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Aqueous solutes next to hydrophobic interfaces are prevalent in a multitude of
chemical and biological systems throughout the world. Their presence ranges from
environmental processes such as soil and water remediation to biological processes
such as ion transport, membrane formation, and enzyme activity. In these and
other examples, the interface is an integral part of the system. Understanding these
chemically complex systems requires that a molecular level picture be built as a
starting basis. In this dissertation, vibrational sum-frequency spectroscopy (VSFS),

a surface selective non-linear optical technique, is used to obtain a fundamental



understanding of the interfacial properties of carboxylic acid based surfactants and
polymers at the oil-water interface.

Interfacial studies of the solvating environment around a carboxylate headgroup
surfactant are presented first. By utilizing different VSFS polarization schemes,
the carboxylate vibrational stretching region was used to monitor the headgroup
environment. Results showed the oil-water interface provides a unique environment
for adsorption and structuring, and distinct differences exist from the air-water and
solid-water interface.

With the information gained in the first study, the binding of metal ions to
carboxylate headgroups is investigated using VSFS. Mg*™, Ca*", Mn**, Ni?*, Cu?*,
and Zn** were used to perturb the headgroup vibrations to further our understanding
of the types of interactions and the binding strength between the ion and headgroup.
The results show each ion to have a different interaction characteristics with the
strongest being bi-dentate in nature and the weakest having ionic character.

The final work presented involves moving VSFS studies towards macromolecular
assemblies at the oil-water interface to model inherently complex biomolecular systems.
These studies present adsorption structure and dynamics of poly(acrylic-acid) as
a function of pH, molecular weight, concentration, and the presence of mono and
divalent salts. Poly(acrylic-acid) was found to have ordered adsorption characteristics
that were highly dependent on the pH and the presence of aqueous salts.

This dissertation includes unpublished co-authored materials.
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CHAPTER I

INTRODUCTION

Water covers nearly two-thirds of our planet, and water next to hydrophobic
surfaces constitute some of the most important interfacial boundaries in both the
natural and man made world. At first glance the interface seems inconsequential as
it makes up such a small portion of the total liquid volume. However, it is one of the
most important aspects of a chemical system and plays an integral role in processes
such as the stabilization of biomolecules[1], polymer and nanoparticle synthesis[2—-4],
oil recovery[5], and environmental remediation of soil and water[6].

In order to understand these and other important processes that dictate our
biological and chemical makeup and the environment around us, molecular level
detail of the interfacial region is needed. With the advent of the laser and non-
linear optics, the realization of molecular level detail was possible. However, of all
the spectroscopies developed over the last 50 years, very few provide surface detail
on a molecular level. Of these, vibrational sum-frequency spectroscopy (VSFS), a
second order non-linear technique, can supply the interfacial molecular information
that is sought[7-9]. VSFS is inherently surface specific, and thus the acquired
data is not subject to complications from bulk interferences. Surface tensiometry,

another interface specific method, complements VSFS experiments and provides a



more complete picture of the interfacial region. Chapter II presents an overview
of VSFS theory and the experimental details, as well as a brief description of the
interfacial tension measurements. Chapters III, IV, and V discuss the use of both of
these techniques to investigate the interfacial structure of adsorbates at the oil-water
boundary.

Chapter III presents a study of the solvating environment around Na-dodecanoate,
a carboxylate headgroup surfactant. Headgroup structure and molecular composition
play an important role in a surfactant’s ability to undergo reactions at the aqueous
interface, as well as having an effect on the surfactant’s surface activity and orientation.
These interfacial properties are relevant to industrial, biological, and environmental
processes where carboxylate surfactants are prevalent and play an important role.
Adsorption of these medium chain length carboxylate surfactants leads to unique
findings on the orientation adopted by the headgroup as well as the hydrogen bonding
environment surrounding the headgroup. Variations in concentration and pH show
a number of differences between the oil-water interface and the more commonly
studied air-water interface. Based on data from different polarization schemes and
isotopic substitution, it was found that Na-dodecanoate adopts a wide variety of
orientations at the oil-water interface and as a result, a large variety of hydrogen
bonding configurations exist for the headgroup. The main differences between the
two types of interfaces are attributed in large part to the solvating environment

around the chains, which permits a more disordered monolayer and hence allows



the headgroups to adopt a wider variety of orientations at the interface and a larger
variety of hydrogen bonding scenarios. E. J. Robertson assisted in acquiring interfacial
tension measurements as an REU.

