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DISSERTATION ABSTRACT
Konnor K. Jones
Doctor of Philosophy in Chemistry

Title: Anionic:Cationic Surfactant Mixtures at the Oil-Water Interface

Anionic:cationic surfactant mixtures are unique in that they synergistically enhance and
largely govern the properties of the oil-water interface, even when one surfactant is present in trace
amounts. These behaviors of the mixtures have significant implications for various industries. For
instance, in oil-related industries wherein these mixtures are used to create oil-tolerant foams,
small quantities of surfactants can be used to form these important foams. On the other hand, when
such enhanced interfacial properties are undesirable, as in the case that foams need to be unstable
in the presence of oil, trace amounts of ionic surfactant impurities can detrimentally affect a
product's performance. In both scenarios, this oil tolerance is dependent on the mixture’s
composition: the surfactant mixing ratio as well as the anionic and cationic surfactant themselves.
Hence, it is challenging to predict which mixture compositions create oil-tolerant foams since the
underlying behaviors that govern a foam’s oil tolerance is unclear.

In order to judiciously employ these anionic:cationic surfactant mixtures, it is necessary to
characterize the structure-function property relationship of their monolayers that lend to oil-
tolerant foams. This thesis helps elucidate this relationship by employing interfacial tensiometry
in tandem with vibrational sum frequency spectroscopy to determine the composition (surfactant
population and anionic:cationic ratio) and structure (surfactant alkyl tail conformation) of
monolayers prepared at the oil-water interface by SDS:DTAB (sodium dodecyl
sulfate:dodecyltrimethylammonium bromide) mixtures across a range of surfactant mixing ratios

and total surfactant concentrations. These measurements reveal that the interfacial surfactant
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density of SDS:DTAB mixtures greatly exceeds that of pure SDS and DTAB at similar
concentrations, up to and beyond their respective critical micelle concentration. The enhanced
interfacial adsorption of these mixtures is due to the adsorption of stoichiometric 1:1 SDS:DTAB
surfactant pairs that form through the attractive electrostatic interactions between surfactant
headgroups. We find that the mixed SDS:DTAB monolayers predominantly contain these paired
surfactants and a diminutive number of unpaired surfactants. The unpaired surfactants likely act
as point defects that disrupt the tight packing of the adsorbed surfactant monolayers. Additionally,
we find that the SDS tail is more conformationally ordered than the DTAB tail, even though they
are expected to be conformationally identical along the entire tail since they are likely conjoined
through van der Waals interactions. This leads to the conclusion that the surfactant pairs are in a
staggered arrangement at the interface. These findings also uncover molecular-level factors that
may contribute to the enhanced oil tolerance of foams stabilized by anionic:cationic surfactant
mixtures and its dependence on the mixture’s composition.

This work contains published and unpublished co-authored material.
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CHAPTER I:

Introduction

Liquid interfaces are omnipresent in both natural and commercial settings. Some examples
of natural liquid interfaces include the oil-water interface at oceanic petroleum seeps,' the air-
water interface of atmospheric aerosols,? and the air-water interface of the quasi-liquid layer on
glaciers.? In commercial settings, liquid interfaces commonly appear as the air-water interface of

liquid foams,*”’ the oil-water interface of emulsions,-!1°

and the air-water interface of paints and
coatings.!""!3 Many commercial processes and materials involve both air-water and oil-water
interfaces, particularly in the form of mixed foam-oil systems.!#!6 In many instances, these mixed
systems are encountered in the form of oil-based formulations (chemical defoamers)'” being added
to foams to suppress the foam volume. These oil-based defoamers are commonly used because
foam tends to readily destabilize and collapse in the presence of oil.!*!7-!8 While the low oil
intolerance of foams is advantageous in applications where foams are unwanted like water
treatment processes'® and paints/coatings applications,?® it becomes a hindrance in oily
environments such as with enhanced oil recovery?! and fire suppression,?? where foam stability is
critical. Because the factors and mechanisms that drive the oil intolerance of foams are largely
unclear, it is thus challenging to judiciously tune the oil tolerance of foams for specific
applications. Consequently, it is difficult to exploit the full capabilities of liquid foams in oily
environments. This challenge underscores the critical need to elucidate the factors and mechanisms
that drive foam instability/stability in the presence of oil.

At the macroscopic scale, a liquid foam is a collection of gas cells whose walls consist of

thin liquid films called lamellae, which meet at junctions known as Plateau borders, as depicted in

Figure 1.1. Although the lamellae and Plateau borders constitute only 1-10% of a foam’s
17



volume,?*?* this liquid network predominantly governs its characteristics and traits.?> The lamella,
being highly susceptible to destabilizing and rupturing, is the principal focus of liquid foam
stability research.?>-2° The primary aim of this work is to characterize the factors and mechanisms
that drive foam stability/instability. While liquid foam destabilization processes are complex and
can occur through multiple pathways, the processes are generally categorized into three
mechanisms: coarsening, drainage, and coalescence.!” Coarsening, also known as Ostwald
ripening, is the process wherein gas diffuses from smaller to larger bubbles through the intervening
lamella, which is driven by the pressure differential between adjoining bubbles. The second
process, drainage, refers to the transfer of water from the lamellae to the Plateau borders, driven
by both gravitational and capillary forces. Lastly, coalescence is the merging of bubbles when their
adjoining lamella ruptures. All three mechanisms are interrelated, with drainage playing a
particularly critical role as it induces lamella thinning, which in turn facilitates and accelerates

both coarsening and coalescence.?’

Plateau
border

‘aqueous
air network

1

lamella

Figure 1.1. Cross-sectional view of a liquid foam.
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Foam destabilization becomes more complex and interrelated when the foam is introduced
into an oily environment. In addition to coarsening, drainage, and coalescence, oil-foam
interactions tend to further destabilize lamellae and make the foam more prone to collapse
(lamellae rupture). For an oil globule located within the lamella, the specific interactions are
unclear. However, the oil-induced foam destabilization process is believed to proceed through
three general steps: entry of oil droplet into the lamella’s air-water interface,*'-3? oil spreading on
the air-water interface,*® and formation of an unstable oil bridge across the lamella.3* The bubble
collapses once the oil bridge ruptures. The thermodynamic feasibility of these steps is commonly
evaluated by a collection of parameters known as the entering, spreading, and bridging
coefficients,3! which are calculated from the equilibrium interfacial tension values of surfactant
solution (foaming agent) at the air-water, oil-water, and oil-air interfaces, respectively. While these
coefficients provide valuable information about mixed oil-foam systems, they do not always
accurately predict whether a foam will readily collapse in the presence of 0il.333¢ This
inconsistency is attributable to three primary causes. First, the coefficients are calculated using
equilibrium tension values, whereas foams are metastable’” and never reach thermodynamic
equilibrium. Second, the composition of the interfacial layers at each of the interfaces is unknown,
particularly for mixtures; this point is discussed below. It is thus not possible to correctly identify
which interfacial tension values to use when calculating the coefficients. Lastly, the coefficients
do not reflect the kinetics of each destabilization step. It is therefore possible that the coefficients
indicate these destabilization processes occur, but the foam is considered oil tolerant because the
processes occur slowly. These limitations of the entering, spreading, and bridging coefficients?!

highlights the lack of understanding regarding the oil tolerance/intolerance of liquid.
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Additional investigations into oil-induced foam destabilization mechanisms reveal that oil
entering the lamella’s air-water interface is principally dependent on the stability of the
pseudoemulsion film, the thin aqueous film that forms between the lamella surface and an
approaching oil globule.*® Since this finding, studies that investigate oil tolerant/intolerant foam
have largely focused on the factors and mechanisms that regulate the stability/instability of the
pseudoemulsion film.3%#! These works have focused on both the air-water and oil-water interface
since they constitute a large percentage of the pseudoemulsion film. Selectively studying the
pseudoemlusion film interfaces is experimentally not feasible due to the film’s diminutive
thickness (several nanometers), asymmetrical structure, intricate morphology, and dynamic
behavior caused by drainage. Therefore, model oil-water and air-water interfaces formed between
bulk fluids are typically examined instead.?%%4243 These model interfaces enable the oil-water and
air-water interfaces to be isolated and thus selectively studied with traditional interfacial
techniques such as tensiometry, rheology, thin film pressure balance, and optical techniques. While
these model interfaces likely are not perfect proxies for the oil-water and air-water interfaces of
the pseudoemulsion film, due to water confinement effects**** that likely occur within the film,
they still provide invaluable information that helps to reveal the molecular-level details of the
pseudoemulsion film. Moreover, this selectivity is invaluable when studying how surfactants
contribute to the stability/instability of the pseudoemulsion film since their behavior at the two
interfaces can be distinctly different.**® Hence, it starts to become possible to identify how the
air-water and oil-water interfaces individually contribute to the overall stability/instability of the
pseudoemulsion film.

Given the complexity of the pseudoemulsion film, initial investigations into the molecular

factors and mechanisms that regulate their stability/instability have focused on the single (pure)
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surfactant systems.**#-3 Initial investigations generally found that surfactants confer strong
interfacial rheological properties (i.e., high viscosity and elasticity) and high disjoining pressures.
Interfacial rheological properties are particularly critical to foam stability** since it enables foam
films to resist deformation and maintain structure. This resistance hampers the lamella from
rupturing during drainage and coarsening, which continually occur.

When much of the liquid has been expelled from the lamella (lamella thickness less than
100 nm), disjoining pressure plays a critical role in foam stability.** The disjoining pressure is the
sum of long-range repulsive electrostatic interactions as well as short-range steric and van der
Waals interactions between two interfaces. In the case of the pseudeomulsion film, the two
interfaces are the oil-water and air-water interface of the oil globule and the lamella, respectively.
Because repulsive electrostatic interactions are strong, they significantly contribute to the
disjoining pressure and thus presumably stabilize the pseudoemulsion film when pure surfactants
are used as foam stabilizers.

Although pure surfactants can enhance the stability and longevity of foams in the presence
of oil, they are often unsuitable for practical applications due to their high concentration
requirements and sensitivity to environmental conditions. Stabilizing foams with pure surfactants
typically requires large quantities of surfactants, as exemplified by dodecyltrimethylammonium
bromide (DTAB), which forms stable foams only at bulk concentrations exceeding its critical
micelle concentration.** While the exact mechanisms are not understood, this behavior is partly
attributed to the fact that the interfacial rheological properties required for foam stabilization are
achieved only at high concentrations. At industrial scales, these high surfactant requirements can
result in prohibitively high manufacturing costs. Furthermore, foams stabilized by pure surfactants

are not environmentally robust: their performance is significantly influenced by environmental

21



conditions®’ (e.g., temperature, pH, ionic strength). Given these limitations, there is a pressing
need to develop cost-effective and environmentally robust foaming agents for practical
applications. This is particularly critical for industries such as enhanced oil recovery and fire
suppression, where stable foams in challenging environments would greatly expand their utility
and effectiveness.

Anionic:cationic surfactant mixtures have been proposed as new oil tolerant foaming
agents for two primary reasons. The first is that these surfactant mixtures are used in nearly all
cases that surfactant are used, whether it is intentional or unintentional. Surfactant mixtures are
intentionally employed since they synergistically alter the properties of liquid interfaces, leading

to ultra-low interfacial tension,”' very high disjoining pressure,®

and strong interfacial
elasticities,*? all of which can improve the oil tolerance of foams. On the other hand, the most
common reasons surfactant mixtures are unintentionally used is the use of impure chemical
reagents and/or utilizing contaminated mixing containers. Regardless of how the mixtures are
created, they engender unique and complex interfacial behaviors that can dominate and thus
significantly influence the interfacial behaviors. Hence, it is imperative to study how surfactant
mixtures behave at the pseudoemulsion film interfaces and how those behaviors translate to their
macroscopic properties such as oil tolerance. The second reason is these surfactant mixtures
exhibit outstanding oil tolerance compared to pure anionic and cationic surfactants, as evidenced
by foam column measurements.>> These studies determine foam stability by monitoring the
decreasing foam volume with time. Complementary rheology measurements*? suggest that the
enhanced tolerance of mixed anionic:cationic surfactant stabilized foams originate from the

mixtures’ ability to enhance the interfacial dilatational elasticity and viscosity beyond what pure

anionic and cationic surfactants can achieve. However, the enhanced rheological properties fail to
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explain enhanced oil tolerance of these foams. This becomes clear as one considers foam films
measurements of sodium dodecyl sulfate:dodecyltrimethylammonium bromide (SDS:DTAB)
mixtures across a range of anionic:cationic surfactant mixing ratios are significantly dependent on
whether the anionic or cationic surfactant is in excess. Even though the rheological properties are
the same for mixtures that contain excess SDS (SDS-rich) and DTAB (DTAB-rich), the SDS-rich
films are stable whereas the DTAB-rich films are unstable and rupture.*? This observation thus
indicates that unidentified molecular-level factors drive the oil tolerance of foams stabilized by
anionic:cationic surfactant mixtures.

The molecular-level nuances of the surfactant monolayers are largely uncharacterized due
to the technical challenges in selectively probing liquid interfaces with molecular specificity,
especially buried liquid-liquid interfaces. This is exemplified by considering techniques that are
commonly used to study liquid interfaces. For example, interfacial tensiometry and rheology are
commonly employed techniques that probe the interactions and properties at and near a liquid
interface without any molecular specificity. Lack of specificity means the molecular details about
the system can only be inferred from these measurements. Solution theory,>>* a thermodynamic
model, was developed in order to discern the composition of surfactant monolayers adsorbed at
these interfaces from interfacial tension measurements. However, the assumptions of the model
restrict its application to nearly saturated monolayers and to bulk anionic:cationic surfactant
mixing ratios that range from 2:8 to 8:2, if accurate results are desired. On the other hand, X-ray>*
36 and neutron’’° reflectometry are powerful, interface specific techniques that can provide
detailed structural and compositional information about surfactant monolayers at liquid interfaces.

However, interpreting the results from these techniques heavily relies on modeling the interface

(e.g. interface roughness), the interfacial surfactant layers, and the generated reflectivity profile,
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which makes them more prone to inaccuracies. In contrast, linear spectroscopies (e.g., attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy) are chemically specific but
are not interface specific (probe molecules at and near the interface) due to the generated
evanescent field. Consequently, the signal from molecules at and near the interface cannot be
distinguished. These techniques highlight the difficulty in directly interrogating liquid interfaces
with molecular specificity under ambient conditions.

Nonlinear spectroscopies, however, can be interface specific (can exclusively probe
molecules at an interface) and have demonstrated to be powerful tools for studying the molecular-
level details of liquid interfaces, including buried liquid-liquid interfaces (e.g., the oil-water
interface), under ambient conditions. Vibrational sum frequency spectroscopy (VSFS) is one of
these techniques that essentially provides a vibrational spectrum of interfaces. The interface
specificity of VSFS stems from its selection rule that a VSFS response originates exclusively from
non-centrosymmetric environments.®® Unlike spectra from linear spectroscopies, interpretation of
VSF spectra is not straight forward due to the coherent nature of the VSF signal that engenders
interference effects which distorts both the visual appearance and frequency of each vibrational
mode lineshape.®! Concurrently, this complexity can be leveraged to provide direct insight into the
composition and polar orientation of molecules at an interface, which is largely unobtainable with
other techniques.

The ability to determine the composition of interfacial layers is invaluable when studying
Gibbs monolayers. It is difficult to determine the composition of such monolayers since it is not
necessarily equivalent to the bulk, particularly when dealing with mixtures. In surfactant mixtures,
the relative interfacial activity and the bulk concentration of the surfactants dictates the relative

interfacial population of each species, which itself is difficult to determine. This challenge is
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exceptionally more difficult when surfactants in the mixture non-ideally mix by interacting with
one another, such as is the case of anionic:cationic surfactant mixtures.>? In these specific mixtures,
the challenge is further compounded by the formation of stoichiometric 1:1 anionic:cationic
surfactant pairs (paired surfactants). The paired surfactant association constant is finite,%>%3
meaning these anionic:cationic surfactant mixtures contain three distinct surfactant species (i.e.,
unpaired SDS, unpaired DTAB, and paired surfactants) that have different interfacial activities.
Considering these complexities, it is clear why a detailed molecular picture of Gibbs monolayers
formed by anionic:cationic surfactants is lacking.

To help fill the knowledge gap about these mixed surfactant monolayers, anionic:cationic
surfactant mixtures, principally SDS:DTAB mixtures, are studied in this dissertation. Specifically,
Wilhelmy plate tensiometry in tandem with VSFS are employed to provide a molecular-level
perspective of the composition and structure of mixed anionic:cationic surfactant monolayers
adsorbed at a model oil-water interface. Carbon tetrachloride was chosen as the oil phase because
of its optical transparency in both the infrared and visible spectra. Before delving into these details,
Chapter II discusses VSFS theory and the spectral fitting routine used to analyze VSFS spectra.
Chapter III provides a detailed description of the instruments, apparatuses, materials, and
experimental procedures employed in this work.

Chapter IV elucidates the composition (surfactant population and anionic:cationic ratio)
and structure (surfactant alkyl tail conformation) of monolayers prepared at the oil-water interface
by 1:1 (equimolar) SDS:DTAB mixtures. The prepared surfactant monolayers are found to be
largely composed of paired surfactants and very few unpaired surfactants. In the paired surfactant,

the SDS tail is more ordered compared to the DTAB tail, which indicates that the local packing

environments of the two tails are different. This finding provides insight into the relative
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headgroup immersion depths into the aqueous phase. These findings serve as the foundational
knowledge that is needed for understanding the more complicated interfacial behavior of non-
equimolar SDS:DTAB mixtures. This work is published with Dr. Lawrence Scatena as the
principal investigator.

Chapter V builds on the work in Chapter IV to the more complex non-equimolar
SDS:DTAB mixtures. For these experiments, the paired surfactant concentration is fixed while the
unpaired surfactant concentration is varied. Varying the unpaired surfactant concentration changes
the unpaired surfactants adsorbed at the interface. Similar to the equimolar mixtures, the prepared
surfactant monolayers are found to contain very few unpaired surfactants across all surfactant
mixing ratios, even when the unpaired surfactant concentration is exceedingly larger compared to
the paired surfactant concentration. This behavior is attributed to the exceptionally high interfacial
activity of the paired surfactants. The interfacial activity of unpaired SDS and DTAB is also found
to be another notable factor given that unpaired surfactants in the mixed SDS:DTAB monolayers
can disrupt the interfacial surfactant packing by acting as point defects. These findings and those
from Chapter IV provide valuable molecular-level insights into the interfacial behavior of
anionic:cationic surfactant mixtures adsorbed at the oil-water interface, which helps develop the
structure-function property relationship that is needed to judiciously enhance the oil tolerance of
foams for the fire suppression and oil recovery industries. This chapter contains material currently
under review for publication with Dr. Lawrence Scatena as the principal investigator.

Lastly, Chapter VI presents a summary of the work discussed in this dissertation and its
implications to the stability of liquid foams in the presence of oil. This chapter additionally details
future studies that could be carried out to more rigorously assess and build upon the findings of

this dissertation.
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CHAPTER II:

Vibrational Sum Frequency Theory
Vibrational spectroscopy is an indispensable analytical technique due to its ability to reveal
molecular-level information of materials. Linear vibrational spectroscopies (IR and Raman) are
widely employed and used to study bulk materials. To examine a material’s surface/interface, these
techniques are configured to interface-sensitive geometries, such as total internal/external
reflection geometry. However, in this geometry, the signal still contains contributions from both
the interface and the bulk, which are indistinguishable.®* To exclusively probe molecular
vibrations of interfacial molecules, surface-specific nonlinear spectroscopic techniques (e.g.,
VSFS) are required.®! VSFS is a second-order nonlinear optical technique that in essence measures
the vibrational spectrum of molecules solely at an interface. Only a brief overview of the interface
specificity of VSFS is provided here while a more rigorous description is provided
elsewhere.60:63.66
As light interacts with a molecule, the electromagnetic wave exerts a force on the electrons,
inducing an electric dipole, ji. For low intensity light, the electric dipole is expressed by
fi= jig+ak (2.1)
where [i is the static dipole of the molecule, « is the polarizability of the electrons of the molecule,
and E is the electric field of the incident light. For an ensemble of molecules, this gives rise to a

net dipole moment per unit volume, known as the bulk polarization of the material (1_5)

P =e,xVE (2.2)
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where €, is the permittivity of free space and y (¥ is the first-order susceptibility. For high intensity
light (e.g., a laser pulse), nonlinear contributions become significant, and the induced dipole is
more accurately represented as
f= jfo+aE +BE2+yE3 + -+ (2.3)
where  and y are the first- and second-order nonlinear hyperpolarizabilities, respectively.
Consequently, equation 2.2 becomes
P= e(yWE + xPE? + y®E3 +-.) (2.4)
= PD 4 P@ 4 PG 4 ... (2.5)
where ¥ and y® are the second- and third-order nonlinear susceptibility tensors, and P®and

P® are the second- and third-order nonlinear polarizations.

If two distinct, high intensity electric fields are temporally and spatially overlapped on a
sample (as done in this dissertation), the induced polarization state of the material may be
accurately expressed by the first two terms of equation 2.5. P® is the principal focus in this thesis
and gives rise to four different optical processes: sum frequency generation (SFG), difference
frequency generation, second harmonic generation, and optical rectification.®® Only SFG is
discussed since the spectrometer employed is optimized to measure SFG signal. The SFG response

can be expressed as
Pi(wo) = xiinEj (@) Ex (@) (2.6)
where Ej and Ex are the electric fields of the incident beams oscillating at frequencies w, and w,,

respectively. For vibrational sum frequency generation spectroscopy (VSFS), which is employed

in this dissertation, the electric fields are an infrared (IR) and a visible (Vis) pulse. This induced
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polarization in equation 2.6 oscillates at a frequency that is equal to the sum of the frequencies of
the two incident beams (wysg = wir + Wyis)-

Second-order nonlinear optical processes (e.g., sum frequency generation, VSF) are
forbidden in centrosymmetric environments (typical of the bulk phase) but permitted in non-
centrosymmetric environments (typical of planar interfaces).®° To understand the origin of this
property, it is necessary to recognize that x®) is a third-rank tensor containing 27 elements.
Reversing the coordinate system (i, j, k = —i, —j, —k) of odd-ranked tensors reverses the sign of

the tensor:

(2) _ 2
Xijk = ~X-i-j-k (2.6)
In contrast, reversing the axis system in a centrosymmetric environment does not change the sign

of the tensor:

2 2
x5 =% 2.7)
In order for both equations 2.6 and 2.7 to be true, )(l(]z,z must equal zero:

(2) _ (2) —_ ,@ _
Xijk = —XiZjok = X2Zjox = 0 (2.8)

Hence, VSF is forbidden in the centrosymmetric bulk phase. On the other hand, in a non-

centrosymmetric environment (e.g., an interface), reversing the coordinate system changes the sign

()

of the tensor (as expressed in equation 2.6), meaning x;;, may contain non-zero elements. The

number of non-zero elements is dictated by the symmetry of the environment. A planar interface,
which is considered in this thesis, posses Co,, Symmetry in the plane of the interface. Under the
constraints of this symmetry group and the electric dipole approximation, there are 7 potentially
non-zero tensor elements (listed in Table 2.1) that can potentially generate a VSF response.®° Only

four elements are uniquely independent due the x- and y-axes being equivalent (i.e., x =y).
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Each non-zero tensor element can be selectively probed by changing the polarization of the
incident beams and the generated VSF signal to be either perpendicular (S-polarized) or parallel
(P-polarized) to the plane of incidence.®® Table 2.1 list the polarization combination that probes
each of the non-zero tensor element. Polarization combinations are reported in order of increasing
wavelength: VSF, Vis, IR, respectively. The different polarization combinations probes
components of the transition dipole moments oriented perpendicular (SSP), parallel (SPS, PSS),
or both perpendicular and parallel (PPP) to the interface. The SSP combination is exclusively used

in this thesis.

