure 4.32 of the D2O/CCl4 with 0.1 mM 
Span-80 at 1 hour and 24 hours after formation of the interface in SSP polarizations. 
Spectra were fit individually. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

d-AOT + Span-80 
SSP 1 hour 24 hours 

C=O stretch 

Amplitude 1.04 ± 0.03 0.88 ± 0.03 
Phase 0 0 
Lorentzian  2 2 
Peak Position 1730 ± 1 1728 ± 1 
Gaussian 13 ± 2 16 ± 1 

Background 
D2O 

combination 
mode 

Amplitude 0.56 ± 0.01 0.54 ± 0.01 
Phase 3.14 3.14 
Lorentzian  5 5 
Peak Position 1698 ± 6 1670 ± 10 
Gaussian 230 ± 30 200 ± 30 

d-AOT + Span-80 
SSP 1 hour 24 hours 

C=O stretch 

Amplitude 0.37 ± 0.01 0.42 ± 0.01 
Phase 0 0 
Lorentzian  2 2 
Peak Position 1726 ± 1 1726 ± 1 
Gaussian 20 ± 1 22 ± 1 
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Table C.3: Fit parameters for VSF spectra in Figure 4.34 of the D2O/CCl4 with 0.01 mM 
d-AOT and 0.1 mM Span-80 at 1 hour and 24 hours after formation of the interface in 
SSP polarizations. Spectra were fit individually. 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

d-AOT + Span-80 
SSP 1 hour 24 hours 

C=O stretch 

Amplitude 0.43 ± 0.07 0.38 ± 0.06 
Phase 0 0 
Lorentzian  2 2 
Peak Position 1729 ± 2 1738 ± 4 
Gaussian 12 ± 2 17 ± 3 

Background 
D2O 

combination 
mode 

Amplitude 0.17 ± 0.03 0.20 ± 0.03 
Phase 3.14 3.14 
Lorentzian  5 5 
Peak Position 1600 ± 200 1600 ± 200 
Gaussian 100 ± 200 100 ± 200 
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