A vibrational sum-frequency spectroscopy study of divalent metal cations chelating
with carboxylate surfactants at the oil-water interface is discussed in chapter IV.
Binding of metal ions are relevant to a number of biological and environmental systems
and play an integral role in the macrostructure of a number of biomolecules, as well as
an important catalysis role in one-third of all enzyme reactions. The effects of Mg?*,
Ca?t, Mn?", Ni?*, Cu?*, and Zn** on the adsorption and orientation of Na-decanoate
are investigated in both the carboxylate and methyl vibrational stretching regions.
Different polarization combinations are used to probe the carboxylate functional
group and how the distribution of orientations changes with the addition of metal
ions, as well as how the hydrogen bonding structure of the headgroup changes. The
methyl and methylene vibrations are monitored to track the ordering of the alkyl
chains when metal salts are added. Each metal salt was found to have a distinct
affect on the carboxylate headgroup and the alkyl chain ordering. In addition, the
strength of the ion-headgroup interaction based on the vibrational frequency shifts
and amplitudes was classified by both relative strength and the type of interaction
taking place. E. J. Robertson contributed interfacial tension results in this chapter.

In chapter V, a study of polyelectrolytes adsorbed to the oil-water interface

under a variety of conditions is presented. Polyelectrolytes are pervasive throughout



industrial, environmental, and biological systems. In the environment, polyelectrolytes
such as humic substances have strong chelating abilities due to their high carboxylic
acid content and thus play a role in the transport of nutrients and toxins through
soil. Biological polyelectrolytes, such as proteins and DNA| have folding, binding, and
transport processes that have conformational and charge density dependence on the
pH of the surrounding solution. These and other processes often occur at interfaces,
which present different molecular characteristics and effects on adsorbates than the
corresponding bulk aqueous solutions, and thus warrant further investigation. The
common denominator in these systems is that they involve charged macromolecules
adsorbed to an interface. The oil-water interface is an excellent platform for studying
macromolecular conformation due to its highly fluid nature. Poly(acrylic acid),
a weak polyelectrolyte, is an ideal model to study adsorption of environmentally
and biologically relevant macromolecules at the oil-water interface due to its high
carboxylic acid content and simple repeat unit structure. In these studies, poly(acrylic
acid) was used as a model system and found to adsorb strongly to the oil-water
interface at low pH. Raising the pH led to rapid desorption of the polymer. In its
wake, a nearly neat interfacial region is observed indicating no polyrﬁer adsorption
occurs above a critical pH level. Above this critical pH, adsorption was found to
occur in the presence of metal ions, which act to bind the charged groups, displace
solvating water molecules, and drive the polymer to the interface. In addition,

interesting dynamical differences were observed between the interfacial tension and



the vibrational sum-frequency spectroscopy measurements, indicating the presence of
a multi-step adsorption process where orientation and adsorption don’t always occur
simultaneously. E. J. Robertson contributed interfacial tension results in this chapter.

In each of the chapters discussed here, an aspect of adsorption to the oil-water
interface is addressed and a molecular level picture is proposed for the interfacial
region based on the data presented. Fach chapter makes an important contribution to
what is known about adsorbate structure at the oil-water interface. These experiments
show that the oil-water interface is a unique environment and it should not be assumed
that it will provide the same type of interfacial results as the solid-liquid or air-water
interface. It is also shown that VSFS is a viable probe of macromolecular complexes
at the oil-water interface, a system that no other technique has the ability to probe

with the same level of detail.