Table 2.1. The seven non-zero )(sz,g tensor elements of an interface with C,,, symmetry and the

VSF signal, incident visible, incident IR beam polarization combinations that probe each tensor
element.

Non-zero Xi('Z) Polarization C(?mbinations
Tk (VSF, Vis, IR)
1%, SSP
1 SPS
x5 PSS
o Xy Xyow Xo PPP

Xzzz> Xyyz Xyzy Xzyy

2

Intensity of the VSF signal in any polarization combination is proportional to the x;j, and
the incident Vis (ly;s) and infrared (I;g) beam intensities, as expressed in equation 2.9.
LvsF |X(2)|211R1v1s (2.9)
The y® term consist of a non-resonant ( ;(ffg) and resonant ( )(P({Z)) contribution:
=01 + T xy (2.10)

The non-resonant contribution is largely constant®”-%% while the resonant term is dependent on the
interfacial number density (N) and macroscopic average of the molecular hyperpolarizability

({B,)) of probed vibrational modes of molecules at an interface:
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X < By .11)

In order to be VSF active, a vibrational mode must be both IR and Raman active, as expressed by
the molecular hyperpolarizability:

,8 ) — AyMap
abc wy— wr—ily

(2.12)

where Ay and Mg are the IR and Raman transition moments, respectively, w, is the frequency of

the vibrational mode, wig is the IR beam frequency, and I, is the homogenous line width.

Combining equations 2.9 —2.12 yields equation 2.13.

2
Tvsr o |13 + ﬂ(Mﬂ Lirlvie 2.13)

€0 \Wy— WR—ily
Inspection of equation 2.13 reveals that a VSF signal will be generated when visible and IR pulses
are spatially and temporally overlapped at an interface, irrespective of the IR frequency. Hence,
when the IR frequency is off-resonant with an interfacial vibrational mode, the VSF signal will be
a non-zero constant. Once the IR beam is resonant with a vibrational mode of a molecule at the
interface, w — w;p goes to zero, the VSFS signal intensity enhanced, giving rise a positive feature
in the VSF power spectrum. Thus, the VSF spectrum yields a vibrational spectrum of molecules
exclusively at an interface.
Spectral Fitting Routine

Since VSFS is a coherent technique, VSF signal emitted from overlapping vibrational modes and
the nonresonant response constructively/destructively interfere, which distorts the lineshape and
frequency of the spectral features. Thus, VSF spectra must be fit to deconvolute the individual
VSF response from each resonant vibrational mode and the nonresonant contribution to the

spectrum. The fitting routine implemented here has been discussed in previous publications from
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this 1ab%-7% and was developed by Bain et al.”' This model (equation 2.14) represents y® as a
convolution of a Lorentzian and Gaussian distribution, which accounts for homogenous and
inhomogeneous broadening, respectively. The inhomogeneous broadening originates primarily
from the distribution of surfactant tail conformations and the Gaussian frequency profile of the
laser pulses. The first term in equation 2.13 represents the nonresonant signal as an amplitude
(Aygr) with an associated phase (¢ngr). The second term represents the signal of the resonant
vibrational modes and includes terms for the vibrational amplitude (4,), phase (¢,), frequency

(w,), as well as Gaussian (I},)) and Lorentzian (I';) linewidths.

2
|y — LV
+00 A ei¢Ve [wL Fv]
v dw

x®|” o |Angei®™® + 3, [ L (2.14)

—oo wy,— wRr+il,

Spectra are either individually or globally fit, as appropriate. All fit parameters and associated
errors are in the Appendixes A and B. Spectra that are fit are an average of at least three spectra

that are collected on different days.
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CHAPTER III:

Experimental

Materials

Chapter IV. Chemicals used: Dodecyltrimethylammonium bromide (DTAB, 99% purity) was
purchased from Acro Organics. Sodium dodecyl sulfate (SDS, ion pair chromatography,
LiChropur, = 99.0% purity) was purchased from Millipore Sigma. Hexadecyltrimethylammonium
bromide (CTAB, BioXtra, > 99% purity) as well as fully deuterated DTAB (d-DTAB, 98% D)
and SDS (d-SDS, > 98% D) were purchased from Sigma Aldrich. DTAB with a deuterated
headgroup (d9-DTAB, 98.5% D) was purchased from Cambridge Isotopes Laboratories, Inc. 1,4-
Bis(trimethylsilyl) benzene (BTMSB, 98.0% purity) was purchased from Sigma Aldrich. All
surfactants and BTMSB were used as received. The oil phase is carbon tetrachloride (CCla, for
HPLC, = 99.9% purity), was purchased from Sigma Aldrich and fractionally distilled twice before
being used. The aqueous phase is either D20 (99.9% D) purchased from Cambridge Isotopes
Laboratories, Inc. or ultrapure H20 (18.2 MQ -cm) dispensed from a Barnstead E-pure purification
system.

Chapter V. Chemicals used: The purity, supplier/source, and preparation of DTAB, SDS, d-
DTAB, d-SDS, CCls, D20, and H20 are consistent with Chapter IV. CTAB (99+% purity) and
dodecylamine hydrochloride (DAC, 99% purity) were purchased from Thermo Fisher Scientific.
Both CTAB and DAC were used as received.

Cleaning Procedure

All glassware used to prepare and contain the samples, the vibrational sum frequency spectroscopy
(VSFS) polychlorotrifluoroethylene (Kel-F) cells, associated fluoroelastomer (FKM) O-rings, and

ultraviolet (UV) fused silica window were soaked in concentrated sulfuric acid bath containing
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NOCHROMIX oxidizer (Godax Labs, Inc.) bath mixture then ultrapure water for at least 12 hr in
each bath. The calcium fluoride (CaF2) window of the VSFS cell was placed in the acid mixture
for only 15 min to prevent the window from corroding. All items were copiously rinsed with
ultrapure water before and after being immersed in the water bath. The glassware was then dried
in a 140 °C oven.
Sample Preparation of Surfactant Mixtures
All anionic:cationic surfactant mixtures were prepared by sequentially diluting an aliquot of the
cationic and anionic stock solutions in water. The solutions were swirled in the sample vial by
hand for 30 sec after each aliquot was added. Samples were immediately transferred to a sample
container: a glass well for the interfacial tension measurements or a Kel-F cell for the VSFS
measurements.
Interfacial Tension Measurements

A force balance (Biolin Scientific) with a platinum plate (Biolin Scientific) was used to measure
the interfacial tension of the oil-water interface. To prepare the interface, CCls and water were
sequentially added to a glass well. For the pure surfactants, a concentrated aliquot of SDS or DTAB
was added to the well to create a 5 uM solution before being covered. The interfacial tension was
recorded after the sample equilibrated for 30 min. In the same manner, the surfactant concentration
was increased and allowed to equilibrate before measuring the interfacial tension. For the
SDS:DTAB mixtures, the platinum plate was removed after the interfacial tension of the neat oil-
water interface was measured. A concentrated aliquot of a SDS:DTAB mixture was then added to
the well to achieve the desired total surfactant concentration before being set aside and covered.
The interfacial tension was measured after samples equilibrated for 24 hr. Before each

measurement, the platinum plate was cleaned with a continuous stream of ultrapure water for 10
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min then flame dried. Interfacial tension measurements are reported as interfacial pressure (IP),

which is the difference in the interfacial tension (y,,, ) of the interface without and with surfactants

(¥s)-
IP = Yow — ¥s (2.1)
Vibrational Sum Frequency Spectroscopy Measurements
In order to perform the vibrational sum frequency spectroscopy (VSFS) experiments described
herein, a commercially available VSFS spectrometer (purchased from Ekspla) was employed. The
system consists of four main components: a laser, a harmonic generation unit, an optical parametric
generation unit (OPG), and a collection hood. Figure 3.1 displays a schematic of the spectrometer.

Each stage is briefly described.

: '- Harmonic
Collection Generation
hood .
Fmmmmmmm——— - e . unit

| 1 1 1
. Master oscillator | | Power amplifier |
| 1 1 ]
1 ] 1 I

PMT | Monochromator s 1064 nm 532 nm VSF signal

mm— 2-10 ym tunable IR

Figure 3.1. VSFS spectrometer schematic.
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The laser (Ekspla, PL-2250) is comprised of three functional parts: a master oscillator, a
regenerative amplifier, and a power amplifier. The master oscillator houses a diode pumped
Nd:YAG rod and a solid-state saturable absorber to passively mode-lock the intracavity pulses.
The ~30 ps pulses are dumped injected into the regenerative amplifier at a repetition rate of 50 Hz.
In the regenerative amplifier, the pulses are amplified by means of a larger Nd:YAG crystal,
pumped by a diode. The pulses are subsequently amplified in a double-pass power amplifier,
comprised of a yet larger Nd:YAG crystal pumped by flashlamps. The laser beam is directed into
the harmonic generation unit (Ekspla, SFG H500) where the fundamental beam is split three ways,
two of which are frequency doubled to 532 nm in K*DP nonlinear crystals. One 532 nm beam is
sent along a delay stage before being sent directly to the oil-water interface and is referred as the
visible beam. The remaining 532 and 1064 nm beams are sent into an OPG. The 532 nm beam is
split into two parts referred to as Vis A and Vis B. The Vis A is passed through a BBO nonlinear
crystal to generate a signal and idler. The idler is combined with the Vis B in a second BBO crystal
to generate a second signal (signal 2) and idler (idler 2). Idler 2 is mixed with the 1064 nm beam
to generate a narrowband mid-IR (2—-10 pm) beam in a AgGaS: crystal through different frequency
generation (DFG). The frequency of the mid-IR beam is tuned by concurrently adjusting the angles
of the three nonlinear crystals according to a calibration curve. The mid-IR beam spatially and
temporally overlaps with the visible beam at the oil-water interface. The mid-IR beam is incident
on the interface at ~76° while the visible beam concurrently totally internally reflects at 68°,
relative to interface normal, to generate a VSF response. Beam angles were selected to maximize
the VSF signal intensity in the C-H stretching spectral region, which is the principal focus of the
measurements in this thesis. The pulses incident at the interface are ~30 ps. The energy of the

visible pulses is 9 pJ and the maximum energy of the IR pulses is ~270 pJ. A series of filters,
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waveplates, a polarizer, and a monochromator (SOL instruments, MS 20011) isolate the VSF signal
before being detected by a photomultiplier tube. Resolution of the VSFS spectrometer is 7 cm™'.
Figure 3.2 displays a schematic of the VSFS cell contained the samples for the VSFS
measures. The cell was machined from a solid piece of Kel-F and incorporates uncoated calcium
fluoride (CaF2) and UV fused silica windows as the entrance and exit windows, respectively. The
windows were sealed with FKM O-rings. The cell and O-ring materials was selected due to their
chemical resistivity, which enables these objects to be scrupulously cleaned and mitigates the
leaching of contaminates. CaF2 and UV fused silica windows were selected due to their optical
transparency in the mid-IR and visible spectral regions, respectively, and their low solubility in
water. The bottom-up cell/beam geometry is employed because it enables the interfacial water
spectral region to be examined, with the oil being the subphase. This is critical for the

measurements in this thesis since the interfacial water response is monitored in this thesis.

FKM O-ring
Water (H,0/D,0)

Carbon tetrachloride (CCl,)

Calcium fluoride (CaF,) window Kel-F UV fused silica window

Figure 3.2. A side-view schematic of the vibrational sum frequency spectroscopy (VSFS) sample
cell with the incident and outgoing beams. The cell was machined from a solid piece of Kel-F and
incorporates uncoated calcium fluoride (CaF») and ultraviolet (UV) fused silica windows, respectively.
The windows were sealed with fluoroelastomer (FKM) O-rings.
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The SSP polarization scheme (VSF signal, incident visible, incident IR beam polarizations)
was used to probe components of transition dipole moments oriented perpendicular to the
interface. Spectra were collected with step size of 5 cm™!' and 550 pulses/step. Measured spectra
are normalized to the nonreonsant VSF response that is measured from an unprotected gold mirror
submerged in CCls to account for changes in the energy of the IR beam incident at the interface
across the scanned spectral regions.

The oil-water interface was created by sequentially adding CCls4 and water to the VSFS
cell. Carbon tetrachloride is used as a model oil because of its optical transparency in the visible
and IR spectra. While using a model oil may slightly alter the surfactants’ behavior, this work is
expected to provide valuable insights into molecular-level details not found in literature and
establish a foundation to investigate oils that are encountered in practical applications. The VSF
spectrum of the neat oil-water interface was used to confirm that no surfactants were adsorbed at
the interface before a sample was added. Once the interface was confirmed to be bare, the water
layer was replaced with an 8 ml of surfactant sample at the desired concentration. The cell was
subsequently set aside and covered. Spectra were collected after the sample equilibrated for 18 hr.
Shorter equilibration times led to inconsistent results due to notable changes in the relative
intensity of the C-H spectral features among samples with the same composition.

Fourier Transform Infrared Spectroscopy Measurements
Samples were prepared in a 1 cm path length UV Fused Quartz cuvette. The cuvette was filled
with 2 ml of CCl4 followed by 1 ml of a 30 uM 1:1 DTAB:SDS mixture. The cuvette opening was
covered with a Teflon cap and subsequently sealed with Parafilm before being set aside for 24 hr.
Proceeding the equilibration period, a Fourier transform infrared spectrometer (ThermoFischer

Scientific, Nicolet 6700 IR) was used to collect a spectrum of the CCls. The sample compartment
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was purged with N2 gas for 5 min before a spectrum was collected. The spectrum is an average of
64 scans with a resolution of 2 cm™!.
Quantitative "H Nuclear Magnetic Resonance Spectroscopy

In order to accurately quantify the surfactant concentration in the CCla, the sample was prepared
in a separatory funnel. This procedure assured the analyzed CCls aliquot was not artificially
enriched with surfactants, which occurs when the aliquot is obtained by pipetting through the
sample’s aqueous phase air-water and oil-water interfaces. To closely reproduce the interfacial
areas and volume fractions of the IFT and VSFS experiments, 25 ml of CCls and 100 ml of D20
were sequentially added to a separatory funnel. A concentrated 1:1 DTAB:SDS mixture was then
diluted to 25 uM in the D20 before the funnel opening was covered. A CCls aliquot was collected
after the sample equilibrated for 24 hr. To minimize contamination, the aliquot was collected after
most of the CCls was dispensed but before D20 was expelled.

NMR spectra of the aliquots were collected on a Bruker AVANCE III HD spectrometer
operating at 600.01 MHz and equipped with a Bruker Prodigy Cryoprobe. Spectra were collected
using the Bruker zg30 pulse sequence with 16,000 points collected at an offset frequency of 900
Hz and a 5.00 ppm signal width. Each spectrum was the average of 5,000 scans with a recycle
delay of 1 sec. The internal standard was 1 uM BTMSB. A sealed glass capillary tube containing

D20 inserted into the NMR tube was used as the internal lock reference for the CCls sample.
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CHAPTER IV:

Interfacial Behavior of Equimolar SDS:DTAB Mixtures

This work is in press in the journal Langmuir: Jones, K. K.; Scatena, L. F. A Tale of Two Tails:
Tail Ordering of Stoichiometric 1:1 DTAB:SDS Pairs Adsorbed at the Oil-Water Interface.
Konnor Jones identified the study’s obejctives, designed and performed the experiments, analyzed
and interpreted the data, and wrote the manusript. Geraldine Richmond was the principal
investigator for this work and provide general guidance prior her leave of absence that began on
Nov. 8, 2021, serving as Undersecretary of Science and Innovation, Department of Energy. Larry
Scatena served as the principal investigator during Dr. Richmond’s leave, overseeing the project
through completion by providing general feedback and editorial assistance.
Introduction

Surfactant mixtures play a critical role in a myriad of industries including oil,3>? gas,!®73

74,75 22,76 81,82

detergents, firefighting, pharmaceuticals,””’® cosmetics,””%° personal care, and

food.?*#* Compared to pure (unmixed) surfactants, mixtures are commonly used because of their
unique interfacial behaviors and enhanced ability to adsorb at and alter the properties of interfaces.

These notable behaviors drive a range of desirable properties including strong interfacial

30,42,43 30,43

viscoelasticity, ultra-low interfacial tension,*>#33586 high disjoining pressure, and

decreased critical micelle concentration.**#3 These properties promote the formation and inhibit

the destabilization of both foams and emulsions. Foam and emulsion stability is particularly

10,73 73,87 22,88

important to oil recovery, gas production, and fire suppression.
Foams are gas bubbles separated by liquid films called lamellae, and maintaining sufficient
stability while they are deployed is a critical challenge to optimizing their efficacy. This is

particularly difficult in applications that involve oil, as it tends to destabilize foam by rupturing
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the lamellae.!7-18:21.3542.72 Tt g

therefore important to identify surfactant mixtures and their
interfacial behaviors that enhance foam stability in the presence of oil. This requires identifying
surfactant mixtures that sufficiently stabilize the pseudoemulsion film, the aqueous film that
separates oil and the air-water interface of a foam, which is believed to be the primary determinant
of foam stability in an environment where oil is present.3>4%-89-%1 Because the pseudoemulsion film
contains both air-water and oil-water interfaces, it is necessary to characterize the structure-
property relationship of surfactant mixtures at these interfaces to provide a better understanding of
their collective effects on these films.

Selectively studying pseudoemulsion film interfaces is exceptionally difficult because of
the film’s minute thickness and intricate morphology. Therefore, oil-water and air-water interfaces
formed between bulk fluids are used as model interfaces. Interfacial rheology, interfacial tension,
and thin film measurements*** are commonly performed at these planar interfaces since they are
efficient and relatively easy means to study the behavior and properties of adsorbed surfactants.
These measurements, in conjunction with foam stability studies,?** show that stable foams have
tightly packed interfacial surfactant monolayers, characterized by strong interfacial viscoelasticity,
ultra-low interfacial tension, and high disjoining pressure. Anionic:cationic surfactant mixtures
exhibit these properties.3%*34 This presumably is the reason foams stabilized by these mixtures
are more oil tolerant compared to pure anionic and cationic surfactants. The net neutral charge and
van der Waals interactions of stoichiometric 1:1 anionic:cationic surfactant pairs drive the
enhanced adsorption (interface activity) and interfacial packing of these mixed surfactant systems.
However, a detailed understanding is necessary as the aforementioned techniques do not report on

the composition, structure, or net charge of surfactant monolayers with any type of molecular-level

specificity. Consequently, molecular-level details about the surfactant mixtures are lacking and it
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is difficult to elucidate the structure-property relationship necessary to design surfactant mixtures
to more effectively stabilize foams in oil-related applications.

In an effort to understand and efficiently advance the state-of-the-art of foam stabilization,
this work provides molecularly specific details regarding the composition, molecular
conformation, and headgroup immersion depths of surfactant monolayers prepared by a 1:1
anionic:cationic surfactant mixtures at the oil-water interface. The molecular-level details of these
mixed surfactant systems at an oil-water interface are limited since few experimental techniques
can specifically probe buried liquid-liquid interfaces with molecular specificity. Only the 1:1 ratio
is examined herein as it serves as a foundation for ongoing investigations into the more complex
behavior observed at other surfactant mixing ratios. This work, in conjunction with other work of

92-98

anionic:cationic surfactant mixtures at the air-water interface, provide a more comprehensive

understanding of the driving forces that define oil-tolerant foams.
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Figure 4.1. Molecular structure of DTAB (top) and SDS (bottom).

The system examined herein is composed of a model surfactant mixture and oil. The
mixture is composed of sodium dodecyl sulfate (SDS) and dodecyltrimethylammonium bromide
(DTAB). Their simple molecular structures (Figure 4.1) and the considerable amount of
experimental and theoretical work?#731:9698-101 performed with this mixture and the individual
surfactants makes it an ideal model to investigate the interfacial behavior of 1:1 anionic:cationic

mixtures at an oil-water interface. Moreover, both surfactants are commonly used in foaming
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agents and their mixtures create more oil tolerant foams compared to pure SDS and DTAB.3>43

This lab has also extensively characterized the interfacial behavior of these pure surfactants at the
oil-water interface.'%>19 Carbon tetrachloride is used as a model oil because of its optical
transparency in the visible and IR spectra. Although a model oil may slightly alter the surfactants’
behavior, this work is expected to provide valuable insights into molecular-level details not found
in literature and establish a foundation to investigate oils that are encountered in practical
applications. Interfacial tensiometery is employed to examine the population, general molecular
packing, and the 2D phase (gas-, liquid-, or solid-like) of the adsorbed surfactants as a function of
concentration. Concurrently, vibrational sum frequency spectroscopy (VSFS) is employed to
determine the composition of the monolayer by monitoring the intensity of the charge sensitive
VSF response of water while the individual SDS and DTAB conformations are deconvoluted by
selectively deuterating the surfactants in the 1:1 SDS:DTAB mixture. It is found that at all
concentrations studied, the prepared monolayers are largely composed of paired SDS and DTAB
surfactants and few, if any, unpaired surfactants. Although the conformational ordering of both the
SDS and DTAB tails of the paired surfactants increases with bulk concentration, interestingly, the
SDS tail is more ordered at all concentrations. These findings provide a fundamental understanding
of how 1:1 anionic:cationic surfactant mixtures are adsorbed at the oil-water interface, which is
crucial to strategically employ anionic:cationic surfactant mixtures to create oil tolerant foams.
Synergistic Interfacial Adsorption of 1:1 SDS:DTAB Mixtures

Figure 4.2 compares the measured interfacial pressure isotherm of 1:1 SDS:DTAB mixtures (blue
circles) to the interfacial pressure values of pure 25 pM SDS (solid black line) and DTAB (dashed
black line). The relatively low interfacial pressures (population of adsorbed surfactants) of 0.01-1

uM 1:1 SDS:DTAB mixtures indicate that few surfactants are adsorbed at the interface at these
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concentrations. Pure SDS and DTAB reach a similar interfacial pressure at a much larger, nearly
25-2500 times greater, concentration of 25 uM. In turn, this comparison exemplifies the increased
interface activity of the 1:1 SDS:DTAB mixtures, commensurate with the enhanced interfacial

behavior of anionic:cationic surfactant mixtures,8>-92-106
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Figure 4.2. Interfacial pressure isotherm for 1:1 SDS:DTAB mixtures as well as interfacial
pressure values for pure 25 uM SDS (solid black line) and DTAB (dashed black line). Interfacial
pressures of pure SDS and DTAB at their CMC (dash-dotted red line) are within error and thus
represented by a single line. Error bars for the 1:1 SDS:DTAB mixtures are the standard deviation
of at least three measurements performed on separate days.

The enhanced adsorption behavior of the 1:1 SDS:DTAB mixtures is also observed at
higher concentrations, most notably around the critical micelle concentration (CMC). The
measured interfacial pressure of the mixed surfactant system at 25 uM is greater than pure 8.1 mM
SDS and 14.6 mM DTAB (dash-dotted red line), which is the CMC of the pure surfactants and the
point of full monolayer coverage.!?”19 The disparity in interface coverage between the mixture
and pure surfactants is observed at all concentrations but is the largest at ~30 uM, which is the
CMC of the 1:1 SDS:DTAB mixture, as determined from the isotherm in Figure A.1. This value
agrees well with the CMC that is determined from surface tension measurements at the air-water

interface,* suggesting the surfactant concentration in the oil phase is negligible, as discussed in

Appendix A. This result is substantiated by Fourier transform infrared (FTIR) and quantitative 'H
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nuclear magnetic resonance (QJHNMR) spectroscopic measurements (details provided in Appendix
A), which conjointly show surfactants are present in the CCls at concentrations well below 1 uM
and therefore within experimental error. The disparity in interface coverage is due to the adsorption
of highly interface active stoichiometric 1:1 SDS:DTAB pairs that are net neutrally charged.**-*°
These paired surfactants form through attractive electrostatic interactions between the SDS and
DTAB headgroups and have an association constant that is on the order of 10°.92 Because of their
net neutral charge, short-range steric and van der Waals interactions regulate their interfacial
packing and promote tight packing. The tight packing reduces the average interfacial area per
surfactant (headgroup area) compared to pure surfactants at comparable concentrations, as
evidenced by the larger interfacial pressures of the mixtures in Figure 4.2. This behavior contrasts
pure SDS and DTAB monolayers in which long-range repulsive electrostatic interactions regulate
interfacial packing and results in a relatively large headgroup area. Consequently, the loose
packing of the pure SDS and DTAB monolayers limits the population of adsorbed surfactants
compared to the increased interface densities of 1:1 SDS:DTAB mixtures. The remarkably high
interfacial pressures of these 1:1 SDS:DTAB mixtures at relatively low total surfactant
concentrations exemplify their enhanced adsorption properties that arise from the net neutral

charge of the paired surfactant headgroup.
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Figure 4.3. Concentration of paired and unpaired surfactants in 3-30 puM 1:1 SDSO3:DAC
mixtures.

To provide additional insight into the interfacial behavior of the mixtures, we consider how
the association behavior of the SDS:DTAB pairs influence the composition of the surfactant
monolayer. Although the association constant of the SDS:DTAB mixture is unknown, it is likely
finite, as found for similar anionic:cationic surfactant mixtures.®>% Thus, SDS:DTAB mixtures
contain unpaired surfactants that are presumably co-adsorbed at the interface. To appreciate the
percentage of unpaired SDS and DTAB in the mixtures, we consider the SDSO3:DAC (sodium
dodecyl sulfonate:dodecylammonium chloride) mixture whose association constant is 1.3x10° M-
162 The SDSO3:DAC mixtures is a reasonable proxy, considering the similarities between the
surfactants in the two mixtures. Figure 4.3 shows the percentage of unpaired surfactants in the 3—
30 uM 1:1 SDSO3:DAC mixtures range from 50-20%, respectively. While these values are only
a proxy, they indicate that the SDS:DTAB mixtures contain a considerable number of unpaired
surfactants, which is likely reflected in the surfactant monolayer composition. However, due to the
interface activity coefficient of the unpaired SDS (0.22 L/mmol) and DTAB (0.21 L/mmol) being
nearly 300 times smaller than the 1:1 SDS:DTAB pair (62.5 L/mmol),'” the percentage of

unpaired surfactants at the interface is presumably much smaller compared to the bulk. The
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magnitude of this disparity in interface coverage is unclear since thermodynamic methods like
interfacial tensiometry cannot distinguish between unpaired and paired surfactants, highlighting
the need for complimentary VSFS measurements to more accurately elucidate the composition of
surfactant monolayers, which are discussed later.
Presence of Unpaired Surfactants at the Interface

In order to further examine the general composition of the monolayers prepared by the 1:1
SDS:DTAB mixtures, we use the Gibbs!'!? and Frumkin®® equations (details described in the
Appendix A) to recast the interfacial pressure values as headgroup areas. Figure 4.4 shows the
headgroup area isotherm for the 1:1 SDS:DTAB mixture. We first focus on the 5-50 uM 1:1
SDS:DTAB mixtures of the isotherm since the headgroup areas at these concentrations are
markedly smaller compared to maximally packed pure SDS and DTAB monolayers (Figure 4.4);
the marked reduction in headgroup area is particularly informative for understanding the
composition of the monolayers. The headgroup areas of the 5-50 uM 1:1 SDS:DTAB mixtures
range from 34-40 A2, which are approximately two times smaller than the saturated headgroup
areas of pure SDS (59 A2, solid line)'*? and dodecyltrimethylammonium chloride (DTAC, 88 A2,
dashed line).!? DTAC is expected to be an accurate proxy for DTAB as a different counterion is
unlikely to significantly alter the interfacial packing of the DTA™ ion.!!! The headgroup areas of
monolayers formed by pure SDS, pure DTAB, or a SDS:DTAB mixture can be smaller than these
saturated headgroups only when the repulsive electrostatic interactions among the headgroups are

diminished, as with a pure surfactant/salt mixture,'!!

or in our case, a paired surfactant. The
markedly smaller headgroup areas of the 1:1 SDS:DTAB mixtures compared to pure SDS and

DTAB therefore suggest that predominantly paired surfactants are adsorbed at the interface.

Additionally, the headgroup areas of the mixtures (34—40 A?) are similar to the cross-sectional
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area of the SDS (30 A2)!'2 and DTAB (28 A?)!'3 headgroups, suggesting the interface is covered
with paired surfactants. This finding is commensurate with what has been postulated about 1:1
SDS:DTAB mixtures at other oil-water®®!'# interfaces and the air-water**° interface. Due to the
finite association constant of the paired surfactants, unpaired surfactants are also in solution®>63

and thus may also be adsorbed at the interface. However, these headgroup area measurements do

not have the fidelity to reveal if the mixed SDS:DTAB monolayers also contain unpaired

surfactants.
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Figure 4.4. Headgroup area isotherm for 1:1 DTAB:SDS mixtures, obtained from interfacial
pressure measurements in Figure 4.2. The headgroup areas of pure SDS (solid red line) and DTAB
(dashed red line) at maximum interfacial packing are also included. The solid blue line is a guide
to the eye.

The presence of unpaired surfactants adsorbed at the interface of 1:1 SDS:DTAB mixtures
can be assessed by examining the VSF water spectrum. The hydrogen bonding network of
interfacial water molecules is very sensitive to the interfacial charge!%!!> and can thus be used to
determine the relative number of charged unpaired surfactants in the mixed SDS:DTAB
monolayers. Figure 4.5a shows the VSF spectra of the neat oil-water interface and 3—30 puM 1:1
d-SDS:h-DTAB mixtures at the CCls-H20 interface. The two broad spectral features in the O-H

stretching region (3000-3500 cm™") are assigned to coordinated water molecules'?® while the sharp
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features in the C-H stretching region (2800-3000 cm!) originate from the h-DTAB alkyl tail.!'¢
The other spectral features are not discussed in this chapter and therefore only mentioned in Table

A.3. with their assignments.
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Figure 4.5. (a) VSF spectra of the neat CCls-H20 interface and 3—-30 uM 1:1 d-SDS:h-DTAB
mixtures at the CCls-H20 interface. (b) Square root of integrated areas of fits to the coordinated
water features in panel a. The integrated areas of the neat CCls-H20 interface (black dash-dotted
line) as well as pure 5 uM SDS (solid black line) and DTAB (dashed black line) are also included.
Error bars are the integrated areas that are calculated using the upper and lower bounds of the fit
parameters.

The coordinated water features of the 1:1 SDS:DTAB mixtures in Figure 4.5a are generally
more redshifted and have larger integrated areas compared to the neat oil-water interface. These
spectral changes result from the strengthening and restructuring of the hydrogen bonding network
of the Stern layer or the entire electric double layer. In the Stern layer, charge-dipole and hydrogen
bond interactions with surfactant headgroups orient the water molecules while in the diffuse layer,
the potential setup by charged unpaired surfactants at the interface orient the water. This enhanced
structure in both layers strengthens the hydrogen-bonding network, leading to a redshift and
increase in integrated area proportional to the network’s strength. The shift is smaller for water in

the Stern layer since the surfactant headgroup-water interaction is weaker than the water-water

interactions in the diffuse layer. For the 1:1 SDS:DTAB mixtures, the net neutrally charged paired
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surfactants likely orient water exclusively within the Stern layer, as observed for zwitterionic

surfactants,'!”

which essentially act as electroneutral paired surfactants. The magnitude of the
redshift from water directly interacting with 1:1 SDS:DTAB pairs can be gauged by comparison
to the VSF spectrum of the zwitterionic lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC).'""” The POPC headgroup contains phosphate and choline moieties, which are similar to
the SDS the DTAB headgroups, respectively. Thus, the features from water directly interacting
with the headgroups of POPC and 1:1 SDS:DTAB pair should appear at similar frequencies.
However, fits indicate the water features in the 1:1 SDS:DTAB mixtures appear at markedly lower
frequencies than POPC (Table A.6), suggesting the signal predominantly originates from water in
the diffuse layer, aligned by unpaired SDS and/or DTAB adsorbed at the interface. The
contribution from water in the Stern layer is likely buried within the broad water spectral features
of the diffuse layer.

The relative population of adsorbed unpaired surfactants may be gauged by utilizing the
integrated areas of the coordinated water features, which is typically proportional to the number
of charged unpaired surfactants adsorbed at the interface.!'® The square root of the areas is
examined since the VSF signal scales quadratically with number density. This analysis assumes
the average orientation of the interfacial water molecules does not change with electric field
strength. This assumption is reasonable given that the intensity of the coordinated water spectrum
between the power spectrum (measured with homodyne VSFS, which is employed herein) and the
imaginary spectrum (measured with heterodyne VSFS) are similar;'!” molecular orientation does
not influence the intensity of the imaginary spectrum. Figure 4.5b shows that the integrated areas

of the coordinated water features for 1:1 SDS:DTAB mixtures at concentrations exceeding 5 uM

are larger than that of the neat interface. To associate these areas to the relative number of unpaired
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surfactants in the mixed SDS:DTAB monolayers, we consider the monolayers prepared by pure
surfactants for which the number of unpaired surfactants adsorbed at the interface is known. The
integrated area of pure 5 uM SDS and DTAB is roughly 30 and 40, respectively. These relatively
large integrated areas correspond to a few unpaired surfactants adsorbed at the interface, evident
from their low interfacial pressure of 1 (~2% interface coverage) and 0.3 mN/m (~1% interface
coverage),'® respectively. Considering areas of 30 and 40 correspond to very few surfactants, this
indicates that integrated areas below 10 correspond to less than 1% of the interface being covered
with unpaired surfactants. Thus, the VSF water spectra suggest that mixed SDS:DTAB monolayers
contain very few unpaired surfactants. Notably, the coordinated water integrated areas could be so
small because counterions in the electric double layer reduce the Debye screening length, limiting
the number of water molecules that are oriented by the interfacial electric field. However, this is
unlikely given that the counterion concentrations ranges from 3—30 pM, meaning the interfacial
electric field is negligibly screened. Hence, these measurements indicate that monolayers prepared
by the 1:1 SDS:DTAB mixture at all concentrations contain a negligible number of unpaired
surfactants and the interfacial SDS:DTAB ratio can be considered 1:1 for all practical purposes.
This finding further elucidates the extent to which the relative interface activity of the
paired/unpaired surfactants influences the composition of the adsorbed surfactant monolayer, as
briefly explored in Figure 4.3. Moreover, this finding corroborates work by Fauser and coworkers
who, based on the inability of 1:1 SDS:DTAB mixtures to form electrostatically stabilized foam
films, surmised the surfactant monolayers formed by these mixtures have a null surface charge
density,%® presumably due to the absence of unpaired surfactants.

Notably, our findings at the oil-water interface contrast VSFS measurements of 1:1

SDS:DTAB mixtures at the air-water interface.!?* Contrary to our observations in Figure 4.5, the
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coordinated water features at the air-water interface are significantly enhanced and even
comparable to pure 50 uM SDS/DTAB. Such an enhancement typically results from charged
unpaired surfactants adsorbed at the interface that aligns water within the diffuse layer. Although
momentum-dependent VSFS is needed to unequivocally assign water features to the Stern or both
the Stern and diffuse layers,'!® thus defining if unpaired surfactants are adsorbed at the air-water
interface, we believe differences between the two works is due to differences in equilibration times.
Our surface tension and VSFS measurements show 1:1 SDS:DTAB mixtures require
approximately 18 hr to equilibrate; at the air-water interface, spectra were collected after the
sample equilibrated for a few minutes. Saha, et al. show the coordinated water features for a 1:1
anionic:cationic surfactant mixtures at the air-water interface are significantly enhanced shortly
after the sample is prepared and become suppressed at later times during the equilibration
process.'?’ Presumably, the water features are initially enhanced due to the presence of unpaired
surfactants adsorbed at the interface. Based on Saha’s observations of an unequilibrated system,
the most likely reason for the enhanced water signal at the air-water interface is unpaired
surfactants are adsorbed at the interface. However, differences in the sample preparation
procedures precludes a direct comparison of the 1:1 SDS:DTAB’s behavior at the oil-water and
air-water interfaces.
Interfacial Packing of 1:1 SDS:DTAB Mixtures

Since paired surfactants are predominantly adsorbed at the interface in the 1:1 SDS:DTAB
mixtures, it is reasonable to expect the monolayers to be in an optimally packed, solid-like state
(depicted in Figure 4.6a) in which packing is limited by steric interactions at concentrations near
the CMC. To identify the 2D phase of the monolayers (gas-, liquid-, or solid-like), we revisit the

headgroup areas of the 1:1 SDS:DTAB mixtures in Figure 4.4. The headgroup area of 15 and 25
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(partial interface coverage) as well as 30 uM (full interface coverage) mixtures is 34 AZ2,

114 and air-

comparable to that of optimally packed 1:1 SDS:DTAB mixtures at the hexane-water
water interfaces.”” This suggest that these 15-50 pM mixtures form solid-like monolayers at the
CCls-water interface. These monolayers presumably are tightly packed domains, which have been
observed for SDS:CTAB mixtures at the air-water interface.'?! Conversely, below 15 pM, the
headgroup areas in Figure 4.4 increase with decreasing concentration, which is typical of loosely
packed, liquid-like monolayers, which is depicted in Figure 4.6b. The change in headgroup areas
of this mixture near 15 uM is also observed at the air-water interface and is due to the monolayer

undergoing a phase transition.”?> Thus, Figure 4.4 shows the 1:1 SDS:DTAB mixtures at the oil-

water interface transitions between a solid-like state and a liquid-like state at ~15 pM.

a) Top-down view b) Top-down view

6.*/.
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/.\‘. /’\ T
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Figure 4.6. Cartoon depiction (a) liquid-like and (b) solid-like surfactant monolayers.

Tail Conformation of 1:1 SDS:DTAB Pairs
To determine how changes in the interfacial surfactant packing manifest on a molecular level, we
selectively examine the conformation of the SDS and DTAB alkyl tails with VSFS. This approach
is used because the number of gauche defects along the tail is inversely proportional to the

surfactant’s local packing environment: the number of gauche defects decreases with a tighter
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packing environment. In order to isolate the surfactant C-H stretching features of the surfactants’
alkyl tails, D20 is used as the aqueous phase since the O-D stretching features are redshifted
outside the C-H stretching region. Additionally, one surfactant in the 1:1 SDS:DTAB mixtures is
selectively deuterated so the features in the spectra originate only from the hydrogenated (h-)
surfactant tail. Either the headgroup (do-) or the headgroup and tail of DTAB are deuterated (d-)
while only the tail of SDS is deuterated (d-).

Figure 4.7 shows VSF spectra of 3-30 uM 1:1 h-SDS:d-DTAB (SDS tail, Figure 4.7a) and
d-SDS:dy-DTAB (DTAB tail, Figure 4.7b) and mixtures at the CCls-D20 interface. Peak
assignments are reported in Table A.1 and are consistent with literature.!!%!?? Inspection of the
spectra in Figures 3.6a and 6b clearly reveals that the intensity of the methyl symmetric stretch
(Ar+, 2875 cm!) increases while the methylene symmetric stretch (Ag+, 2850 cm™!) decreases with
increasing bulk concentration for both SDS and DTAB tails in the mixtures. The amplitudes of
these two features are of particular importance since their relative amplitude ratio (Ar+/Ad+) can be
used to determine the conformation of the surfactant tails.%123:124 In an all-trans (perfectly ordered)
conformation, the d* reside in a centrosymmetric environment (VSF active) while the r* reside in
a non-centrosymmetric environment (VSF inactive), giving rise to a large Ar+/Ad+ ratio.
Conversely, when the alkyl tail contains gauche defects (conformationally disordered), the d*
reside in a non-centrosymmetric environment while the r* reside in a centrosymmetric
environment, leading to a small Ar+/Ad+ ratio. Therefore, a large Ar+/Aq+ ratio indicates the tails

are well ordered while a small Ar+/Ad+ratio indicates the tails are disordered.

54



a) 1:1 h-SDS:d-DTAB b) 1:1 d-SDS:d,-DTAB

8 d* o SDS tail 8 d* ' DTAB tail
il b L
—~6 :
5 3
S 5 .f o g 5
2 2
2 4 2 4'F
2 2
c :» C I
w3 : L 3
()] ; w
> 2 B . > 2 = '
1 1
0 - . - 0 L . :
2800 2850 2900 2950 2800 2850 2900 2950
Wavenumber (cm'1) Wavenumber (cm'1)
€) 2¢ ,
W SDS 0 .
1.8+

RN
(o))
T

+ ratio (a.u.)
n

DTAB (Max. tail ordering )

<‘c 1.2 .L ________________________ SDS (Max. tail ordering )
\+L DTAB (25 uM)
< 1
0.8 SDS (25 uM)
0.6 1 1 1 | 1 ]
0 5 10 15 20 25 30

Total surfactant concentration (uM)

Figure 4.7. VSF spectra of 3-30 uM (a) h-SDS:d-DTAB (SDS tail) and (b)1:1 d-SDS:do-DTAB

(DTAB tail) mixtures at the CCls-D20 interface. Spectra are offset and scaled to have a maximum

intensity of one. The dashed vertical lines denote the CH2 (d*) and CH3 (1") symmetric stretches

while solid lines are fits to the spectra. (c) Ar+/Ad+ ratios of 1:1 h-SDS:d-DTAB (SDS tail, orange

squares) and d-SDS:dy-DTAB (DTAB tail, blue diamonds) mixtures obtained from spectra in

panels a and b, respectively. The Ar+/Ad+ ratios of pure h-SDS (solid lines) and do-DTAB (dashed
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lines) at concentrations of 25 uM (black lines) and 3 mM (red lines) are included for comparison.
Solid black lines overlayed on the squares and diamonds are a guide to the eye. Error bars are the
standard deviation of at least three measurements performed on separate days.

Figure 4.7c displays Ar+/Ad+ ratios of 3-30 uM 1:1 h-SDS:d-DTAB (SDS tail, orange
squares) and 1:1 d-SDS:do-DTAB (DTAB tail, blue diamonds). Both the SDS and DTAB tails
become more conformationally ordered with concentrations up to 15 uM, as depicted in Figure
4.6a. This result is consistent with VSFS measurements of liquid-like monolayers prepared by 1:1
SDS:DTAB mixtures®® and molecular dynamic (MD) simulations of liquid-like 1:1 DS:DTA
monolayers (free of Na* and Br~ counterions, respectively),’® both at the air-water interface.
Beyond 15 pM, the tail conformations do not change with concentration since the monolayer is in
a solid-like state at and beyond this concentration, as depicted in Figure 4.7a. In both states, the
Ar+/Ad+ ratios of both SDS and DTAB are generally well above one, indicating that both alkyl tails
of the paired surfactants are by and large conformationally well ordered at all concentrations,
congruent with other anionic:cationic mixtures.’*!21:!25 This contrasts pure 25 uM h-SDS (solid
black line) and do-DTAB (dashed black line) whose Ar+/Ad+ ratios are near one, indicating that the
tails are less conformationally ordered. The tails of both surfactants are similarly disordered at
concentrations around 25 uM. These measurements thus demonstrate that the conformational
ordering of the surfactant tails is enhanced when SDS and DTAB are paired.

Additionally, the paired surfactants in these micromolar 1:1 SDS:DTAB mixtures are more
conformationally ordered than maximally packed monolayers of h-SDS (red solid line) and pure
do-DTAB (red dashed line) that form at total surfactant concentrations of 3 mM (Figure 4.7¢) and
above.!”? The enhanced conformational tail ordering of the mixtures is primarily due to the tight

interfacial packing density of the paired surfactants; tighter packing typically leads to more
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conformationally ordered tails. Moreover, in the tightly packed state, the alkyl tails of the paired
surfactants interact through van der Waals interactions, further enhancing the tail ordering.

More interestingly, Figure 4.7¢ also shows that the SDS tails are conformationally more
ordered than the DTAB tails at all concentrations of the 1:1 SDS:DTAB mixtures. This result is
consistent with MD simulations of an isolated 1:1 DS:DTA pair®® and a saturated 1:1 DS:DTA
monolayer” at the air-water interface that show the DS™ tail is consistently longer (more
conformationally ordered) than the DTA™ tail. Regardless of the mixture’s concentration, one
might assume the SDS and DTAB tail conformations to be identical since the tails are the same
length and they interact through van der Waals interactions®? which presumably causes them to be
conjoined and be conformationally in unison. Thus, the observed difference in the tail
conformations of the paired surfactants (Figure 4.7¢) suggest two plausible explanations.

The first explanation is that the miniscule number of unpaired surfactants adsorbed at the
interface (see the discussion of Figure 4.5) disrupts the interfacial packing of the paired surfactants.
Unpaired surfactants in the mixed SDS:DTAB monolayers likely act as point defects that disrupt
the local interfacial packing, and thus diminishes the conformational tail ordering of its paired
form and itself. If true, the DTAB tails are conformationally less ordered than the SDS tails because
unpaired DTAB molecules are adsorbed at the interface. To test this hypothesis, we selectively
examined the conformation of both SDS and DTAB tails of 7:3 and 3:7 DTAB:SDS mixtures (data
shown in Chapter V). Regardless of which surfactant was in excess, the SDS tail is more ordered,
confirming that unpaired surfactants adsorbed at the interface in the 1:1 SDS:DTAB mixtures does
not contribute to the difference in the SDS and DTAB tail conformations.

The second explanation is that the SDS headgroup of the paired surfactant immerses further

into the water to create a staggered arrangement, as depicted in Figure 4.8. In this arrangement,
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the DTAB tail is displaced towards the oil phase while the SDS tail is displaced towards the
aqueous phase. Consequently, the SDS tail segment near the headgroup and the DTAB tail
segment near the terminal methyl group experience no or limited van der Waals interactions with
the tail of the co-paired surfactant. These tail segments are thus more likely to contain gauche
defects. However, neutron reflectivity (NR)* and VSFS!?® experiments, as well as MD
simulations®® of surfactant monolayers indicate that gauche defects are predominantly located near
the terminal methyl group. These works, in combination with our findings, lead us to believe that
the portion of the DTAB tail that protrudes from the monolayer is less conformationally ordered
than the segment of the SDS tail near the headgroup, as shown in Figure 4.8. Additionally, a
staggered arrangement has been observed in NR experiments of n-dodecylsulfate surfactant
mixtures:n-hexylammonium surfactant mixtures (1:1 DS:AM)°* as well as MD simulations of 1:1
DS:DTA monolayers.”>?® Therefore, we believe that the 1:1 SDS:DTAB monolayers at the oil-
water interface are likely organized in this staggered arrangement.