CHAPTER II

EXPERIMENTAL TECHNIQUES AND THEORY

In this chapter, vibrational sum-frequency spectroscopy (VSFS) will be described
from a standpoint of light interacting with matter and the response of the surface
molecules. Following this, experimental considerations and the spectroscopic technique
will be covered, including treatment of the data. In addition, interfacial tension
measurements, as they are related to the work within this dissertation, will be
described. Vibrational sum-frequency spectroscopy (VSFS) is a surface specific non-
linear optical technique that allows one to probe molecular vibrations of interfacial
molecules. Linear spectroscopic experiments such as infrared reflection absorption
spectroscopy (IRRAS) can be used to probe surfaces. However, the signal is dependent
on the penetration depth of the electromagnetic field and is usually on the order of
microns. VSFS is unique in this respect due to its signal dependence on the structure
and number density at the interface. Signal is acquired only to the depth at which
a net orientation of molecules exists. This depth of orientation is commonly used
to define the width of an interfacial region in MD studies, which is on the order of
6-9 A[lO, 11]. Given this interfacial depth, IR spectroscopies are sampling several
orders of magnitude greater depth than what is sampled in the VSFS experiments.

In addition, this dissertation is focused on studies at the oil-water interface, which



are experimentally difficult to access with IR experiments due to the shallow angles

required.

Vibrational Sum Frequency Spectroscopy

When a weak electric field (E) interacts with a molecule an oscillating dipole is

induced, which is expressed as
Ping = Po + aE (IL.1)

where pg is the permanent dipole of the molecule, and « is the polarizability. For
a macroscopic system, the dipole per unit volume is considered and is known as the
induced polarization (Pjnq). Ignoring p, in Equation II.1 due to the lack of a static

dipole in most materials, the polarization is written as
Pig = eoxVE (I1.2)

where X(l) is the first order susceptibility and is the macroscopic average of the
polarizability («), and €p is the vacuum permittivity. The dipole oscillation induced
in the material is the same frequency as the driving incident electric field, and is the
basis for linear spectroscopy and processes such as reflection and refraction.
Non-linear spectroscopy however, requires strong electric fields such as those
provided by pulsed lasers. As a result, the expression for the dipole moment of a

molecule must be expanded in a power series to include non-linear terms as shown by

1 1 1
Ping = 0 + SolVEE + gaw)EEE +oo+ —aWE" (1L3)
i



@) and o are often replace by § and ~ respectively, and are the first

where «
and second order hyperpolarizabilities. Expanding the microscopic description to
a macroscopic system, analogous to Equation I1.2, gives the induced polarization (P)

and is written as

Py =PY + PO PO 4. (IL.4)
S E L) LG L g
Ping = o E + €0X EE + geox EEE + .- + —JEeX E (IL.5)

where x? and x® are the second and third order nonlinear susceptibilites. The focus
of this dissertation exclusively deals with P®, where two electric fields are incident
on the sample, and the radiated output consists of components in addition to the
two incident fields[12-15]. These two electric fields, E;(w;) and Eq(ws), can result in
several different processes depending on the incident field wavelengths. When w; = wy
the result is second harmonic generation and the output is at 2w. When w; # ws, one
possible output is radiation at w; + wy and is called sum-frequency generation, which
is the focus of this dissertation.

From the second order terms in Equations I1.3 and II.5 an expression can be
obtained that relates the microscopic and macroscopic quantities of the material and

is shown by

x? = gw) (IL6)

where N is the volume number density, and the brackets around the molecular
hyperpolarizability denote it is an orientational average over the macroscopic system.

Under the electric dipole approximation, a simplified expression for the microscopic



On Resonance Off Resonance

Figure 2.1. Energy level diagrams for VSFS showing on and off resonant processes.
Solid lines represent distinct ground or excited vibrational states, whereas dashed
lines are any other state.

hyperpolarizability, 8, where the IR frequency is vibrational resonant and the visibile

frequency is far from an electronic resonance, can be expressed as

_ lglélv) (v]ilg)
Blwr) = o — oo 1Ty (11.7)

where (&) and (i) are the Raman polarizability and IR dipole moment operators,
lg) and |v) are the vibrational ground and excited states, w, is the frequency of
the vibrational mode, wrr is the frequency of the infrared beam which is tuned
over the vibrational resonances, and [y is the homogenous line width. From these
equations, two main fundamental certainties of VSFS are found. The first is that
for a vibrational mode to be sum-frequency active, it must have a change in dipole
moment and a change in polarizability, i.e. it must be both IR and Raman active.

Energy level diagrams for on and off resonance VSFS are shown in Figure 2.1. The
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second noteworthy point is that the VSFS signal is sensitive to both number density
and orientation of the surface molecules. This means that changes in either of these
two variables can lead to enhancement or depletion of signal. It also means that even
if there are molecules of interest at the interface, they will only give VSFS signal if

there is a net orientation, ie. if ¥ does not cancel[13, 15].

Polarization Schemes

VSFS is uniquely significant due to the fact that all 27 elements of the third rank
tensor, X(2)7 must equal zero in centrosymmetric media. In such an environment,
inversion symmetry dictates that Xi(j2k) = X(~21)~j~k = —Xi(ji)[15]. The only solution to
satisfy this is for Xi(ﬁ() = 0. The outcome of this result is that VSF'S is only allowed
where a break in symmetry of the media is experienced. The interface is the dominant
case where this break in symmetry occurs for liquids, which are the main focus of this
dissertation.

Liquid interfaces are in general C,v in the plane of the interface, meaning that a
majority of the 27 elements of the third rank tensor x® are equal to zero. To arrive
at this conclusion the reader is referred to Table 2.1 where the 27 elements along with
the seven non-zero elements of X(2) are displayed. The non-zero elements are found by
applying the operators that compose Co,v symmetry to each element of Xi(ji). If the

operations applied yield a non-zero result, then that is a valid polarization scheme for

the interface. Of the seven non-zero elements, only four are unique because a liquid
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Table 2.1. C,v symmetry applied to the 27 elements of Xi(fk) showing the 7 non-zero
elements for a liquid interface.

27 Elements Xl(fk) Applying C v

XXX VYy 72z | XK FY¥Y 772
XXy VYX @ ZZX | XK¥ ¥yx 22X
XyX VXY @ ZXZ | XyX FEY #XZ
VXX XYy @ XZZ | YEX XYy X%
XX7Z YVZ ZZY | XXZ YYZ EE¥
XZX VZy  ZyZ | XZX YZV &%
ZXX ZyY @ VZZ | ZXX ZYY ¥EZ%
Xyz yXz  ZXy | Xy% ¥¥X£ Xy
XZy YZX ZyX | XEYy yEX #yX

is isotropic within the plane of the interface and thus x = y. The four elements of
the rank two tensor that are applicable to liquid interfaces are xﬁ)z = x@ X§,2Z)y =
2, X;Z;)y = x\3) and Xg% These four can be reduced even further because X§,2Z)y and
Xg,)y are equivalent due to the visible wavelength in the experiment being far from
any electronic resonance, and o, = oy, ie. the polarizability tensor is symmetric.
The three unique non-zero elements of x® that are left can be experimentally probed
using linearly polarized light with ssp, sps, and ppp polarization schemes, where s
polarization is perpendicular to the plane of incidence and its component lies only
in the plane of the interface, whereas p is parrallel to the plane of incidence and has
components in both the x=y and z plane, as shown in Figure 2.2. The polarization
scheme notation follows the wavelength of the three beams in increasing order, ie.
sum-frequency, visible, infrared. Each polarization scheme probes a different element

of x'? and a different component of the dipole moment at the interface. For example,

ssp is used to probe the x(?) element and components of the dipole that lie normal to
yyz
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Figure 2.2. Laboratory axis system used to describe the incident polarizations that
make up the VSFS experiments. The figure shown omits the reflected visible and IR
beams for clarity. The polarization scheme shown is ssp.