We consider a collection of experiments®®!123124127 and simulations®>-2¢-9%100 that either
examined 1:1 anionic:cationic mixtures or pure anionic/cationic surfactants adsorbed at either an
oil-water'%!2% or the air-water interface.**°%°%127 While there is no consensus on whether the
anionic or cationic surfactant headgroup immerses deeper into the aqueous phase, our experiments
suggest that differences in the SDS and DTAB tail conformations of the 1:1 SDS:DTAB mixtures
is due to the SDS headgroup immersing deeper into the aqueous phase of the oil-water interface,
as depicted in Figure 4.8. If DTAB immersed deeper, as observed in NR experiments®* and MD
simulations®>% of 1:1 SDS:DTAB mixtures at the air-water interface, we would expect the DTAB
tail to be more conformationally ordered than the SDS tail. This hypothesis could be evaluated

with VSFS measurements of isotopically labeled 1:1 SDS:DTAB mixtures adsorbed at either the
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air-water or a solid-water interface. At the air-water interface, the DTAB tail is expected to be
more conformationally ordered while at the solid-water interface (where one would expect the
surfactant headgroup to be in a non-staggered arrangement), the SDS and DTAB tail
conformations are expected to be the same. Alternatively, NR measurements could reveal the

headgroup arrangement of the 1:1 SDS:DTAB mixtures adsorbed at the oil-water interface.

Low interface coverage High interface coverage
SDS  DTAB 25 uM 8.1 mM
+ L g ? t g z z
SDS:DTAB pair 0.5 uM 30 uM
+
-i-2 +)7 + W+ I +
" Region of decreased tail crowding

Figure 4.8. Cartoon depiction of monolayers formed by pure SDS and 1:1 SDS:DTAB mixtures
at low and high interface coverage.

Summary and Conclusions
Surfactant mixtures are commonly employed across various industries to stabilized foams and
emulsions.!#2233.72-84 Their deployment as foaming agents is however often limited by the foam’s

17.18.21,35,42.72 T¢ fully exploit their potential, it is

susceptibility to destabilize in oily environments.
necessary to identify surfactant mixtures that can stabilize foams in the presence of oil and to
extensively characterize the structure-function relationship of their mixed surfactant monolayers

adsorbed at an oil-water interface. In order to ascertain the molecular details, we used interfacial

tensiometry in tandem with vibrational sum frequency spectroscopy to directly investigate the
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composition, 2D phase, and alkyl tail conformations of monolayers formed by 1:1 SDS:DTAB
mixtures with molecular specificity. We show that when mixed, the adsorption of SDS and DTAB
at the oil-water interface is enhanced. This enhancement results from the adsorption of paired
surfactants at the interface.**° Despite being abundant in solution, a negligible number of unpaired
surfactants are also adsorbed at the interface. This disparity in the interface coverage results from
the paired surfactant’s high interface activity'”” and means the monolayers essentially contain only
paired surfactants for practical purposes. These paired surfactants are in a liquid-like state at
concentrations below 15 uM and a solid-like state at higher concentrations. The conformational
ordering of the SDS and DTAB alkyl tails change with concentration only in a liquid-like state.
Regardless of the phase, SDS and DTAB tail conformations are different even though one would
expect them to be conformationally the same due to van der Waals interactions. We attribute this
observation to the SDS headgroup of the paired surfactants immersing further into the water. This
staggered arrangement may contribute to the oil resistance of mixed SDS:DTAB foams by
hindering water drainage from the pseudoemulsion film, thereby stabilizing the lamella in oily
environments, as previously mentioned.** The hindered drainage would result from the SDS
headgroups having a more extensive hydration shell in this arrangement and stronger interactions
(hydrogen bonds) with water, compared to the DTAB headgroups. It is unclear whether these 1:1
SDS:DTAB mixtures behave similarly at the oil-water and air-water interfaces of the
pseudoemulsion film, given the limited literature that provides the molecular-level details of the
mixtures adsorbed at an air-water interface. Nevertheless, our findings provide valuable molecular-
level insights into how anionic:cationic surfactant mixtures may stabilize the oil-water interface of
the pseudoemulsion film and thus foams in the presence of oil, which has many applications to the

0il,'%7 gas,”>87 and firefighting industries.?>%8
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CHAPTER V:

Interfacial Behavior of Non-Equimolar SDS:DTAB Mixtures

This work under review in the journal Langmuir Konnor Jones identified the study’s obejctives,
designed and performed the experiments, analyzed and interpreted the data, and wrote the
manusript. Geraldine Richmond was the principal investigator for this work and provide general
guidance prior her leave of absence that began on Nov. 8, 2021, serving as Undersecretary of
Science and Innovation, Department of Energy. Larry Scatena served as the principal investigator
during Dr. Richmond’s leave, overseeing the project through completion by providing general
feedback and editorial assistance.
Introduction

Surfactants are a workhorse in a myriad of industries including oil,*>7? gas,'®"
detergents,’*7> firefighting,??7¢ pharmaceuticals,’””-’® cosmetics,’%° personal care,3>!?® food,3412?
and mineral processing.'*? Surfactant mixtures are either intentionally or unintentionally used in
nearly all cases. Intentionally employing these mixtures involves deliberately mixing surfactants
to concurrently acquire interfacial properties that cannot be obtained with pure (unmixed)
surfactants. On the other hand, unintentional mixtures arise when using impure surfactants or in
an uncontrolled environment like oil and gas reservoirs. This can undesirably alter the properties
of the surfactant-containing system as well. Regardless of how mixtures are created, the resultant
mixture engenders unique and complex interfacial behaviors that can alter the properties of the

10,73

interface to which they are adsorbed. For example in applications such as oil recovery, gas

production,”®” and fire suppression,?>8® the unique interfacial properties of mixed surfactant
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systems can promote the formation and enhance the longevity of aqueous foams which are heavily

employed in these industries.
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Figure 5.1. Cartoon depiction of the pseudoemulsion film inside a lamella.

Liquid foams can generally be described as dispersions of gas bubbles in an aqueous
solution, separated by liquid films called lamellae. Lamellae are the determinant of foam stability
and maintaining its stability while a foam is deployed is a significant challenge to optimizing their
efficacy. The difficulty in stabilizing lamellae has curtailed the deployment of these foams,
especially with oil-based applications as oil tends to rupture the lamella and thereby destroy the
foam,!7-18:21.35:42.72 Therefore, it is necessary to optimize their efficacy, which can be done by
identifying surfactant mixtures and their molecular-level characteristics that adequately stabilize
the aqueous film that is interposed between the oil and the lamella (pseudoemulsion film, depicted
in Figure 5.1), which is believed to govern foam stability in oily environments.3>4%:39-1 Given that
the pseudoemulsion film consists of an air-water and an oil-water interface, it is important to
identify the structure-property relationship of mixed surfactant monolayers layers at both

interfaces to thoroughly understand how they each influence the film’s stability.
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The interfaces of thin films, both air-water and oil-water, are exceedingly difficult to
selectively probe and assess their individual contributions to pseudoemulsion film stability.
Therefore, the oil-water and air-water interfaces formed between bulk fluids are instead studied,
as they easily be investigated with traditional techniques (e.g. tensiometry), are instead
studied.®33>13! Interfacial tensiometry and rheology measurements as well as foam stability
observations conjointly indicate that stable foams exhibit strong interfacial viscoelasticity,304>43

30,43

ultra-low interfacial tension,*>#*8> and high disjoining pressure,*** all of which are characteristic

of densely packed surfactant monolayers. Mixed anionic:cationic surfactant mixtures can exhibit

such characteristics3?-343

and are likely the reasons they can form more oil tolerant foams
compared to pure anionic and cationic surfactants. The tight interfacial packing of anionic:cationic
surfactant mixtures is attributed to the electroneutral headgroup and enhanced interfacial activity
of the paired surfactants. The diminished repulsive electrostatics between the paired surfactant
headgroups leads to short-range steric and van der Waals interactions regulating the interfacial
surfactant packing. In terms of interfacial activity, paired surfactants can be orders of magnitude
more interfacially active than unpaired surfactants, which leads to the disproportionate adsorption
of paired surfactants that and therefore a monolayer that is densely packed and presumably
composed of primarily paired surfactants. It is then reasonable to expect the foam film properties
to be largely governed by the characteristics of the paired surfactants with minimal influence from
the co-adsorbed unpaired surfactants. However, foam film stability*® measurements of sodium
dodecyl sulfate:dodecyltrimethylammonium bromide (SDS:DTAB), across a range of
anionic:cationic surfactant mixing ratios without oil demonstrate film stability is significantly

dependent on whether the anionic or cationic surfactant is in excess. For the SDS:DTAB mixtures,

foam films are stable when SDS is in excess but unstable when DTAB is in excess, even though
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the interfacial tension and rheology properties of the mixtures are equivalent. This is similarly
observed for mixed SDS:DTAB stabilized foams in the presence of 0il.>3 Hence, this observation

implies that unidentified molecular-level nuances of these surfactant monolayers governs foam
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Figure 5.2. Molecular structure of (a) SDS, (b) DTAB, (¢) DAC, and (d) CTAB.

In order to identify the underlying mechanism(s) that regulate foam stability and the oil
tolerance of foams created by anionic:cationic surfactant mixtures across a range of mixing ratios,
the work herein directly investigates the composition and molecular conformation of mixed
anionic:cationic surfactant monolayers adsorbed at the oil-water interface. This work builds on our
previous investigation into the comparably simpler equimolar anionic:cationic surfactant
mixture.'3? Such detailed information about the interfacial properties of surfactant mixtures is
lacking since few experimental techniques can selectively probe buried liquid-liquid interfaces
with molecular specificity. Additionally, techniques that examine liquid-liquid interfaces, whether
they are interface specific or not, are technically more challenging to employ and thus less
regularly utilized compared to those that probe the liquid-gas interface. This work, along with our

earlier investigation with equimolar surfactant mixtures, provide unique insights into the
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molecular-level nuances of anionic:cationic surfactant mixtures at an oil-water interface that may
regulate the oil resistivity of mixed anionic:cationic surfactant stabilized foams encountered in
commercial applications.

In this work, the SDS:DTAB mixtures (molecular structures displayed in Figure 5.2) are
examined at an oil-water interface. This mixture is ideal to study since both surfactants are
structurally simple and have been extensively studied and employed as foaming agents.34>43
Carbon tetrachloride is used as a model oil because it minimally absorbs light in the visible and
mid infrared (IR) spectral regions, which is a requisite to employ vibrational sum frequency
spectroscopy (VSFS). VSFS, a surface-specific spectroscopic technique, is leveraged to determine
(1) individual SDS and DTAB tail conformations by performing isotopic labeling experiments and
(2) elucidate the composition of the adsorbed surfactant monolayers by monitoring the charge-
sensitive interfacial water spectral region. Interfacial tensiometery measurements are carried out
to determine the relative population of the adsorbed surfactants in the monolayers. From these
measurements, the monolayers are found to largely contain paired surfactants and few unpaired
surfactants across all mixture compositions: surfactant mixing ratios and total surfactant
concentrations. The interfacial concentration of both paired and unpaired surfactants is found to
change with the mixture’s composition and be distinctly dependent on the relative interfacial
activity of the two surfactants in the mixture. This finding is particularly important since the
unpaired surfactants disrupt the tight interfacial packing of the mixed surfactant monolayer by
acting as point defects. The conclusions obtained from these experiments provide valuable insights
into the interfacial behavior of cationic:anionic surfactant mixtures adsorbed at the oil-water
interface across range of compositions, which can be indispensable to order to judiciously develop

and deploy foams in oil-based applications.
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Relative Interfacial Population of Paired and Unpaired Surfactants

Figure 5.3a shows interfacial pressure measurements of 25 uM SDS/DTAB mixtures
(green markers) as a function of the surfactant mixing ratio (SDS:DTAB). The interfacial pressure
of pure 25 uM SDS (10:0) and DTAB (0:10) is close to that of the neat interface (0 mN/m),
indicating that few surfactants are adsorbed at the interface at this concentration. Although though
the total surfactant concentration is fixed, the interfacial pressures quickly increase as the
SDS:DTAB ratio shifts to 9:1 and 1:9, respectively, signifying the interface becomes populated
with an appreciable number of surfactants as the SDS and DTAB are mixed. The population of
adsorbed surfactants continues to increase, albeit to a lesser extent, as the SDS:DTAB ratios shifts
up to 7:3 and 3:7 (Regime 1). In contrast, the interfacial pressures are equivalent for the 7:3 through
3:7 SDS:DTAB mixtures (Regime 2), suggesting the maximum interfacial population has been
reached. These regimes are also present when the total surfactant concentration of the mixtures is
5 and 15 uM and presumably result from changes in the relative number of stoichiometric 1:1
SDS:DTAB surfactant pairs (paired surfactants) and unpaired surfactants that populate the
interface. The SDS:DTAB paired surfactants, being nearly 300 times more interfacially active than
unpaired SDS and DTAB, 33 are expected to constitute most of the adsorbed surfactants and thus
chiefly regulate the interfacial pressure of the SDS:DTAB mixtures. However, it is unclear whether
the unpaired surfactants adsorbed at the interface markedly contribute to the increases in the
interfacial pressures since changing the SDS:DTAB ratio varies the percentage of both

stoichiometric 1:1 paired and unpaired surfactants in the solution, as depicted in Figure 5.3b.
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Figure 5.3. (a) Interfacial pressure of SDS:DTAB mixtures as a function of SDS:DTAB mixing
ratio. The total surfactant concentration is 5, 15, and 25 uM. Spectra that are fit are an average of
at least three spectra that are collected on different days. (b) Percentage of unpaired SDS/DTAB
and paired surfactants in the solution as a function of SDS:DTAB mixing ratio. (c) Select
interfacial pressure measurements in Figure 5.3a reformatted so the paired surfactant concentration
is fixed while the unpaired SDS/DTAB concentration is varied. Error bars in both Figure 5.3a and
5.3c are the standard deviation of at least three measurements performed on separate days. Solid
lines are used as a guide to the eye. Error bars are the standard deviation of at least three
measurements performed on separate days.

To the best of our knowledge, no previous works have rigorously investigated whether the
unpaired surfactants appreciably influence the interfacial pressure of anionic:cationic surfactant
mixtures adsorbed at a liquid interface, be it the oil-water or air-water interface. The best attempt
yet is by Fauser and coworkers*® utilizing SDS:DTAB mixtures at air-water surface. They found
the surface tension values at different SDS:DTAB mixing ratios generally coincide with the
surface tension of equimolar SDS:DTAB mixtures containing an equivalent stoichiometric paired
surfactant concentration (e.g., surface tension of 50 uM 7:3 SDS:DTAB and 30 uM 1:1
SDS:DTAB mixtures is equivalent). From this finding, they concluded that the excess SDS/DTAB

concentration appreciably affects the surface tensions of mixtures in Regime 1, but not Regime 2.
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In essence, this implies that surface adsorption is governed by the paired surfactants and is largely
insensitive to the unpaired surfactants in solution. While this scenario is plausible, it is based on
measurements that cannot discern between paired and unpaired surfactants. Despite their cleverly
planned surface tension measurements, it is still unclear whether the unpaired surfactants
contribute to the changes in the interfacial pressures, including those measurements in Figure 5.3a.

In order to improve the interpretability of the interfacial pressure measurements, as a
function of mixing ratio, the values in Figure 5.3a are reformatted so the stoichiometric paired
surfactant concentration is fixed while the unpaired SDS/DTAB concentration is varied. Figure
5.3c shows the reformatted measurements in which equimolar mixtures lie along the y-axis while
mixtures that contain excess SDS (SDS-rich) or DTAB (DTAB-rich) lie left and right of the y-
axis, respectively. The interfacial pressure measurements are grouped according to the
concentration of stoichiometric paired surfactants that can quantitatively form, each represented
by a specific marker/color combination. Table 1 shows how the mixtures in Figure 5.3a are
grouped and mapped to Figure 5.3c. Only mixtures containing 1.5, 2.5, 7.5, or 12.5 uM paired
surfactants are reformatted since there are an insufficient number of data points (less than three)
of mixtures at other paired surfactant concentrations to gain meaningful insights. Note that the
paired surfactant concentrations represent half of the total surfactant concentration of a 1:1
SDS:DTAB mixture, as each paired surfactant consists of one SDS and one DTAB molecule.
Figure 5.3c also includes interfacial pressure values for mixtures not included in Figure 5.3a; the
additional mixtures are denoted in Table 1 with an asterisk. These measurements were made to

expand the 12.5 pM paired surfactant mixtures plot.

68



Table 5.1. Compositions of the SDS:DTAB mixtures displayed in Figures 5.3a and 5.3c.

SDS:DTAB mixture (Figure 5.3a) SDS:DTAB mixture (Figure 5.3¢)
Pairs Excess
15 uM 9:1 12 uM SDS
5uM 73 . 2 uM SDS
5 uM 3:7 1.5 M pairs 2 uM DTAB
15 HM 1:9 12 HM DTAB
25 uM 9:1 20 uM SDS
S5uM S5 2.5 uM pairs
25 HM 1:9 20 HM DTAB
25 uM 7:3 10 uM SDS
15 uM 5:5 7.5 uM pairs
25 HM 3:7 10 HM DTAB
47.5 UM 6.8:3.2 * 22.5 uM SDS
35uM 6.4:3.8 * 10 uM SDS
25 uM 5:5 12.5 uM pairs
35 uM 3.8:6.4 * 10 uM DTAB
47.5 uM 3.2:6.8 * 22.5 uM DTAB

Figure 5.3c shows the interfacial pressure of the equimolar mixtures monotonically
increase with concentration up to its CMC of 15 uM (30 uM total surfactant concentration).*3!32
Additionally, at any fixed paired surfactant concentration, the interfacial pressure of these
SDS:DTAB mixtures generally increases with excess SDS/DTAB concentration. For the 1.5-7.5
UM paired mixtures, the increase is large due to the concentrations being well below CMC (15 uM
SDS mixed with 15 uM DTAB) and full monolayer coverage, leaving vacancies at the interface
where additional surfactants adsorb as SDS/DTAB grows in excess. Conversely, the interfacial
pressure of the 12.5 pM paired mixtures marginally increases then plateaus with increasing excess
SDS/DTAB concentration. This behavior is attributed to the nearly saturated monolayer formed
by the 12.5 uM equimolar mixture. The interfacial pressures of the 1.5-7.5 uM paired mixtures
are expected to similarly plateau when the excess SDS/DTAB concentration is exceedingly large:

3

well above 22.5 uM, as observed for Fauser and coworker’s® reformatted surface tension

measurements (Figure B.1). Accordingly, these interfacial pressure measurements in Figure 5.3¢
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clearly show how the adsorbed surfactant population of these SDS:DTAB mixtures varies in
response to the concentration of excess SDS/DTAB.

Based on the observations in Figure 5.3c, one may attribute the increase in interfacial
pressures to unpaired surfactants adsorbing to the interface; however, these changes in interfacial
pressure are likely due to the adsorption of paired surfactants. This can be rationalized by
considering the finite association constant of 1:1 anionic:cationic surfactant pairs.®>% More paired
surfactants form as excess SDS or DTAB is added to an equimolar SDS:DTAB mixture, in
accordance with Le Chatelier’s principle. This shift in equilibrium leads to an increase in the paired
surfactant bulk concentration and therefore interfacial concentration, as described by the Gibbs
equation. This is consistent with the observed interfacial pressure changes of the SDS:DTAB
mixtures compared to pure SDS and DTAB whereby adding 10 uM excess SDS or DTAB to the
equimolar mixtures causes the interfacial pressure to increase by an average of 10 mN/m. Such a
relatively large increase cannot solely be due to the unpaired surfactants considering the interfacial
pressure of pure 25 uM SDS and DTAB is ~4 mN/m. Therefore, the increase in paired surfactant
concentration of the SDS- and DTAB-rich mixtures at least partially accounts for the increased
population of adsorbed surfactants.

We employ vibrational sum frequency spectroscopy (VSFS) to better determine the relative
interfacial concentration of unpaired surfactants and their respective contribution to the interfacial
pressure measurements of the SDS:DTAB mixtures, if any. Figure 5.4 shows the VSF spectra of
1.5,2.5, 7.5 uM d-SDS:h-DTAB mixtures with excess SDS (panels a and c¢) or DTAB (panels b
and d) at the H2O-CCls interface. Panels a and b also display the VSF spectrum of the neat H20-
CCls interface. Panels ¢ and d are an expanded y-axis view of the spectra that also include the VSF

spectrum of pure 5 uM SDS at the H2O-CCls interface. Since the pure 5 uM SDS and DTAB VSF
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spectrum are similar, the DTAB spectrum is omitted to enhance figure clarity. The resolved
features in the C-H stretching region (2800-3000 cm™!) of the mixed SDS:DTAB spectra originate
from the hydrogenated DTAB tail and headgroup!!¢ while the features in the in the O-H stretching
region (3000-3700 cm™!) in both the pure and mixed surfactant spectra arise from water.'%®
Specific assignments for the C-H features as well as the other water spectral features that are not
discussed in this chapter are listed in Tables B.1 and B.2. C-H stretching modes in VSF spectra
are commonly used to determine the composition of interfacial monolayers!2%!34-137 since VSF
signal intensity is proportional to the number density, as described in eq. 2.13 However, the C-H
features lack the specificity to differentiate between paired and unpaired surfactants and the
sensitivity to discern subtle changes in the relative number of adsorbed unpaired SDS/DTAB
encountered in the mixed SDS:DTAB monolayers. Therefore, the C-H features are not analyzed
in this section to determine the composition of the surfactant monolayers. On the other hand, the
two coordinated water symmetric stretching modes (centered at ~3200 and ~3400 cm™') of the
interfacial water spectrum are highly sensitive to the interfacial charge of unpaired surfactants

137 even at nanomolar surfactant concentrations. ' This sensitivity makes

adsorbed at the interface,
the interfacial water spectrum particularly well-suited to determine the composition of the mixed

SDS:DTAB monolayers adsorbed at the oil-water interface and is thus examined in detail below.
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Figure 5.4. VSF spectra of (a) SDS-rich and (b) DTAB-rich d-SDS:h-DTAB mixtures. The VSF
spectrum of pure 5 uM SDS and the neat CCls-H20 interface are displayed in both panels. VSF
spectra of (c) SDS-rich and (d) DTAB-rich d-SDS:h-DTAB mixtures. An expanded y-axis view
of panels a and b. Panels ¢ and d do not include the pure 5 uM SDS spectrum.

Analysis of the d-SDS:h-DTAB VSF spectra in Figures 5.4a and 5.4b show the coordinated
water features are generally more intense and redshifted compared to the neat oil-water interface.
This enhancement and redshift results from the restructuring and strengthening of the hydrogen
bonding network within the Stern layer or the entire electric double layer. In the Stern layer,

charge-dipole and hydrogen bond interactions with surfactant headgroups orient the water

molecules whereas in the diffuse layer, the potential setup by charged unpaired surfactants
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adsorbed at the interface orients the water. This enhanced structure in the two water regions
strengthens the hydrogen-bonding network, which leads to an increase in integrated area and
redshift proportional to the network’s hydrogen-bonding strength. The paired surfactants are
expected to marginally enhance the water signal since their electroneutral headgroup likely orients
water solely within the Stern layer, as observed for zwitterionic surfactants,'!” which essentially
act as electroneutral paired surfactants. The Stern layer water signal is expected to be redshifted
due to the interaction with the headgroup, but because the interaction is weaker than the water-
water interaction in the diffuse layer, unpaired surfactants at the interface are characterized by
more redshifted water signal.

Given that the enhancement of the coordinated water features is by and large proportional
to the number of charged unpaired surfactants adsorbed at the interface, the relative number of
unpaired surfactants in the mixed SDS:DTAB monolayers can be gauged by comparing their
spectra to the neat oil-water interface and pure 5 uM SDS/DTAB VSF spectra in the water region.
The coordinated water features in the spectra of the SDS-rich d-SDS:h-DTAB mixtures (Figure
5.4a) are significantly larger than those of the neat interface, suggesting that unpaired surfactants
are adsorbed at the interface when SDS is in excess. On the other hand, the features are less intense
than pure 5 uM SDS. Considering that few surfactants are adsorbed at the interface for pure 5 uM
SDS (~1% interface coverage), as evidenced by the interfacial pressure measurements in Figure
5.3a, comparison with pure 5 uM SDS these VSF spectra indicate that the adsorbed monolayers
formed by SDS-rich mixtures contain very few unpaired surfactants; less than 1% of the interface
is covered with unpaired surfactants. On the other hand, the coordinated water features of the
DTAB-rich mixtures (Figures 5.4b and 5.4d) are less intense than those of both pure 5 uM SDS

and the neat oil-water interface. This suggest that either the interfacial charge is significantly
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screened by counterions in the electric double layer or these surfactant monolayers solely contain
paired surfactants. Counterions in the electric double layer decrease the Debye screening length,
limiting the number of water molecules that are oriented by the interfacial electric field and giving
rise to the low integrated areas. However, this is unlikely given that counterion concentration
ranges from 3—30 uM, meaning the interfacial electric field is negligibly screened. Thus, one may
be led to believe that paired surfactants solely populate the interface. However, the redshift of the
coordinated water features of the DTAB-rich mixtures is greater than anticipated for water directly
interacting with the SDS or DTAB headgroup (water within the Stern layer).!'7:132 As extensively
discussed elsewhere,!*? such a large redshift can occur for water molecules within the diffuse layer,
not the Stern layer, thus indicating that unpaired surfactants may contribute to the water signa,
albeit minimally. Thus, findings from the VSF spectra in Figure 5.4 indicate that both the SDS-

and DTAB-rich SDS:DTAB monolayers contain very few unpaired surfactants.
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Figure 5.5. (a) Coordinated water integrated areas of d-SDS:h-SDS mixtures at the H20-CCl4
interface as a function of (a) excess SDS/DTAB or (b) excess DTAB concentration. The integrated
areas of the neat H2O-CCls interface and pure 5 uM SDS/DTAB are also included. Solid lines are
a guide to the eye. Error bars are the integrated areas that are calculated using the upper and lower
bounds of the fit parameters
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In order to more rigorously assess the composition of the mixed SDS:DTAB monolayers,
we quantify the relative number of charged unpaired surfactants adsorbed at the interface by means
of the integrated area of the coordinated water features for d-SDS:h-DTAB mixtures at the H20O-
CCls interface. Figure 5.5a shows the square root of the integrated areas for the 1.5, 2.5, and 7.5
puM d-SDS:h-DTAB mixtures ranges from 1.5 to 15. The square root of these values is analyzed
since the VSF signal scales quadratically with number density. This analysis assumes the average
orientation of the interfacial water molecules does not change with electric field strength. This
assumption is reasonable given that the intensity of the coordinated water spectrum between the
power spectrum (measured with homodyne VSFS, which is employed herein) and the imaginary
spectrum (measured with heterodyne VSFS) are similar;'!” molecular orientation does not
influence the intensity of the imaginary spectrum. To associate these values to the relative number
of adsorbed unpaired surfactants, we consider the neat oil-water interface as well as pure SDS and
DTAB for which the number of unpaired surfactants adsorbed at the interface is known. The
majority of the integrated areas of the mixtures are comparable to the neat interface (~4), again
suggesting that few unpaired surfactants are adsorbed at the interface. This finding is substantiated
by the integrated areas of the SDS:DTAB mixtures being nearly two-times smaller than pure 5 uM
SDS/DTAB (~35). Given that the interfacial pressure of pure 5 uM SDS/DTAB is ~0.7 mN/m
(~1% interface coverage), areas smaller than 40 are indicative of sparingly few adsorbed unpaired
surfactants. The comparatively small integrated areas of the SDS:DTAB mixtures thereby indicate
that less than 0.5% of the interface is covered with unpaired surfactants. Hence, the coordinated
water integrated areas in Figure 5.5a, together with the interfacial pressure measurements in Figure

5.3c, show that the monolayers prepared by the SDS:DTAB mixtures mainly consist of paired
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surfactants and a nearly negligible number of unpaired surfactants, consistent with the findings
from the visual analysis of these spectra.

Further inspection of Figure 5.5a reveals that the integrated areas of the SDS-rich mixtures
are larger than the DTAB-rich mixtures for the same interfacial surfactant concentration. This
suggests that more unpaired surfactants are adsorbed at the interface of the SDS-rich mixtures
compared to DTAB-rich mixtures, as anticipated by solution theory.>? Solution theory predicts that
at opposite mixing ratios (e.g. 7:3 and 3:7), the SDS-rich monolayers contain more unpaired SDS
than DTAB-rich monolayers contain unpaired DTAB. This prediction is based on SDS being more
interfacially active than DTAB. For SDS-rich mixtures, the integrated areas also indicate that the
interfacial concentration of unpaired surfactants increases with excess SDS concentration. In
contrast, the integrates areas of the DTAB-rich mixtures suggest the interfacial concentration of
unpaired surfactants either does not change or decreases with excess DTAB concentration,
contrary to model predictions. Interestingly, the areas of the DTAB-rich mixtures are smaller than
that of the neat oil-water interface, suggesting that these monolayers are minimally charged, even
when the excess DTAB concentration is ~13 times larger than the stoichiometric paired surfactant
concentration. This behavior is unanticipated considering our analysis and interpretation of the
interfacial pressure measurements (Figure 5.3¢) suggest that both unpaired and paired surfactants
may adsorb at the interface with increasing excess surfactants. Thus, the cause for the consistently
diminutive interfacial charge of the DTAB-rich mixtures is unclear.

In order to assess the underlying mechanism governing the nearly negligible interfacial
charge for the DTAB-rich mixtures, we also examine the coordinated water integrated areas of 1.5
pM d-SDS:h-DTAB + 100/200 uM h-DTAB mixtures in Figure 5.5b. The charge of the surfactant

monolayers clearly increases with increasing excess DTAB. Surprisingly, the mixture with 200
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uM excess DTAB is only comparable to the mixture that contains only 12 pM excess SDS. The
increased interfacial charge of the DTAB-rich mixtures (Figure 5.5d) unquestionably results from
the adsorption of unpaired DTAB, as evidenced by the fits to the coordinated water features. The
fit’s phase reports on the average orientation of water’s molecular dipole relative to the interface,
which is governed by the interfacial charge.!'%®!13® For the 100 and 200 uM excess DTAB mixtures,
the phase indicated that the water’s molecular dipole points towards the interface, indicative of a
positively charged interface. In contrast to the SDS-rich mixtures, the excess DTAB concentration
must be nearly an order of magnitude larger for an appreciable number of unpaired DTAB to
populate the interface. The different behavior of the DTAB- and SDS-rich mixtures is likely due
to DTAB being half as interfacially active as SDS. The VSFS measurements in Figure 5.5a and
5.5b thus substantiate the finding from Figure 5.4: that the monolayers of the DTAB-rich mixtures
listed in Table 1 contain a much smaller number of unpaired DTAB compared to when SDS is in
excess. Hence, the coordinated water integrated areas in Figures 5.5a and 5.5b strongly support
the idea that more unpaired surfactants are adsorbed at the interface in the SDS-rich mixtures

compared to the DTAB-rich mixtures.
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Figure 5.6. Square root of the coordinated water integrated areas for 1.5 uM d-SDS:h-DTAB, d-
SDS:h-CTAB, and d-SDS:h-DAC mixtures at the CCls-H20 as a function of excess function of
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excess SDS and cationic (CTAB/DAC/DTAB) concentration. Error bars are the integrated areas
calculated using the upper and lower bounds of the fit parameters. Solid lines are a guide to the
eye.

To more thoroughly assess whether the interfacial activity plays a major role in regulating
the composition of the monolayers created by mixtures with excess SDS/DTAB, we examine the
interfacial water spectral region of SDS:CTAB (cetylrimethylammonium bromide) mixtures.
CTAB is used because it is roughly eight times more interfacially active than SDS whereas DTAB
is nearly half as interfacially active than SDS, as evidenced by their respective CMC.!107:108
Moreover, as depicted in Figure 5.2, CTAB is structurally similar to DTAB in that both surfactants
contain the same headgroup and linear alkyl tails, albeit different lengths. Figure 5.6 shows the
square root of the coordinated water integrated areas for 1.5 uM d-SDS:h-CTAB mixtures as a
function of excess SDS/CTAB concertation. A 1.5 uM paired surfactant concentration was
selected since is it below the CMC of the equimolar SDS:CTAB mixture (~5 uM)!3%140 and it can
be directly compared to the 1.5 uM SDS:DTAB mixtures, which are also included in Figure 5.6.
The areas do not change with excess SDS concentration but increase with excess CTAB
concentration. This behavior indicates that the monolayers of the CTAB-rich mixtures are more
charged (contain more unpaired surfactants) compared to the monolayers of the SDS-rich
mixtures, completely opposite to the SDS:DTAB mixtures. Given that the only difference between
CTAB and DTAB is their tail length, which causes CTAB to be more interfacially active compared
to DTAB, this result substantiates the notion that more unpaired surfactants are adsorbed at the
interface in the SDS-rich mixtures compared to the DTAB-rich mixtures.

The SDS and DTAB headgroups may be another factor that may regulate the composition

of the mixed SDS:DTAB surfactant monolayers. To assess the impact surfactant headgroup

identity has on the SDS:DTAB mixtures, we examine SDS:DAC (dodecylammonium chloride)
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mixtures. DAC is used because its interfacial activity is comparable to DTAB, as gauged by their
respective CMC of 14.5 mM'"! and 14.6 mM.'” Notably, DAC was used because, unlike
dodecylammonium bromide (DAB), it is commercially available at high-purity grades.
Substituting bromide with chloride is deemed inconsequential at micromolar concentrations.
Figure 5.6 shows the square root of the coordinated water integrated areas for 1.5 uM d-SDS:h-
DAC mixtures at the H2O-CCls interface as a function of excess SDS/DAC concertation. A paired
surfactant concentration of 1.5 uM is selected since it is below the CMC of the equimolar
SDS:DAC mixture (~15 uM, see Figure B.2) and facilitates comparison to the 1.5 uM SDS:DTAB
and SDS:CTAB mixtures. The profile of the mixed SDS:DAC integrated plot mimics that of the
SDS:DTAB mixtures: the values increase with excess SDS concentration and does not change
with excess DAC concentration. These changes indicate that more surfactants adsorb at the
interface as the mixtures become more SDS-rich and a seemingly undetectable number of
surfactants adsorb at the interface in the DAC-rich mixtures. The congruous behavior of the
SDS:DAC and SDS:DTAB mixtures suggest that the anionic and cationic surfactant headgroups
in the SDS:DTAB mixture minimally regulates the composition of the mixed SDS:DTAB
monolayers. Hence, our measurements of the SDS:DTAB, SDS:CTAB, and SDS:DAC mixtures
leads us to conclude that the monolayers of the SDS-rich SDS:DTAB mixtures contain more
unpaired surfactants compared to the monolayers of the DTAB-rich mixtures because SDS is more
interfacially active than DTAB.
Interfacial Packing of SDS:DTAB Mixtures

To determine if the adsorbed unpaired surfactants affect the interfacial packing of the

mixed SDS:DTAB monolayers, we continue to leverage the unique capabilities of VSFS to

selectively examine the conformation of the SDS and DTAB alkyl tails, which is sensitive to the
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surfactant’s local packing environment. Specifically, the number of gauche defects along the tail
is inversely proportional to the surfactant’s local packing environment: the number of gauche
defects along decreases with a tighter packing environment. For these measurements, D20 is used
as the aqueous phase so the coordinated water features lie outside the C-H stretching region,
thereby leaving the C-H features of the surfactants’ tails largely unobscured. To ensure that the C-
H features solely originate from either the SDS or DTAB tail, the surfactant mixtures are
selectively deuterated using two deuteration schemes: (1) hydrogenated SDS mixed with fully
deuterated DTAB (h-SDS:d-DTAB) and (2) fully deuterated SDS mixed with partially deuterated
DTAB (d-SDS:ds-DTAB), where do-DTAB possesses a deuterated headgroup and a hydrogenated
tail. Thus, the h-SDS:d-DTAB spectrum reports on the SDS tail whereas the d-SDS:ds-DTAB
spectrum reports on the DTAB tail.

Figures 5.7a and 7b shows VSF spectra of d-SDS:do-DTAB and h-SDS:d-DTAB and
mixtures at the D20-CCls interface, respectively, across a range of mixing ratios and paired
surfactant concentrations. The spectral features have been previously assigned and are listed in
Table B2. Inspection of the spectra clearly reveals that the relative intensity of the features changes
with excess SDS/DTAB and paired surfactant concentration, which results from the surfactant
monolayer restructuring and spectral interferences. Relative amplitude changes of the methyl (A .+,
2875 cm!) and methylene (Ag4+, 2850 cm™!) symmetric stretches (extracted from the spectral fits)
are of particular interest since their amplitude ratio (A +/Ag4+) is a sensitive proxy of surfactant tail
conformation.®®123142 In an all-trans (perfectly ordered) conformation, the d* are in a
centrosymmetric environment (VSF inactive) while the r" are in a non-centrosymmetric
environment (VSF active), which gives rise to a large A.+/A4+ ratio. Conversely, when the alkyl
tail contains gauche defects (conformationally disordered), the d* are in a non-centrosymmetric
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environment whereas the r* are in a centrosymmetric environment, which gives rise to a small
A +/Ag4+ ratio. Therefore, a large A +/A4+ ratio is indicative of well-ordered alkyl tails while a
small A+/A g4+ ratio is indicative of disordered alkyl tails.

Figure 5.7 displays A +/Agq+ ratios of equimolar, SDS-rich, and DTAB-rich h-SDS:d-
DTAB (SDS tail, panel a) and d-SDS:d9-DTAB (DTAB tail, panel a) mixtures as a function of
excess SDS/DTAB concentration. The paired surfactant concentration of the mixtures is 1.5, 2.5,
and 7.5 uM. The conformations of the SDS and DTAB tails in equimolar SDS:DTAB mixtures
have previously been characterized with VSFS!3? and therefore are discussed only provide a basis
for understanding the behavior of SDS- and DTAB-rich mixtures. Briefly, for equimolar mixtures,
both the SDS and DTAB tails are ~55% more conformationally ordered than maximally packed
monolayers of pure h-SDS and do-DTAB that form at concentrations of 3 mM and above.!%? The
enhanced interfacial packing of the equimolar mixtures is largely due to the electroneutral
headgroup of the paired surfactants, which minimizes long-range, repulsive electrostatic
interactions among the headgroups, lending to short-range steric and Van der Waals interactions
primarily regulating their interfacial packing. In equimolar mixtures, both SDS and DTAB tails
become more ordered with concentration up to 7.5 uM. This behavior is a consequence of the
surfactant monolayers being in a liquid-like state.’>!3? In this state, the monolayer packs more
densely as additional surfactants adsorb to the interface, resulting in conformationally more
ordered alkyl tails. Above 7.5 uM (A +/A 4+ ratios not shown), the tail conformations do not change
with concentration, even though surfactants continue to adsorb to the interface (as monitored by
interfacial pressure measurements), since the monolayers are in a solid-like state wherein packing
is limited by steric interactions. These monolayers presumably are tightly packed domains, which
have been observed for SDS:CTAB mixtures at the air-water interface.'?!
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Figure 5.7. VSF spectra of DTAB- and SDS-rich (a) d-SDS:do-DTAB (DTAB tail) and (b) h-
SDS:d-DTAB (SDS tail) mixtures at the CCls-D20 interface. The 1.5 pM mixtures contain 12 uM
excess SDS/DTAB. Spectra are offset and scaled for the ~2850 cm™! feature to have a maximum
intensity of one. Ar+/Ad+ ratios of (¢) d-SDS:d9-DTAB (DTAB tail) and (d) h-SDS:d-DTAB:d-
SDS (SDS tail) obtained from spectra in panels a and b, respectively. Solid lines overlaying the
markers are a guide to the eye. Error bars are the standard deviation of at least three measurements
performed on separate days.
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Inspection of the DTAB A +/A4+ ratios (Figure 5.7¢) for the 1.5 and 2.5 pM pair mixtures
reveals that the DTAB tail generally become more ordered with increasing excess SDS/DTAB
concentration. This behavior arises from the adsorption of additional surfactants to the interface,
embedding in the liquid-like monolayer. As excess SDS/DTAB is added to the mixtures, both
paired and unpaired surfactants adsorb at the interface, as evidenced by the interfacial pressure
(Figure 5.3c) and VSFS water (Figures 5.4 and 5.5) measurements. The adsorption of additional
surfactants increases the interfacial packing density as well as surfactant tail ordering. Contrarily,
the DTAB tail ordering of the 7.5 uM pair mixtures is the same without and with the excess
SDS/DTAB. This behavior is attributed to the surfactant monolayer of the equimolar 7.5 pM pair
mixture already being in a solid-like state.

Further inspection of the DTAB A +/Ag4+ ratios of the 1.5 and 2.5 uM paired mixtures
reveals that the DTAB tails are more ordered in DTAB-rich mixtures compared to SDS-rich
mixtures. This finding is unexpected given that the surfactant tail ordering is typically correlated
to the interfacial surfactant population and this population is the same for mixtures at a fixed paired
surfactant concentration at equivalent excess SDS/DTAB concentrations (e.g. 2.5 uM SDS:DTAB
+20 uM SDS and 2.5 uM SDS:DTAB + 20 uM DTAB mixtures), as determined by the interfacial
pressure measurements in Figure 5.3. This dissimilarity in the A +/A g4+ ratios leads to two possible
explanations. Given that the A +/A 4+ ratio reports on the average tail conformation of the adsorbed
surfactants, it is possible that, for the monolayers of the DTAB-rich mixtures, the unpaired DTAB
tails are well ordered and markedly increase the A +/A g4+ ratios. However, this scenario is unlikely
given that the unpaired and paired surfactants’ contribution to the VSF spectra is weighted by their
interfacial number density (population) and the mixed SDS:DTAB monolayers contain a nearly

negligible number of unpaired surfactants. The more plausible explanation stems from the fact that
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more unpaired surfactants are adsorbed at the interface in the SDS-rich mixtures compared to the
DTAB-rich mixtures. The unpaired surfactants in the monolayers likely act as point defects,
disrupting the interfacial surfactant packing. This disruption presumably is proportional to the
number of unpaired surfactants adsorbed at the interface. We therefore posit that the difference in
unpaired surfactants in the mixed SDS:DTAB monolayers engenders the dissimilar DTAB tail
ordering of SDS- and DTAB-rich mixtures.

Figure 5.7d shows SDS A +/A4+ratios obtained from the h-SDS:d-DTAB spectra in Figure
5.7b. The SDS tail behavior generally mimics DTAB: in 1.5 and 2.5 uM paired mixtures, the tails
generally become more ordered with increasing excess SDS/DTAB concentration whereas for 7.5
UM paired mixtures, the tail ordering does not vary. As discussed earlier, the different tail ordering
behavior of the 1.5/2.5 uM mixtures compared to the 7.5 uM mixtures results from the monolayers
being in a liquid- or solid-like state, respectively.’>!32 Notably, the Ar+/Ad-+ratios for the 1.5 and
2.5 uM mixtures stay nearly constant the SDS- and DTAB-rich mixtures, which contrasts the
behavior observed for the DTAB tails. This different behavior of the SDS and DTAB tails is
unexpected given that the A+/Ag+ ratios predominantly report on the paired surfactants. The
conformation of the DTAB and SDS tail of a paired surfactant are expected to equally change with

132 since the tails interact

excess SDS/DTAB concentration, as observed for the equimolar mixtures,
through van der Waals interactions®® which presumably causes them to be conjoined and be
conformationally in unison. Regardless of the accuracy of this expectation, since the SDS and
DTAB tails are identical, their conformations should be similar in identical packing environments.
Hence, the different behavior of the SDS and DTAB tails (similar SDS tail conformation and

dissimilar DTAB tail conformation) between SDS- and DTAB-rich mixtures indicates that paired

SDS and DTAB at the interface experience different packing environments, possibly a staggered
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headgroup arrangement as postulated for equimolar SDS:DTAB mixtures Discerning the details
of the arrangement requires additional VSFS measurements and employing interfaically specific
techniques that possess high spatial resolution.
CONCLUSIONS

Anionic:cationoic surfactant mixtures are a commonly employed in many industries to stabilize
liquid foams, either through deliberate mixing or by using impure reagents. However, their use as
foaming agents is often limited, especially in oil related industries, by foam’s susceptibility to
destabilize in oily environments. To fully exploit their potential, it is necessary to identify
surfactant mixtures that can stabilize foams in the presence of oil. Anionic:cationic surfactant
mixtures can make oil tolerant foams, but it is difficult to predict which surfactant mixtures are
viable foaming agents for these applications since the underlying mechanism of this behavior is
unknown. In order to ascertain the molecular details, we used interfacial tensiometry concurrently
with vibrational sum frequency spectroscopy to directly investigate the composition, and
surfactant tail conformations of monolayers formed by DTAB:SDS mixtures across a range of
surfactant mixing ratios and total surfactant concentrations. We directly show that both paired and
unpaired surfactants are adsorbed at the interface although the paired surfactants constitute an
overwhelmingly percentage of the mixed SDS:DTAB monolayers adsorbed at the interface. This
disparity in the interfacial coverage is due to the paired surfactants being substantially more
interfacially active compared to unpaired SDS and DTAB. The very few unpaired surfactants in
the monolayer act as point defects to disrupt the packing of neighboring paired surfactants. The
SDS-rich monolayers pack less tightly than the DTAB-rich monolayers due to the SDS-rich
monolayers containing more unpaired surfactants, which is a consequence of SDS being more

surface active than DTAB, as confirmed by VSFS measurements of SDS:CTAB and SDS:CTAB
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mixtures. Measurements of these two other surfactant mixtures reveals that the interfacial activity
of the unpaired constituent surfactants plays a bigger role in governing the structure of the
surfactant monolayers compared to their effective headgroup charge. These findings have
implications for nearly all scenarios in which surfactant mixtures are employed to create oil-

tolerant foams.
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CHAPTER VI:

CONCLUSION

Liquid foams are employed in the oil related industries;'#!® however, their efficacy is
limited by their tendency to rupture in oily environments. This rupturing is linked to the destruction
of the pseudoemulsion film,*® which highlights the need for surfactants to stabilize the
pseudoemulsion film. Anionic:cationic surfactant mixtures stabilize the pseudoemulsion film and
can thereby produce oil-tolerant foams.?> The oil tolerance is attributed to the high dilatational
elasticity of the surfactant mixtures,>**>* which is indicative of tightly packed surfactants
monolayers at the interface of the pseudeomulsion film. Given the dilatational elasticity is
equivalent across anionic:cationic surfactant mixing ratios,*-% this property fails to explain why
the oil tolerance significantly varies with the mixing ratio. Hence, this variability in oil tolerance
suggests the underlying mechanism driving the oil tolerance is more complex than what can be
gleaned from measuring the macroscopic properties of the interface.

In order to investigate molecular factors that contribute to the oil tolerance of foams
stabilized by anionic:cationic surfactant mixtures, vibrational sum frequency (VSFS) and
interfacial tensiometry were employed to determine the composition and structure of mixed
anionic:cationic surfactant monolayers. This work was separated into two parts: the first (Chapter
IV) focused on the equimolar SDS:DTAB mixtures while the second part (Chapter V) examined
the more complex, non-equimolar SDS:DTAB mixtures. The work discussed in Chapter I'V reveals
that the surfactant monolayers formed by equimolar SDS:DTAB mixtures contain mostly
stoichiometric 1:1 SDS:DTAB surfactant pairs and very few unpaired SDS/DTAB, engendering a
negligible interfacial charge. Tail conformation measurements suggest that these paired surfactants

in the monolayer are in staggered arrangement with the SDS headgroup immersing further into the
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aqueous phase compared to the DTAB headgroup. Work in Chapter V shows that the monolayers
of non-equimolar mixtures are similarly weakly charged, and the surfactants exhibit the same
staggered arrangement. Moreover, the interfacial charge only slightly changes with SDS:DTAB
ratio, indicating that the monolayer composition is largely independent of the surfactant mixing
ratio. The few unpaired surfactant in the monolayer slightly disrupts the interfacial surfactant
packing by acting as point defects.

Given that the physiochemical properties of the mixed SDS:DTAB monolayers are very
similar across all SDS:DTAB mixing ratios, but their foam stability and oil tolerance is
significantly different,’>* these findings suggest that small changes in the physiochemical
properties of the pseudoemulsion film’s interfaces significantly change the oil tolerance of foams.
In terms of the interfacial charge and packing, the observations imply that the charge, rather than
the packing, of the mixed surfactant monolayers adsorbed at the oil-water interface contributes to
the oil tolerance of foams stabilized by these surfactant mixtures. At the surfactant concentrations
needed to prepare stable foams (50 uM or above*?), the surfactant monolayer charge changes with
surfactant mixing ratio whereas the interfacial surfactant packing does not change. In particular,
the SDS-rich mixtures are appreciably charged whereas the DTAB-rich mixtures are marginally
charged. Repulsive electrostatic interactions between the surfactant monolayers formed at the air-
water and oil-water interfaces of the pseudoemulsison film for SDS-rich SDS:DTAB mixtures
presumably stabilize the film and is the reason foams stabilized by these mixtures are oil tolerant.
Along the same line, the marginally charged surfactant monolayer prepared by the DTAB-rich
SDS:DTAB mixtures is possibly the reason these mixtures do not form oil-tolerant foams.3>+

Moreover, the staggered arrangement that is observed across all SDS:DTAB mixing ratios may

contribute to the oil resistance of mixed SDS:DTAB foams by hindering water drainage from the
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pseudoemulsion film, thereby stabilizing the lamella in oily environments. The hindered drainage
would result from the SDS headgroups having a more extensive hydration shell in this arrangement
and stronger interactions (hydrogen bonds) with water, compared to the DTAB headgroups. These
findings have implications for nearly all scenarios in which anionic:cationic surfactant mixtures
are employed to create oil-tolerant foams.

There are many conceivable ways to immediately extend and build upon the work of this
dissertation. For brevity, only four of the most logical avenues are briefly discussed. The first is to
more extensively study the SDS:CTAB mixtures at the oil-water, which were briefly examined in
Chapter V. Studying this system would help evaluate the accuracy of interpretations of the mixed
SDS:DTAB measurements. The SDS:CTAB mixture a good choice because the surfactant
headgroups do not change, meaning that one should not have worry about changes in the
headgroup immersions depths, which must be considered for different headgroups. Moreover, the
interfacial behavior of SDS:CTAB mixtures have been studied.!?’'*3 The second avenue is to
employ VSFS to study the DTAB and SDS headgroups. Both headgroups are sensitive to their

solvation environment!16-144

and can thus provide more information about the system than the alkyl
tails alone. Notably, such experiments require accompanying electronic structure calculations to
interpret the VSF spectra since the vibrational modes may be affected when SDS and DTAB form
a 1:1 stoichiometric pair. Previous work from this lab has already established a foundation for
these calculations.!'® Thirdly, combining the experimental measurements within this dissertation
with theoretically calculated VSF spectra of the surfactant tails.!*!12 Such calculations would help
identify the location of gauche defects along the surfactant tails and thereby refine the molecular-

level pictures that have been developed from the interfacial pressure and spectroscopic

measurements. Lastly, X-ray and neutron reflectometry measurements would provide invaluable
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structural information about this surfactant mixture given the techniques’ high spatial
resolution.!'#>146 This structural information in combination with chemical information obtained
from the VSFS measurements herein would provide a tremendous wealth of information about oil
tolerant foams.

Regardless of whether the foam stability community heeds these suggestions of how to
progress the work of this dissertation, the long-term goals of this field are clear and can be
separated into two categories. The first is to more widely employ techniques that can directly
elucidate the molecular-level factors that drives the stability and oil tolerance of foams. To date,
these factors have been largely inferred from measurements that employ techniques that are not
molecularly specific (e.g., interfacial tensiometry and rheology).3%43:8386.147 Hence, the molecular
details are not definitively known, making it difficult to truly characterize the structure-property
relationship that is needed to judiciously create more oil tolerant foams. The second category is to
develop a way of selectively studying the oil-water and air-water interfaces of the pseudeomulsion
film. This capability is very technically challenging but is needed to determine whether water
confinement affects'*® markedly influence the stability of the pseudoemulsion. Because of the
origin of these effects, it is not possible to ascertain this information from model oil-water and air-
water interfaces formed between bulk fluids. Achieving any of these long- or short-term goals
would be particularly important to elucidating the interfacial structure-property relationship oil
tolerant foams, which is of value from both an industrial application and a fundamental science

perspective.
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APPENDIX A:

SUPPLEMENTARY INFORMATION FOR CHAPTER IV

Concentration of surfactants solubilized in CCls
Figure A.1 shows the same interfacial pressure isotherm from Figure 4.2, but with the total
surfactant concentration converted to a logarithmic scale. The critical micelle concentration
(CMC) is identified as the intersection of linear regressions (black lines) fitted to the isotherm
before and after the inflection point. This value agrees well with the CMC obtained from surface
tension measurements at the air-water interface,* suggesting the concentration of surfactants that
transfer into the oil phase during the interfacial tension (IFT) and vibrational sum frequency
spectroscopy (VSFS) measurements is negligible. If an appreciable concentration of surfactants
transferred into the CCls, the isotherm in Figure A.1 would be shifted towards higher
concentrations, resulting in a larger CMC, compared to the value obtained from the air-water

surface tension isotherm.!*°
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Figure A.1. Interfacial pressure measurements in Figure 4.2 plotted against the log of total
surfactant concentration for 1:1 SDS:DTAB mixtures. Lines are linear regressions before and
after the inflection point.
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The surfactant concentration in the CCls under these experimental conditions was further
evaluated with Fourier transform infrared (FTIR) and quantitative 'H nuclear magnetic resonance
(qHNMR) spectroscopies. The appearance of small features in the C-H stretching region
confirmed surfactants transfer into the oil phase during the IFT experiments.

The gHNMR measurements were performed to quantify the concentration of surfactants
that transfer into the oil phase. To determine the proton chemical shifts of the surfactants in CCla,
a precursory 'H NMR spectrum of CCls saturated with hexadecyltrimethylammonium bromide
(CTAB) was collected. CTAB was used because its longer alkyl tail enhances its solubility in
CCl4, compared to both pure DTAB and SDS. The enhanced solubility allows for a higher
surfactant concentration, making it easier to identify its proton signals of the CH2 and CH3 groups
in the spectrum. The chemical shifts for the proton signals are expected to minimally change (ca.
0.2 ppm or less) when SDS and DTAB electrostatically pair, as observed for 1:1 SDS:CTAB
mixture in chloroform (CDCI3). Unlike the clearly visible and intense features of the 1 uM internal
standard BTMSB, the surfactant features were not observed in the 1:1 SDS:DTAB mixture
spectrum, indicating a surfactant concentration in the CCl4 is well below 1 uM in both the IFT and
VSEFS experiments.

Surfactant headgroup area calculations
The maximum interfacial excess (I'y,55) Was obtained from the pre-CMC regression in Figure A.1

by applying the Gibbs equation:!!°

1 ( ol
Fimax = 777 (a ln(C))T (A.1)

where n = 1 to account the number of species in excess at the interface, R is the ideal gas constant,

T = 298 K (room temperature), I is the interfacial pressure, and c is the total surfactant
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concentration. The interface excess at a given interfacial pressure (I;) are obtained by inserting the

maximum interface excess and the interfacial pressure values into the Frumkin equation:3

1= —RTT, .y [ln(l - =)+ a( )2] (A.2)

max max
in which the interaction parameter (a) is set to zero. The average surfactant headgroup area (A) is

obtained from the interface excess according to:

1020
=T (A.3)
where N, is Avogadro’s number.

Table A.1. Peak assignments for VSF spectra of 1:1 h-SDS:d-DTAB (SDS tail) and d-SDS:do-
DTAB (DTAB tail) mixtures at the D2O-CCly interface, (Figure 4.7).

Peak assignment Frequency (cm™!)
CH2 symmetric stretch (d*) 2853
CHj3 symmetric stretch (r') 2871
CH:2 asymmetric stretch (d) 2886
CH: fermi resonance (drr) 2917
CH3 fermi resonance (r'rr) 2933
D20 combination band 2838

Table A.2. Fit parameters for the neat H2O-CCls interface (Figure 4.5).
Peak Assignment | Parameter
Amplitude | 0.15+0.01
Phase 0
Lorentzian | 5
Frequency | 3296 £ 20
Gaussian | 120+ 24
Amplitude | 0.17 = 0.04
Phase 0
Lorentzian | 5

Coordinated water
O-H stretch

Coordinated water

O-H stretch Frequency | 3435+9
Gaussian | 80+£9
Amplitude | 1.33 +£0.03
Phase 3.14
Free OH Lorentzian | 12

Frequency | 3675.9 £0.2
Gaussian | 11.3£0.3
Nonresonant Amplitude | 0
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Table A.3. Fit

\ Phase

IK

arameters for d-SDS:h-DTAB mixtures (Figure 4.5

at the H2O-CCly interface.

Peak
Assignment | Parameter | 30 uM | 25uM | 20 uM | I5uM | 10uM | 5uM 3 uM
Amplitude | 0.77 +£|0.76 £|0.78 £|0.75 £|0.73 £[0.63 £|030 =+
0.01 0.01 0.01 0.01 0.01 0.01 0.01
Phase 0 0 0 0 0 0 0
CHass. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2850.7 | 2850.7 | 2850.5 |2850.3 |2850.0 |2850.7 | 2846.0
+0.3 +0.3 +0.2 +0.3 +0.3 +0.3 +0.5
Gaussian | 123 +|124 £|120 = |11.1 =113 £|10.0 £|11.1 +
0.5 0.5 0.4 0.4 0.3 0.3 0.6
Amplitude | 1.06 +|1.07 £|1.07 £]0.87 +£[0.79 +£|0.58 |03 =+
0.03 0.04 0.05 0.03 0.03 0.02 0.2
Phase 0 0 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2870.9 | 2871.0 | 2871.1 |2870.9 |2870.8 |2870.3 | 2870 +
+0.1 +0.1 +0.1 +0.1 +0.2 +0.2 1
Gaussian |45 +[40 =£|3.7 =£|43 =*£]42 <£|49 <=+ 249
0.2 0.3 0.3 0.3 0.3 0.3
Amplitude | 0.81 +|0.78 £|0.75 £|0.67 £|057 £[037 £|034 =+
0.05 0.05 0.04 0.05 0.04 0.02 0.03
Phase 3.14 3.14 3.14 3.14 3.14 3.14 3.14
CHa rr Lorentzian | 2 2 2 2 2 2 2
Frequency | 2914.5 | 2914.9 | 29153 | 2914.4 | 2913.1 | 2909 + | 2912 +
+0.5 +0.6 +0.6 +0.7 +0.9 1 6
Gaussian | 4.0 |41 =+|44 |42 +|53 +£|81 = 843
0.4 0.5 0.4 0.5 0.6 0.8
Amplitude | 1.44 +|1.40 +£|137 £|1.18 £|/098 +£[0.71 £|037 =+
0.01 0.01 0.01 0.01 0.01 0.01 0.02
Phase 0 0 0 0 0 0 0
CHs rr Lorentzian | 2 2 2 2 2 2 2
- Frequency | 2935.9 | 2935.9 | 2936.0 | 2935.7 | 2935.9 | 29359 | 2934 +
+0.1 +0.1 +0.2 +0.2 +0.4 +0.4 2
Gaussian |80 |76 =+|73 |77 =89 <£|87 £|89 =+
0.1 0.2 0.2 0.2 0.3 0.3 0.7
Amplitude | 0.35 +£| 034 +£|032 £/028 £/02 +£[0.154+|0.095
Coordinated 0.05 0.03 0.03 0.04 0.1 0.006 +0.006
water O-H Phase . 3.14 3.14 3.14 3.14 3.14 3.14 0
stretch Lorentzian | 5 5 5 5 5 5 5
Frequency | 3190 £ | 3201 + | 3206 £+ | 3203 £ | 3199 + | 3202 £ | 3171 £
9 12 15 18 20 12 24
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Gaussian 107 +£]112 +£|110 &+ 109 +|167 =+
%6+8 | 12 15 3191 9 57
Amplitude | 0.23 +]0.21 +|021 {020 £|021 +£|0.06 +|0.02 +
0.01 0.02 0.03 0.03 0.03 0.02 0.03
) Phase 3.14 3.14 3.14 3.14 3.14 3.14 0
Coordinated ;
water O-H Lorentzian | 5 5 5 5 5 5 5
stretch Frequency | 3374 + | 3382 + | 3383 +| 3371 +|3352 +| 3356 +| 3351 +
20 17 20 25 42 19 30
Gaussian | 139 £+ [ 110 =+£| 112 +|110 +]| 140 =+
39 30 28 29 50 68 +£27 | 65+69
Amplitude | 0.08 +]0.06 =|0.08 +{0.09 £|0.12 £]0.12 +|0.08 +
0.02 0.02 0.02 0.01 0.01 0.02 0.03
Phase 0 0 0 0 0 0 0
N-CH3z ss. | Lorentzian | 2 2 2 2 2 2 2
Frequency | 2985 £ | 2984 + | 2983 + | 2982 + | 2984 + | 2980 + | 2980 +
2 3 2 2 2 2 3
Gaussian | 10+4 | 12+5 |13+4 |[18+5 |20+4 |13+£3 |10+6
Amplitude | 0.09 +£]0.08 +|0.07 £|0.05 £]0.04 =[0.05 £]|0.03 £
0.01 0.02 0.02 0.01 0.03 0.02 0.04
Phase 3.14 3.14 3.14 3.14 3.14 3.14 0
N-CH3 as. | Lorentzian | 2 2 2 2 2 2 2
Frequency | 3051 +| 3050 + | 3049 + | 3053 + | 3050 + | 3050 + | 3033 +
3 3 3 4 5 7 13
Gaussian | 20+4 | 195 |17+£5 |18+x8 |[10+9 |[21+x11|10+22
Amplitude | 0.08 £[0.09 +]0.09 +|0.09 £|0.10 +
Water 0.03 0.02 0.02 0.02 0.02
located Phase 3.14 3.14 3.14 3.14 3.14
between Lorentzian | 5 5 5 5 5
surfactant | Frequency | 3573 + | 3564 + | 3569 + | 3565 + | 3578 +
tails 15 17 14 13 11
Gaussian | 59+27 [ 64+27 | 61+23 |60+22|57+18
Amplitude 0.5 =+
0.1
Phase 3.14
Free OH Lorentzian 12
Frequency 3686 +
2
Gaussian 10+ 3
Amplitude 0.204+ | 0.172
0.005 +
) 0.005
o s o
Lorentzian 5 5
Frequency 2703 £ 2785 £
8 6
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Gaussian 110 +
93+111|12
Nonresonant Amplitude | 0 0 0 0 0 0 0
Phase 0 0 0 0 0 0 0

Table A.4. Fit parameters for 1:1 h-SDSd-DTAB (Figure 4.7a) mixtures at the D20-CCls water
interface.

Peak
Assignment | Parameter | 30 uM | 25uM | 20uM | 15uM | 10 uM | 5 uM 3 uM
Amplitude | 0.79 +£]081 +|0.68 +£]0.59 +|0.62 +|0.54 +|038 =+
0.03 0.03 0.03 0.03 0.03 0.03 0.04
Phase 0 0 0 0 0 0 0
CHb ss. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2854.6 | 2854.6 | 2854.6 | 2854.6 | 2854.6 | 2854.6 | 2854.6
+0.3 +0.3 +0.3 +0.3 +0.3 +0.3 +0.3
Gaussian | 10.1 +]10.1 +£|10.1 +£|10.1 £|10.1 +£|10.1 +]10.1 +
0.3 0.3 0.3 0.3 0.3 0.3 0.3
Amplitude | 1.39 +£]1.50 +|1.25 £]1.02 £|1.00 £[0.75 +£|048 =+
0.05 0.05 0.05 0.05 0.05 0.05 0.06
Phase 0 0 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2870.3 | 2870.3 | 2870.3 | 2870.3 | 2870.3 | 2870.3 | 2870.3
+0.2 +0.2 +0.2 +0.2 +0.2 +0.2 +0.2
Gaussian | 4.7 + |47 =£|47 +|47 |47 =+[47 +£|47 =+
0.1 0.1 0.1 0.1 0.1 0.1 0.1
Amplitude | 0.52 +£]044 +|043 +£]036 +£[039 +[035 +£|023 =+
0.06 0.06 0.05 0.05 0.06 0.06 0.07
Phase 3.14 3.14 3.14 3.14 3.14 3.14 3.14
CHo As Lorentzian | 2 2 2 2 2 2 2
Frequency | 2890.3 | 2890.3 | 2890.3 | 2890.3 | 2890.8 | 2890.8 | 2890.8
+0.4 +0.4 +0.4 +0.4 +0.7 +0.7 +0.7
Gaussian |48 +[48 +£|48 |48 <£|52 |52 =£|52 =
0.4 0.4 0.4 0.4 0.7 0.7 0.7
Amplitude | 049 +]048 +|040 +|034 +£|037 +£[037 £]023 =
0.05 0.04 0.04 0.04 0.06 0.06 0.05
Phase 0 0 0 0 0 0 0
CH:2 kR Lorentzian | 2 2 2 2 2 2 2
Frequency | 2921 =+ | 2921 + | 2921 + | 2921 £ |2922 + | 2922 + {2922 +
2 2 2 2 3 3 3
Gaussian | 13+2 | 13+2 |13+£2 |13+2 |[13+4 |13+4 |13+4
Amplitude |09 +£|097 £|0.77 £|064 £|06 =*£|05 =£|03 =+
CH: £ 0.1 0.09 0.08 0.07 0.1 0.1 0.1
o Phase 0 0 0 0 0 0 0
Lorentzian | 2 2 2 2 2 2 2
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Frequency | 2933.5 | 2933.5 | 2933.5 |2933.5 [2933.0 |2933.0 | 2933.0
+0.2 +0.2 +0.2 +0.2 +0.3 +0.3 +0.3
Gaussian | 6.6 |66 =<£|66 |66 =£|61 |61 =*£|61 =
04 0.4 0.4 0.4 0.9 0.9 0.9
Amplitude | 0.30 +|0.38 £]032 £[025 =028 /022 +[0.17 +
0.03 0.03 0.03 0.03 0.03 0.03 0.03

50 Phase 314 |3.14 |3.14 |[3.14 314 314 |3.14
Combfnaﬁon Lorentzian | 5 5 5 5 5 5 5
- Frequency | 2823 = | 2829 + | 2828 + | 2831 = | 2825 + | 2818 + | 2807 =
10 6 8 9 8 13 25
Gaussian | 0 4 13| 7548 f}z 8141475414 | 86425 | 96+ 54
N . [Amplitude [0 0 0 0 0 0 0
onresonant 175y ase 0 0 0 0 0 0 0

Table A.S. Fit parameters for 1:1 d-SDS:do-DTAB (Figure 4.7b) mixtures at the D20O-CCls water
interface.

Peak
Assignment | Parameter | 30 uM | 25uM | 20uM | 15uM | 10 uM | 5 uM 3uM
Amplitude | 048+ [ 0.74+ | 048+ |0.84+ |048+ [0.60+ |0.26+
0.02 0.02 0.02 0.02 0.03 0.03 0.03
Phase 0 0 0 0 0 0 0
CHb ss. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2853.4 | 2853.4 | 2853.4 |2853.4 |2853.4 |2853.4 |2853.4
+0.3 +0.3 +0.3 +0.3 +0.3 +0.3 +0.3
Gaussian 100+ |10.0+ 100+ |10.0+ |[10.0+ [10.0+ |10.0=+
0.2 0.2 0.2 0.2 0.2 0.2 0.2
Amplitude | 0.78+ | 1.27+ | 071+ | 129+ |0.61+ [0.74+ |0.26+
0.04 0.04 0.04 0.04 0.05 0.05 0.06
Phase 0 0 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2871.0 | 2871.0 | 2871.0 | 2871.0 | 2871.0 |2871.0 |2871.0
+0.1 +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
Gaussian | 5.0+ 50+ 50+ 50+ 50+ 50+ 50+
0.1 0.1 0.1 0.1 0.1 0.1 0.1
Amplitude | 0.34+ | 045+ |032+ [034+ 029+ [0.28+ |0.23+
0.05 0.07 0.06 0.07 0.07 0.08 0.06
Phase 3.14 3.14 3.14 3.14 3.14 3.14 3.14
CH As. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2892.0 |2892.0 |2892.0 |2892.0 |2892.0 |2892.0 |2892.0
+0.8 +0.8 +0.8 +0.8 +0.8 +0.8 +0.8
Gaussian | 3.8+ 38+ 38+ 38+ 38+ 38+ 38+
0.6 0.6 0.6 0.6 0.6 0.6 0.6
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Amplitude | 0.28+ |045+ |027+ [0.50+ |027+ |[039+ [0.17+
0.02 0.02 0.02 0.04 0.03 0.05 0.04
Phase 0 0 0 0 0 0 0
CHz rr. Lorentzian | 2 2 2 2 2 2 2
Frequency | 2920+ |2920+ [2920+ [2920+ [2920+ [2920+ |2920+
1 1 1 1 1 1 1
Gaussian | 15+2 | 15+2 |[15+2 |15+2 |[15+2 |[15+2 |15+2
Amplitude | 0.57+ | 0.76+ |0.53+ |0.77+ |046+ [043+ |0.14+
0.05 0.07 0.05 0.08 0.05 0.07 0.07
Phase 0 0 0 0 0 0 0
CHs rr Lorentzian | 2 2 2 2 2 2 2
o Frequency | 2933.6 |2933.6 |2933.6 |2933.6 |2933.6 |2933.6 [2930+
+0.2 +0.2 +0.2 +0.2 +0.2 +0.2 2
Gaussian | 7.0 £+ 7.0+ 7.0+ 7.0+ 7.0+ 7.0+ 50+
0.4 0.4 0.4 0.4 0.4 0.4 4.3
Amplitude | 0.16+ | 025+ |0.16+ |026+ |0.15+ [0.17+ |0.14+
0.02 0.02 0.02 0.03 0.02 0.03 0.03
DO Phase 3.14 3.14 3.14 3.14 3.14 3.14 3.14
Combfna ion | Lorentzian | 5 5 5 5 5 5 5
band Frequency | 2781+ | 2788+ | 2782+ | 2802+ |2770+ |2776+ | 2778 +
17 9 19 12 40 37 36
Gaussian 108 + 100 + 125+
68+24 | 78 £15 | 73 £28 2 60 76 56 +45
Nonresonant Amplitude | 0 0 0 0 0 0 0
Phase 0 0 0 0 0 0 0

Table A.6. Fit parameters to the coordinated water O-H stretch features for select 1:1 d-SDS:h-
DTAB mixtures at the CCl4-H20 interface (Table A.3) and POPC at the air-HOD interface.!!”

) Coordinated water | Coordinated water
System Concentration (WM) O-H stretch O-H stretch
POPC 3380 3452
30 3190 3374
20 3206 3383
1:1 SDS:DTAB 10 3199 3352
3 3171 3351

98



APPENDIX B:

SUPPLEMENTARY INFORMATION FOR CHAPTER V

Literature interfacial pressure measurements of SDS:DTAB mixtures

E
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Excess SDS (uM)  Excess DTAB (uM)

Figure B.1. Select interfacial pressure measurements in reference 43 reformatted so the paired
surfactant concentration is fixed while the unpaired SDS/DTAB concentration is varied

Critical micelle concentration of equimolar SDS:DAC mixture
Figure S2 shows the equimolar SDS:DAC mixtures interfacial pressure isotherm. The critical
micelle concentration (CMC) is identified as the intersection of linear regressions (black lines)
fitted to the isotherm before and after the inflection point.
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Figure B.2. Interfacial pressure isotherm for equimolar SDS:DAC mixtures.
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Table B.1. Peak assignments for VSF spectra of d-SDS:h-DTAB pair mixtures at the H2O-CCl4
interface (Figure 5.4).

Peak assignment Frequency (cm™')
CH2 symmetric stretch (d*) 2853
CH3 symmetric stretch (r') 2871
CH: fermi resonance (drr) 2917
CH3 fermi resonance (drr) 2933
Coordinated water O-H stretch ~3200
Coordinated water O-H stretch ~3400
N-CHj3 symmetric stretch 2980
N-CHj3 asymmetric stretch 3040
Water located between surfactant tails O-H stretch ~2700
Free OH 3680
Unassigned H2O feature ~2750

Table B.2. Peak assignments for VSF spectra of d-SDS:do-DTAB (DTAB tail) and h-SDS:d-
DTAB (SDS tail) pair mixtures at the CCls-D20 interface in Figures 5.7a and 5.7b, respectively.

Peak assignment Frequency (cm™)
CH2 symmetric stretch (d") 2853
CH3 symmetric stretch (1) 2871
CH» asymmetric stretch (d°) 2886
CH2 fermi resonance (d'rr) 2917
CH3 fermi resonance (r'rr) 2933
D20 combination band 2838

Table B.3. Fit parameters for 1.5 uM d-SDS:h-DTAB pair mixtures at the H2O-CCls interface,
used to calculate the coordinated water integrated areas reported in Figure 5.5.

Peak 200
Assignment | Parameter | 12 uM | 2 uM 2uM | 12uM | 100 uM uM
SDS SDS No DTAB | DTAB | DTAB | DTAB
€XCESS | eXCeSs | eXCesS | eXcess | excess | excess excess
Amplitude | 0.79 £ 0.78 = | 0.30 £ | 0.81 + 1.04 +]1.10 =+
0.02 0.03 0.01 0.05 0.02 0.04
Phase 0 0 0 0 0 0
CHss Lorentzian | 2 2 2 2 2 2
Frequency | 2852.5 | 2853.5 | 2847.3 | 2849 + 2856.1 + | 2855.8
+05 |+£03 |[+03 0.5 0.3 +0.4
Gaussian | 9.7 £|95 +£|92 =£|81 =+ 11.7 £]105 =+
0.7 0.2 0.5 0.6 0.4 0.6
Amplitude | 0.991 |0.95 +£|0.21 £]0.75 + 1.50 +1]1.81 =+
CH s +0.04 | 0.03 0.04 0.02 0.06 0.06
" Phase 0 0 0 0 0 0
Lorentzian | 2 2 2 2 2 2
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Frequency | 2872.1 | 2871.7 | 2869.9 | 2868.7 2870.4 + | 2871.1
+02 |+£01 [+£0.6 |+0.7 0.2 +0.4
Gaussian |48 £|44 +£|3.0 = 5.1838
04 |02 |og |!2*1 40021 o4
Amplitude | 0.97 +| 042 =] 046 +|0.53 + 037 +£]044 =+
0.08 0.03 0.06 0.06 0.02 0.03
Phase 3.14 3.14 3.14 3.14 3.14 3.14
CHb ri. Lorentzian | 2 2 2 2 2 2
Frequency | 2915+ | 2908.3 | 2913 + | 2907 + 2905 + | 2905 +
1 +0.9 12 2 2
Gaussian | 4.1+ 67 |44 <+
0.6 0.6 0.9 8+2 17+1 20+2
Amplitude | 1.35 +| 0.85 =] 0.37 £|0.78 + 0.8 +£]0.72 =+
0.02 0.02 0.02 0.04 0.06 0.06
Phase 0 0 0 0 0 0
CH: ri. Lorentzian | 2 2 2 2 2 2
Frequency | 2934.7 | 2936.8 | 2933.2 | 2936 + 2938.5 + | 2938.0
+05 |+£04 |[+0.8 1 0.4 +0.4
Gaussian 104 +£(98 +£|86 =+|88 =+ 64 =+
03 |03 |07 |09 60£04 15
Amplitude | 78 1022 | 90% 1010 £ ] 0102|020 £]029 +
0.01 0.01 0.006 0.05 0.003 0.04 0.09
Coordinated | Phase 3.14 3.14 0 0 0 0 0
water O-H | Lorentzian | 5 5 5 5 5 5 5
stretch Frequency | 3198 + | 3223+ | 3175 + | 3277 + | 3266 =+ 3276 4 8 3222 +
3 24 23 71 7 8
Gaussian 142 +| 155 +£|130 £|67 <+
6 16 49 11 107+9 | 77+12 | 86 +13
Amplitude | 0.24 | 0.06 £ | 0.04 £|0.10 £ 0.06 +{023 =035 =+
0.03 0.03 0.03 0.09 0.01 0.01 0.01
) Phase 3.14 3.14 0 0 0 0 0
Coordinated -
ter O-H Lorentzian | 5 5 5 5 5 5 5
wat tch Frequency | 3388 + | 3405+ | 3345 £ | 3386 + | 3379 4| 3424 +|3401 +
SHete 8 23 37 58 3 13 19
Gaussian | 104 £|66 =+ |77 =£|52 <+ 155 =+
10 29 45 25 59+6 |153+36 33
Amplitude | 0.20 =] 0.13 £ 0.08 £ ] 0.11 + 0.07 +£1]0.01 =+
0.02 0.01 0.02 0.08 0.03 0.09
Phase 0 0 0 0 0 0
N-CHs ss. Lorentzian | 2 2 2 2 2 2
Frequency | 2978 + | 2982+ | 2984 + | 2977 + 2084 +
2979 + 8
1 2 5 17 31
Gaussian | 5443 120+£3 | 18+8 ;g * 20+14 |5+54

101




Amplitude 0.06 £ | 0.04 + 005 =+1]0.12 =+
0.05 0.02 0.02 0.02
Phase 0 0 3.14 3.14
Lorentzian 2 2 2 2
N-CHs as. Frequency 3030+ | 3031 + 3044 +
3051 +7
2 12 3
Gaussian 445 5(1) = 2012 |20+6
Amplitude 0.08 +
0.05
Water Phase 3.14
located -
between Lorentzian 5
Frequency 3576
surfactant 3
tail
als Gaussian 81.463
+ 39
Amplitude 02 £]051 +
0.2 0.09
Phase 3.14 3.14
Lorentzian 12 12
Free OH o vency 3685 = | 3686 +
74 1
Gaussian 17 +
50 10+£2
Amplitude 2'214 2'172 0.39 = 0.546 = |0.774 +
0.006 | 0.004 0.01 0.004 0.005
. Phase 3.14 0 3.14 3.14 3.14
Unassigned -
Ho0 feature Lorentzian 5 5 5 5 5
2 Frequency 2721+ | 2816 + | 2658 + 2685 =
2698 +4
15 5 7 3
Gaussian }27 19749 ;03 * 209+8 [215+6
Nonresonant Amplitude | 0 0 0 0 0 0 0
Phase 0 0 0 0 0 0 0

Table B.4. Fit parameters for 2.5 uM d-SDS:h-DTAB pair mixtures at the H2O-CCl4 interface,
used to calculate the coordinated water integrated areas reported in Figure 5.5.

Peak Assignment | Parameter | 12 uM SDS excess | Equimolar | 12 uM DTAB excess
Amplitude | 0.80 +0.06 0.748 £0.008
Phase 0 0
CHzsss. Lorentzian | 2 2
Frequency | 2850+ 1 2849.5+0.4
Gaussian 10+ 2 13+£0
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Amplitude | 0.84 £0.08 0.78 £ 0.02
Phase 0 0
CHs ss. Lorentzian | 2 2
Frequency | 2868.3 £0.7 2871.0+0.2
Gaussian 6=+1 4+0
Amplitude | 0.7 0.1 0.55+0.06
Phase 3.14 3.14
CH2 Fr. Lorentzian | 2 2
Frequency | 2911 +4 2919+3
Gaussian 8+3 9+0
Amplitude | 1.4+ 0.07 1.15+0.04
Phase 0 0
CHs rr. Lorentzian | 2 2
Frequency | 2934 + 1 2936.4+0.4
Gaussian 10+ 0.5 8+0
Amplitude | 0.79 £ 0.02 0.327+0.006 | 0.172 +£0.001
Coordinated Phase . 3.14 3.14 0
water O-H stretch Lorentzian | 5 > >
Frequency | 3207 + 8 3229+ 8 3246 +2
Gaussian 172+ 14 145+ 12 123 £4
Amplitude | 0.10 + 0.06 0.056 £0.03 | 0.067 +0.007
Coordinated Phase . 3.14 3.14 0
Lorentzian | 5 5 5
water O-H stretch = © ey [ 3428 % 36 3372+ 14 | 3373 =2
Gaussian 111 £52 53+29 574
Amplitude | 0.12 + 0.04 0.14+0.02
Phase 0 0
N-CHs ss. Lorentzian | 2 2
Frequency | 2980 + 4 2982 +2
Gaussian 20+ 10 15+4
Amplitude | 0.1+ 0.1
Phase 3.14
N-CH3 as. Lorentzian | 2
Frequency | 3040 +3
Gaussian 4+7
Amplitude | 0 0 0
Nonresonant Phase 0 0 0

Table B.5. Fit parameters for 7.5 puM d-SDS:h-DTAB pair mixtures at the H2O-CCls4 interface,
used to calculate the coordinated water integrated areas reported in Figure 5.5.
‘ Peak Assignment ‘ Parameter | 12 uM SDS excess ‘ Equimolar ’ 12 uM DTAB excess ‘
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Amplitude | 0.62 +0.01 0.58 £0.01 0.60 +0.02
Phase 0 0 0
CHzss. Lorentzian | 2 2 2
Frequency | 2852.6 £ 0.2 2850.7+0.3 2852.8+0.4
Gaussian 10,704 12.3+0.5 104+£0.3
Amplitude | 0.97 + 0.02 0.84 +£0.03 0.92+0.03
Phase 0 0 0
CHs ss. Lorentzian | 2 2 2
Frequency | 2872.6 £0.1 2871.0+£0.1 2871.3+£0.1
Gaussian | 4.9+0.2 43+0.3 4.6+0.1
Amplitude | 0.86 + 0.07 0.54 +0.05 0.46 +£0.03
Phase 3.14 3.14 3.14
CH:z kR Lorentzian | 2 2 2
Frequency | 2916.7+ 0.4 2911.7+0.7 2910.8 £0.5
Gaussian | 3.0+0.4 44+0.6 5.6 0.5
Amplitude | 1.133 £+ 0.009 0.94 +0.01 0.97 +£0.02
Phase 0 0 0
CH3 kR Lorentzian | 2 2 2
Frequency | 2936.0 £ 0.2 2935.7+0.3 29359 +£0.1
Gaussian | 9.2+0.2 89+0.2 8.4+0.1
Amplitude | 0.479 = 0.006 0.2+0.1 0.20 +£0.03
) Phase 3.14 3.14 3.14
Coordinated -
water O-H stretch Lorentzian | 5 > >
Frequency | 3194 +4 3204 £ 11 3193 £ 18
Gaussian 128+ 5 83+ 15 120 £ 18
Amplitude | 0.22 +0.01 0.22 +£0.03 0.14+0.02
) Phase 3.14 3.14 3.14
Coordinated -
Lorentzian | 5 5 5
water O-H stretch = ey (33942 6 3332 = 35 3383 + 24
Gaussian | 106 £ 10 129 + 33 122 +33
Amplitude | 0.06 +0.01 0.11+0.01 0.05+0.01
Phase 0 0 0
N-CHs ss. Lorentzian | 2 2 2
Frequency | 2982 + 2 2984 +3 29823 +2
Gaussian 12+3 20+ 5 12+4
Amplitude | 0.073 £+ 0.008 0.10+£0.01 0.06 £ 0.01
Phase 3.14 0 3.14
N-CH3 as. Lorentzian | 2 2 2
Frequency | 3050 & 2 3030 +3 3047 +2
Gaussian | 20+3 20+ 5 12+4
Water located Amplitude | 0.07 £ 0.01 0.06 +£0.02 0.08 £0.01
Phase 3.14 3.14 3.14
between -
surfactant tails Lorentzian | 5 > >
Frequency | 3558 + 8 3565 + 14 3578 £9
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Gaussian | 55+ 12 43 +22 64+ 16
Amplitude 0.141 + 0.005
Unassigned H20 Phase - 3.14
feature Lorentzian 5

Frequency 2726 + 15
Gaussian 115+20
Amplitude | 0 0 0

Nonresonant Phase 0 0 0

Table B.6. Fit parameters for 1.5 uM d-SDS:h-CTAB pair mixtures at the H2O-CCls interface,
used to calculate the coordinated water integrated areas reported in Figure 5.6.

Peak 12 uM 12 uM 2 uM 12 uM
Assignment SDS SDS DTAB DTAB
Parameter excess excess No excess excess excess
Amplitude | 0.68 +(0.77 +
0.02 0.01 1.254+0.09 | 0.69+£0.03 | 0.70 £ 0.05
Phase 0 0 0 0 0
CHzsss. Lorentzian | 2 2 2 2 2
Frequency | 2851.9 + | 2851.6 +|2853.7 +|2854.0 +
0.5 0.3 0.3 0.4 2854+0.6
Gaussian | 9.8+ 0.6 10504 19.1+04 7.7+0.6 6.8+0.9
Amplitude | 0.75 +10.82 +
0.04 0.03 1.12+0.06 | 0.87 £0.08 | 0.69+0.07
Phase 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2
Frequency | 2872.6 +|2872.0 +£|2868.3 +|2873.8 +|28740 <=+
0.3 0.2 0.7 0.4 0.7
Gaussian | 4.1+0.4 45+03 |59+0.5 55+0.7 9+1
Amplitude | 0.71 +|0.58 +
0.07 0.05 0.44+0.05 | 0.01 £0.35 | 0.01 £1.05
CH Phase 3.14 3.14 3.14 3.14 3.14
2ER. Lorentzian | 2 2 2 2 2
Frequency | 2917 +2 2913 +1 |2905+2 29204+ 38 | 2920+ 67
Gaussian | 4.4+0.8 5007 | 15+2 3+163 3+376
Amplitude | 1.01 +1098 +
0.02 0.01 0.80+0.09 | 0.47+0.05 | 0.61+0.06
Phase 0 0 0 0 0
CHs rr. Lorentzian | 2 2 2 2 2
Frequency | 2935.6 +2936.0 +£|29375 =+
05 0.4 0.9 293142 293142
Gaussian | 94+04 95+03 |7.6+0.6 15+2 15+2
Coordinated | Amplitude | 0.47 + 0.627 +
water O-H 0.01 02+0.1 |0.35+0.04 0.009 0.92 +0.02
stretch Phase 3.14 3.14 3.14 0 0
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Lorentzian | 5 5 5 5 5
Frequency | 3214+ 7 3232+16 | 3132 +17 | 3191+8 3212+ 6
Gaussian 145+ 10 95+ 18 124 £ 21 179+ 7 1518
Amplitude 8'32 * 8'3? £10.1240.03 | 0.10+0.03 | 0.34 +0.05
Coordinated /5 3.14 3.14 3.14 0 0
water O-H -
stretch Lorentzian | 5 5 5 5 5
Frequency | 3425+ 12 | 3412427 | 3372+50 |3444+18 |3424+9
Gaussian 106 £ 28 153 +91 | 183 +63 72 4+ 28 99+ 14
Amplitude | 0.11 +(0.14 +
0.02 0.02 0.47+0.05 | 0.05+0.04 | 0.12+0.04
Phase 0 0 0 0 0
N-CHs s.s. Lorentzian | 2 2 2 2 2
Frequency | 2983 + 2 2984 +2 | 2975+17 |2977+8 2984 + 5
Gaussian | 20+4 20+ 4 20+ 7 12+ 13 20+ 8
Amplitude | 0.05 +10.07 +
0.03 0.02 0.09+0.07 | 0.01 £0.3 0.01 £0.20
Phase 0 0 0 0 0
N-CHs as. Lorentzian | 2 2 2 2 2
Frequency | 3030 +3 3030+5 | 3030+5 3050+40 | 3046.3+46
Gaussian | 7=+5 20+ 8 20+ 13 3+97 3+62
Amplitude | 0.12 +10.13 +
1Watei1 0.04 0.08 0.09 £0.02
ocate Phase 3.14 314 3.14
between -
surfactant Lorentzian | 5 5 5
tails Frequency | 3567+ 15 | 3589+11 | 3673 +£12
Gaussian | 69 +21 65 +27 52+ 18
Amplitude 0.601 +
0.004
Phase 3.14
Free OH Lorentzian 5
Frequency 2733+£9
Gaussian 1611
Amplitude 0.709 +
0.007 0.90+0.01
Unassigned | Phase 3.14 3.14
H>O feature | Lorentzian 5 5
Frequency 2618 £7 2639+ 6
Gaussian 171+ 14 177+ 14
Nonresonant Amplitude | 0 0 0 0 0
Phase 0 0 0 0 0
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Table B.7. Fit parameters for 1.5 uM d-SDS:h-DAC pair mixtures at the H2O-CCls interface, used
to calculate the coordinated water integrated areas reported in Figure 5.6.

Peak 12 uM 6 uM 12 uM
Assignment | Parameter SDS 6 uM SDS DTAB DTAB
€XCeSsSs €XCeSsSs NO €XCeSS €XCeSsSs €XCeSsSs
Amplitude | 0.15048 + 0.16124 +|0.72085 = |0.72909 =
0.1 LI3£0.03 1 504 0.06 0.01
Phase 0 0 0 0 0
CHa2ss. Lorentzian | 2 2 2 2 2
Frequency | yg55 1 5 (2)8353'3 “10854+1 |2852+0.5 | 2851403
Gaussian 7+8 12.0+0.3 T+2 84+£0.5 104+04
Amplitude | 0.11+0.09 | 1.00 £0.04 | 0.15 +0.02 | 0.69 +0.02 | 0.58 £ 0.02
Phase 0 0 0 0 0
Lorentzian | 2 2 2 2 2
CHsss I Frequency 2869.5 + 2868.8 +|2869.0 =+
28679 | o 28703 | o7 04
Gaussian | 10+ 15 47+03 |9+6 11+2 6.7+0.5
Amplitude | 0.19+0.05 | 0.69+0.02 | 0.12+0.02 | 0.56 +0.03 | 0.53 £ 0.01
Phase 3.14 3.14 3.14 3.14 3.14
CH2 rr. Lorentzian | 2 2 2 2 2
Frequency | 2918 +£21 |2905+1 2899+ 6 2905+ 1 2905+ 1
Gaussian | 20+ 21 154009 18+8 13+1 15+1
Amplitude | 0.5+04 | 1.13+0.06 | 0.38+0.06 | 0.83+0.05 | 0.9+ 0.1
Phase 0 0 0 0 0
Lorentzian | 2 2 2 2 2
CHer g cquency 2935.6 + 29357 +|2934.6 =+
293946 | o 2939£2 | % 07
Gaussian | 6+2 50+04 |81+09 |64+04 |53+04
Amplitude | 5 53 4 05 | 034+ 0.03 020 10294002 | 0244001
Phase 3.14 3.14 3.14 3.14 3.14
N-CHs as. Lorentzian | 2 2 2 2 2
Frequency | 2965+4 |2962+3 |2960+3 |2962+3 | 2953 +5
Gaussian | 20+ 3 13+3 20+3 13+3 18 + 4
Amplitude | 0.26+0.01 | 0.27 £0.02 | 0.15 % 0.01 | 0.02 = 0.04 | 0.08 £ 0.02
Phase 0 0 0 0 0
NH;3"ss. Lorentzian | 2 2 2 2 2
Frequency | 3096+ 1 |3100+19 |3090+2 |3156+51 |3131+7
Gaussian | 100 = 3 45+ 10 97 +3 25+ 79 35+ 11
Coordinated | 2™PHUde |6 061 0.05 | 0.14 + 0.06 8'(1)32 £10.05+0.03 | 0.13+0.01
Was‘ttfétg};H Phase 3.14 3.14 0 0 0
Lorentzian | 5 5 5 5 5
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Frequency | 3275+10 |3250+37 |3197+4 3297 +25 | 3262+ 15
Gaussian 65 +29 83 +44 77+ 8 47 + 39 101 +36
Amplitude | 0.15+£0.02 | 0.16 £0.01 | 0.03 +0.01 | 0.15+0.01 | 0.12 £0.02

Coordinated | Phase 3.14 3.14 0 0 0

water O-H | Lorentzian | 5 5 5 5 5
stretch Frequency |3390+49 |3490+£22 [3297+13 [3450£23 |3450=£18
Gaussian 160 + 50 189 + 74 47+ 16 82 +23 90 + 28
Amplitude | 5e 4 0.01 | 0.17 +0.04 8:(2)(2)(5) £10.25+0.01 | 0.24+0.01
Daggﬁng Phase 3.14 3.14 3.14 3.14 3.14
Stretch Lorentzian | 12 12 12 12 12
Frequency | 3692 +3 3687 +7 3719 +2 3700+ 10 | 3726+6
Gaussian 62+3 46 + 13 52+2 68 +11 56+8
Amplitude 0.603 + 0.446 + | 0.392 +
0.004 0.004 0.003

Unassigned | Phase 3.14 3.14 3.14

H>O feature | Lorentzian 5 5 5+0
Frequency 2709 £ 4 2698 +4 2685+3
Gaussian 126 + 4 131+5 118+ 4

Nonresonant Amplitude | 0 0 0 0 0
Phase 0 0 0 0 0

Table B.8. Fit parameters for 3 uM d-SDS:d9-DTAB mixture at the CCls-D20 interface, used
obtain the A +/A4+ ratios in Figure 5.7a.

Peak Assignment Parameter

Amplitude 0.280 £ 0.007
Phase 0

CH2sss. Lorentzian 2
Peak Position | 2852.9+ 0.6
Gaussian 94+04
Amplitude 0.26 +0.02
Phase 0

CHs ss. Lorentzian 2
Peak Position | 2869.5 +0.4
Gaussian 44+04
Amplitude 0.17+0.02
Phase 3.14

CH2 as. Lorentzian 2
Peak Position | 2894 +2
Gaussian 8+1
Amplitude 0.16 +0.03

CH:2 kr. Phase 0
Lorentzian 2
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Peak Position | 2922 +4
Gaussian 11£5
Amplitude 0.2+0.1
Phase 0
CHs pr. Lorentzian 2
Peak Position | 2931.4+0.7
Gaussian 5+2
Amplitude 0.153 £0.004
Phase 3.14
D20 combination band | Lorentzian 5
Peak Position | 2791 £4
Gaussian 45+ 5
Amplitude 0
Nonresonant Phase 0

Table B.9. Fit parameters for 5 uM d-SDS:d9-DTAB mixtures at the CCls-D20 interface, used
obtain the A +/Ag4+ ratios in Figure 5.7a.

SDS:DTAB ratio

1:9

3:7

5:5

7:3

9:1

Peak Parameter
Assignment
0.28 + 0.57 + 0.66 + 0.19 +
Amplitude | 0.01 0.02 0.66+0.02 0.02 0.04
Phase 0 0 0 0 0
CH:ss. Lorentzian | 2 2 2 2 2
Peak 2853.8+ | 2853.8+ |2853.8+ 2853.8 + 2853.8
Position 0.3 0.3 0.3 0.3 0.3
Gaussian 98+0.2 |98+02 |98+0.2 9.8+0.2 9.8+0.2
0.33 + 0.67+ 0.75 + 0.18 +
Amplitude | 0.02 0.03 0.77£0.03 | 3 0.06
Phase 0 0 0 0 0
CHs sss. Lorentzian | 2 2 2 2 2
Peak 2870.6 + | 2870.6+ | 2870.6+ 2870.6 + 2870.6 +
Position 0.2 0.2 0.2 0.2 0.2
Gaussian 50+02 |50+£02 [50+02 5.0£0.2 5.0+£0.2
0.28 &+ 0.24 + 0.15+ 0.14 +
Amplitude | 0.02 0.04 0.17+0.04 1 oy 0.06
CHa as Phase ‘ 3.14 3.14 3.14 3.14 3.14
Lorentzian | 2 2 2 2 2
Peak 2892 + 2892 +
Position 10 10 2892 +1.0 [ 2892+1. |2892+1.0
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Gaussian | 6.1+£07 |61+07 |61+07 |61+0.7 |61+07
0.25 + 035+ 037 + 0.12 +
Amplitude | 0.02 0.03 0.38+0.04 | ) 04 0.03
Phase 0 0 0 0 0
CH2 rr. Lorentzian | 2 2 2 2 2
Peak 202142 | 2921+2 [2921+2 292142 |2921+2
Position
Gaussian | 13 +2 13+2 13+2 13+2 13+2
0.03 + 035+ 0.50 + 0.19 +
Amplitude | 0.06 0.08 0.4720.09 1 599 0.05
Phase 0 0 0 0 0
CHs3 rr. Lorentzian | 2 2 2 2 2
Peak 20333+ |29333+ |29333+ |29333+ |29333+
Position 0.3 0.3 0.3 0.3 0.3
Gaussian | 7.2+06 |72+06 |72+06 |72+06 |72+06
022+ 0.20 = 0.19 + 0.05 +
Amplitude | 0.01 0.01 0.20£0.021 0y 0.03
D20 Phase 3.14 3.14 3.14 3.14 3.14
combination | Lorentzian | 5 5 5 5 5
band Peak 2790£4 | 2777416 | 280113 |2814=11 | 2/81%
Position 116
Gaussian | 41 + 6 104+29 [116+22 |110+18 |99+195
N ¢ Amplitude | 0 0 0 0 0
onresonant o ose 0 0 0 0 0

Table B.10. Fit parameters for 15 uM d-SDS:d9o-DTAB pair mixtures at the CCls-D20 interface,
used obtain the A +/A 4+ ratios in Figure 5.7a.

SDS:DTAB ratio

9:1

7:3

6:4

5:5

4:6

3:7

1:9

CHzsss.

057 +£(086 +|064 =+ 2’81 071 +£]0.78 +£1]0.68 =+
Amplitude 0.03 0.03 0.02 0.03 0.03 0.03 0.04
Phase 0 0 0 0 0 0 0
Lorentzian | 2 2 2 2 2 2 2

2853.1 | 2853.0 | 2853.1 | 2853 | 2853.1 |2853.1 | 2853.1
Peak +0.3 +0.3 +0.3 d £1+£0.3 +0.3 +0.3
Position 0.3

10.1 +|10.1 #+]10.1 +1]10.1 |10.1 +£]10.1 +£|10.1 =+
Gaussian 0.2 0.2 0.2 +£021]0.2 0.2 0.2
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070 +|1.19 +|090 =+ i‘32 107 +|1.11 +]089 =+
Amplitude 0.05 0.05 0.04 0.05 0.05 0.06 0.05
Phase 0 0 0 0 0 0 0
CH: ss. Lorentzian | 2 2 2 ;870 2 2 2
Peak 2870.8 | 2870.8 | 2870.8 2 4 2870.8 | 2870.8 | 2870.8
.. +0.1 +0.1 +0.1 ) +0.1 +0.1 +0.1
Position 0.1
49 £(49 £|(49 +£|49+£|149 +£|49 £[49 <+
Gaussian | 0.1 0.1 0.1 0.1 0.1 0.1 0.1
033 +|042 +|038 + 2'36 029 +|032 +]025 +
Amplitude 0.07 0.08 0.05 0.08 0.06 0.08 0.08
Phase 3.14 3.14 3.14 3.14 | 3.14 3.14 3.14
CH2 as. Lorentzian | 2 2 2 2 2 2 2
Peak 2804 + | 2894 4+ | 2894 + | 2894 | 2894 + | 2894 + | 2894 +
Position 1 1 1 +1 1 1 1
49 £(49 £(49 +£|49+|49 +|49 £|49 <+
Gaussian | 0.7 0.7 0.7 0.7 0.7 0.7 0.7
034 +(049 +|038 =+ 2'49 041 +|043 +|0.38 =+
Amplitude 0.03 0.04 0.03 0.06 0.05 0.05 0.06
Phase 0 0 0 0 0 0 0
CH2 Fr. Lorentzian | 2 2 2 2 2 2 2
Peak 2021 £ (2921 £ (2921 £ 2921 | 2921 +|2921 +|2921 +
Position 2 2 2 +2 2 2 2
) 14+2 14+2 14+£2 14 + 14+2 | 14+2 |14+2
Gaussian 2
04 +£/08 £/059 £|08+£|07 |07 £]0.61 =+
Amplitude | 0.1 0.1 0.09 0.1 0.1 0.1 0.09
Phase 0 0 0 0 0 0 0
Lorentzian | 2 2 2 2 2 2 2
CHs rr. Peak 29339 |29339 |29339 29931 29339 |29339 |2933.9
.. +0.2 +0.2 +0.2 ) +0.2 +0.2 +0.2
Position 0.2
70 |70 £|70 £|70x[70 £|70 <£|70 <=+
Gaussian 0.5 0.5 0.5 0.5 0.5 0.5 0.5
021 +|024 =[020 + 2'25 0.18 +|021 +|0.17+
DYO Amplitude 0.02 0.03 0.02 0.03 0.03 0.03 0.03
combination | Phase 3.14 3.14 3.14 3.14 | 3.14 3.14 3.14
band Lorentzian | 5 5 5 5 5 5 5
Peak 2707 £ 2776 +|2778 £ |2797 | 2764 + | 2788 + | 2806 +
Position 110 21 17 +16 | 54 22 21
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150 +]106 =+ 60 424 107 | 153 +£|110 +]|106 =+
Gaussian | 112 36 +30 | 88 45 45
Nonresonant Amplitude | 0 0 0 0 0 0 0
Phase 0 0 0 0 0 0 0

Table B.11. Fit parameters for 25 uM d-SDS:do-DTAB mixtures at the CCls-D20 interface, used
obtain the A +/A4+ ratios in Figure 5.7a.

SDS:DTAB ratio

1:9

3:7

5:5

7:3

9:1

Peak Parameter
Assignment
0.76 +10.83 +10.78 +10.83 +10.81 +
Amplitude | 0.03 0.03 0.03 0.03 0.03
Phase 0 0 0 0 0
CH:ss. Lorentzian | 2 2 2 2 2
Peak 28542 £+ (28542 +£|28542 +|28542 +|28542 =+
Position 0.4 0.4 0.4 0.4 0.4
Gaussian 10.3+03 |103+0.3 | 103+0.3 |103+03 |10.3+0.3
1.09 + [ 1.30 +|1.35 +|1.36 +|1.27 +
Amplitude | 0.07 0.06 0.07 0.06 0.06
Phase 0 0 0 0 0
CHs sss. Lorentzian | 2 2 2 2 2
Peak 2871.1 £+ |2871.1 =+|2871.1 +|2871.1 =+|2871.1 =
Position 0.1 0.1 0.1 0.1 0.1
Gaussian 51+ 01 |51+£0.1 |[51+0.1 51+ 01 |[51+0.1
0.34 +10.34 +10.29 +10.25 +10.22 +
Amplitude | 0.09 0.07 0.09 0.07 0.08
Phase 3.14 3.14 3.14 3.14 3.14
CH2 as. Lorentzian | 2 2 2 2 2
Peak 2892.6 +[2892.6 +|2892.6 +|2892.6 +]2892.6 =+
Position 0.9 0.9 0.9 0.9 0.9
Gaussian 45+ 07 [45+ 07 |45+ 0.7 45+ 07 |45+ 0.7
0.47 +10.50 +10.46 +10.55 +10.50 +
Amplitude | 0.05 0.05 0.05 0.04 0.05
Phase 0 0 0 0 0
CH2 Fr. Lorentzian | 2 2 2 2 2
Peak 2920+ 2 2920+ 2 2920+ 2 [2920+ 2 | 2920+ 2
Position
Gaussian 15+ 2 15+ 2 15+ 2 15+ 2 15+ 2
0.61 +(0.87 + 1 0.80 +10.86 +10.79 +
CHs Fr. Amplitude | 0.08 0.09 0.08 0.09 0.08
Phase 0 0 0 0 0

112



Lorentzian | 2 2 2 2 2
Peak 20341 =+ |29341 +|2934.1 +|29341 +|29341 +
Position 0.2 0.2 0.2 0.2 0.2
Gaussian | 73+ 05 |73+ 05 |73+ 05 |73+ 05 |73+ 05
0.290839 | 0245993 | 0272514 | 0.233409 | 0.260477
+ + + + +
Amplitude | 0.0254828 | 0.0293321 | 0.0304409 | 0.0391378 | 0.0381514
1;20 . [ Phase 3.14 3.14 3.14 3.14 3.14
Combgﬁznon Lorentzian | 5 5 5 5 5
Peak 2795+ | 2780+ | 2807+ 14 | 2809+ 24 | 2824+ 13
Position 15 30
Gaussian | 103+ 30 | 145+ 40 | 100+ 22 | 147+ 29 | 100+ 17
Nonresonant Amplitude | 0 0 0 0 0
Phase 0 0 0 0 0

Table B.12. Fit parameters for 3 pM h-SDS:d-DTAB mixture at the CCls-D20 interface, used
obtain the A +/A4+ ratios in Figure 5.7b.

Peak Assiinment Parameter

Amplitude 0.38 +£0.04
Phase 0

CHzsss. Lorentzian 2
Peak Position | 2854.3 £0.3
Gaussian 10.1 £0.3
Amplitude 0.48 +0.06
Phase 0

CHs ss. Lorentzian 2
Peak Position | 2870.3 £0.2
Gaussian 47+0.1
Amplitude 0.23+0.07
Phase 3.14

CH2 as. Lorentzian 2
Peak Position | 2890.8 +0.7
Gaussian 5.24+0.7
Amplitude 0.23 +£0.05
Phase 00

CH:2 kR Lorentzian 2
Peak Position | 2922 +3
Gaussian 13+4
Amplitude 0.3+0.1
Phase 0

CHs rr Lorentzian 2
Peak Position | 2933.0 £0.3
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Table B.13. Fit parameters for 5 pM h-SDS:d-DTAB mixture at the CCls-D20 interface, used

Gaussian 6.1+0.9
Amplitude 0.17+0.03
Phase 3.14

D20 combination band | Lorentzian 5
Peak Position | 2807 £25
Gaussian 96 + 54
Amplitude 0

Nonresonant Phasc 0

obtain the A +/Ag4+ ratios in Figure 5.7b.

SDS:DTAB ratio 1:9

3:7

5:5

7:3

9:1

Peak Parameter
Assignment
037+ 0.68 + 0.57 + 0.19 +
Amplitude | 0.01 0.02 0.56 £0.02 0.02 0.05
Phase 0 0 0 0 0
CH:ss. Lorentzian | 2 2 2 2 2
Peak 28540+ |[2854.0+ |2854.0+ 2854.0 £ 2854.0 £
Position 0.3 0.3 0.3 0.3 0.3
Gaussian 9.6+03 |9.6+0.3 9.6+03 9.6+03 9.6+03
043 + 0.83 & 0.64 & 0.16 £
Amplitude | 0.03 0.03 0.70£0.03 0.03 0.06
Phase 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2
Peak 2869.0+ |[2869.0+ |2869.0+ 2869.0 £ 2869.0 +
Position 0.2 0.2 0.2 0.2 0.2
Gaussian 47+02 [(47+£02 |47+02 47+0.2 47+0.2
0.33 + 0.36 + 0.28 + 0.11 +
Amplitude | 0.02 0.03 0.33+0.03 0.03 0.06
Phase 3.14 3.14 3.14 3.14 3.14
CH: as. Lorentzian | 2 2 2 2 2
Peak 28922+ [28922+ |2892.2+ 2892.2 + 2892.2 +
Position 0.5 0.5 0.5 0.5 0.5
Gaussian 8.7+0.5 8.7+0.5 8.7+0.5 8.7+0.5 8.7+0.5
0.27 + 0.38 + 0.32 + 0.12 +
Amplitude | 0.03 0.06 0.31+0.05 0.06 0.04
CHb r. Phase ‘ 0 0 0 0 0
Lorentzian | 2 2 2 2 2
Peak 2025+£2 |2925+£2 |2925+2 292542 |2925+2
Position
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Gaussian 10+2 10+£2 10+2 102 10+2
0.19+
Amplitude 02+0.1 |05+0.1 0.5+0.1 0.5+0.1 0.07
Phase 0 0 0 0 0
CH3 er. Lorentzian | 2 2 2 2 2
Peak 2934.0+ [2934.0+ |2934.0+ 2934.0 + 2934.0 +
Position 0.3 0.3 0.3 0.3 0.3
Gaussian 6.1+£0.5 |61+05 |6.1+£0.5 6.1+£0.5 6.1+0.5
0.24 + 0.24 + 0.24 + 0.24 +
Amplitude | 0.01 0.01 0.24£0.01 0.01 0.01
D20 Phase 3.14 3.14 3.14 3.14 3.14
combination | Lorentzian | 5 5 5 5 5
band Peak 28004 |2817+6 |2817+6 |2823+7 | 280859
Position
Gaussian 53+ 8 75+7 69+9 734+9 82+ 108
Nonresonant Amplitude | 0 0 0 0 0
Phase 0 0 0 0 0

Table B.14. Fit parameters for 15 pM h-SDS:d-DTAB mixture at the CCls-D20 interface, used
obtain the A +/A4+ ratios in Figure 5.7b.

SDS:DTAB ratio

9:1

7:3

6:4

5:5

4:6

3:7

1:9

0.66 +0.68 +|076 = 2'59 0.78 +|0.67 +|053 +
Ampliade | €03 | 003|003 [0 1003 004|004
Phase 0 0 0 0 0 0 0
CHass. Lorentzian | 2 2 2 ;854 2 2 2
Peak 28549 | 28549 | 28549 |7 | 28549 | 28549 | 2854.9
k. +03 |+03 |+03 | 103 |+03 |+03
Position 0.3
94 1|94 +|94 +|94+|94 +|94 +|94 =+
Gaussian 0.3 0.3 0.3 0.3 0.3 0.3 0.3
098 +|1.156+|134 + }_L'OS 132 £[1.11 +|080 =+
Amplitade | 005|005 005 [0 1006 005 | 0.05
CH Phase 0 0 0 0 0 0 0
385 Lorentzian | 2 2 2 2 2 2 2
bk 2870.5 | 2870.5 | 2870.5 25873: 2870.5 | 2870.5 | 2870.5
k. 102 |+02 |+02 | 102 |+02 |x02
Position 0.2

115




49 +149 +|49 +[49+|49 +(49 +[49 <+
Gaussian 0.1 0.1 0.1 0.1 0.1 0.1 0.1
040 +|044 =|04]1 + 2'36 044 =037 +|033 =
Amplitude 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Phase 3.14 3.14 3.14 3.14 | 3.14 3.14 3.14
Lorentzian | 2 2 2 2 2 2 2
CH: as. 2890
Peak 2890.8 | 2890.8 | 2890.8 R + 2890.8 | 2890.8 | 2890.8
cax. +03 |+03 |+03 | +03 [+£03 [+03
Position 0.3
47 +\|47 (47 |47+ 147 47 |47 =
Gaussian | 0.4 0.4 0.4 0.4 0.4 0.4 0.4
040 +|040 =|041 + 1'34 048 =|041 +|035 =+
Amplitude 0.04 0.04 0.03 0.03 0.04 0.04 0.04
Phase 0 0 0 0 0 0 0
CH2 rr. Lorentzian | 2 2 2 2 2 2 2
Peak 2022 4+ (2922 + (2922 4+ |2922 | 2922 + 2922 + (2922 +
Position 1 1 1 +1 1 1 1
. 1442 |14+2 1442 [ 142 [1422 |1442
Gaussian 2
0.59 £]10.70 £|0.85 =+ 3:'63 091 +£]0.77 £]0.57 =
Amplitude 0.07 0.07 0.07 0.06 0.08 0.07 0.06
Phase 0 0 0 0 0 0 0
CH: rr Lorentzian | 2 2 2 ;933 2 2 2
Peak 2933.6 | 2933.6 | 2933.6 6 + 2933.6 | 2933.6 | 2933.6
cax +02 |+02 |+02 | £02 |+02 |+02
Position 0.2
63 +£|63 +£|63 +£|63+(63 +£|63 +|63 =+
Gaussian 0.3 0.3 0.3 0.3 0.3 0.3 0.3
029 +|030 =[039 + 2'27 032 =|026 +|021 =
Amplitude 0.03 0.03 0.03 0.03 0.03 0.03 0.03
3.14 +(3.14 |3.14 +]|3.14 +
Ig?Ot. Phase 3.14+0 ] 3.14+0 0 L0 0 0 3.14+0
comb;gz ton Lorentzian | 5 5 5 5 5 5 5
Peak 2824 +| 2823 + | 2835 +£| 2833 | 2831 + | 2836 + | 2832 +
Position 9 10 6 +9 10 10 11
o l8s5+14 89414 6946 | /¥ 0011|8813 |79+18
Gaussian 12
Nonresonant | Amplitude | 0 0 0 0 0 0 0
Phase 0 0 0 0 0 0 0
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Table B.15. Fit parameters for 25 pM h-SDS:d-DTAB mixture at the CCls-D20 interface, used
obtain the A +/Ag4+ ratios in Figure 5.7b.

SDS:DTAB ratio 1:9 3.7 5:5 7:3 9:1
SDS:DTAB ratio 1:9 3.7 5:5 7:3 9:1
Peak Parameter
Assignment
0.80 +10.89 +
Amplitude | 0.04 0.06 0.85+0.04 | 0.86+0.05| 0.78 £0.04
Phase 0 0 0 0 0
CH:ss. Lorentzian | 2 2 2 2 2
Peak 28547 + | 28547 + 28547 +|2854.7 +|2854.7 <+
Position 0.4 0.4 0.4 0.4 0.4
Gaussian 102+04 |102+04 | 102+04 [102+04 |102+04
1.37 + | 1.58 +
Amplitude | 0.06 0.06 1.50+0.06 | 1.47+0.06 | 1.31 £0.06
Phase 0 0 0 0 0
CHs ss. Lorentzian | 2 2 2 2 2
Peak 2870.1 +|2870.1 =+|2870.1 =+|2870.1 =+ |2870.1 =+
Position 0.3 0.3 0.3 0.3 0.3
Gaussian 48+0.1 |[48+0.1 48+0.1 48+0.1 48+0.1
0.46 +10.49 +
Amplitude | 0.06 0.07 0.40+0.07 | 0.46+0.07 | 0.43 £0.07
Phase 3.14 3.14 3.14 3.14 3.14
CH:2 as. Lorentzian | 2 2 2 2 2
Peak 2890.4 +(2890.4 +|2890.4 + 28904 +|28904 =+
Position 04 0.4 04 04 04
Gaussian 46+05 [(46+05 |46=+0.5 46+0.5 46+0.5
0.46 +10.58 +
Amplitude | 0.04 0.06 0.49+0.05 | 0.56+0.06 | 0.47 +0.05
Phase 0 0 0 0 0
CH2 Fr. Lorentzian | 2 2 2 2 2
Peak 202142 (29212 [2921+2 [2921+2 |2921+2
Position
Gaussian 13+2 13+2 13+2 13+2 13+2
Amplitude | 0.8 +0.1 1.1+0.1 1.0+0.1 1.0+0.1 0.9+0.1
Phase 0 0 0 0 0
CHs r. Lorentzian | 2 2 2 2 2
Peak 29334 +(29334 +|29334 +[29334 +[29334 <+
Position 0.2 0.2 0.2 0.2 0.2
Gaussian 67+£04 |67+x04 |6.7+04 6.7+0.4 6.7+ 04
0.43 +10.39 +
Amplitude | 0.04 0.04 0.38+0.04 | 0.35+0.05 | 0.36 +0.05
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Phase 3.14 3.14 3.14 3.14 3.14
D20 Lorentzian | 5 5 5 5 5
combination | Peak 283346 | 2834410 | 283448 | 284149 | 2839+ 7
band Position
Gaussian 72+ 8 98 + 11 82+ 11 95+ 11 73+ 11
Nonresonant Amplitude | 0 0 0 0 0
Phase 0 0 0 0 0
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