the interfacial plane and sps is used to probe the X§2Z)yelement and components of the
dipole that are in the plane of the interface. However, ppp is sensitive to components
that are both in and out of the plane of the interface, and as a result, four elements
of x® contribute to the ppp polarization scheme. By utilizing multiple polarization
schemes in an experiment, it is possible to gain an understanding of the orientation
of the molecule, as well as the distribution of orientations.

For the VSFS experiments in this dissertation, two laser pulses, one a fixed visible
wavelength and the other a tunable IR, are overlapped spatially and temporally at an
interface. The result is a generated pulse at the sum of the two incident frequencies.

The intensity of the generated sum-frequency is proportional to the square of the

effective second order susceptibility ng) and the intensity of the incident IR and
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visible electric fields as shown by

Hwst) o lxeff | (wyis) H{win) (IL.8)

The second order susceptibility, x®, as shown in Equation IL6 and the effective
second order susceptibility from Equation [1.8 are related through the fresnel coefficients

(L) and unit polarization vectors (é) shown by
X = [6w) - Lw)] - xP : [Llwwis) - é(wvis)] [Hwm) - é(wm)] (1L.9)

The Fresnel coeflicients (L) determine reflection and transmission of a field at an
interface and the unit polarization vectors é take into account the experimental
geometry of the incident and reflected beams in the laboratory frame[12, 16].

When an adsorbate is placed on a substrate that gives no SFG response, Equation
I1.6 is adequate to describe the response of the adsorbate. However, as is most often
the case, the substrate, be it liquid or solid, often yields a small response in addition

to the adsorbate. In this case, there are two contributions to x'? as shown by

= X\h + Z Xit (IL.10)

which contains a non-resonant component and the sum of all the resonant components.
This affects the treatment of the data and needs to be accounted for in the fitting

expression when it is present[17].
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Data Analysis

Interpretation of VSFS data is not straightforward like linear spectroscopies due to
the intensity of the signal being equal to the square of ng) as shown in Equation IL.8.
This dictates that interferences will exist between the non-resonant and resonant
contributions to x?, as well as between different resonant modes in the spectra,
leading to constructive and destructive interferences, as well as asymmetric line
shapes. In addition, x® is complex so there is both a phase and an amplitude
associated with each resonant mode, as well as with the non-resonant signal. These
complications to the shape of the spectra necessitate using a fitting routine to
accurately determine amplitudes, phases, frequencies, and widths of the modes.
The expression used for fitting was first proposed by Bain and coworkers[17] and

implemented by Prof. Fred Moore[18]. The expression is

o0 A, wi, — wy)?
X1(\?1)x + / exp [———( L ) } deor,

—oo WL T WIR + ’LFL Fl%

2

X (wsr)|* = (IL.11)

and fits the spectra to a Lorentzian convoluted with a Gaussian to account for
homogeneous and inhomogeneous broadening. There are five parameters that are
fit for each vibrational mode. They are the center frequency, amplitude, phase,
Lorentzian width, and Gaussian width. In addition, there is a non-resonant amplitude
and phase for each spectrum. The Lorentzian width can be fixed at 2 cm™'to account
for homogenous broadening which leaves only four parameters to fit. In most cases,

the center frequency is known within a range based on literature values and can thus
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be highly constrained. One is then left with amplitude, phase, and the Gaussian
width to fit. Obviously, the number of parameters grows rapidly, and with n modes
there are 5n+2 parameters to be fit. For the liquid-liquid interface however, there
is not an observed non-resonant component so those parameters are generally not
applicable. The remaining parameter space is still large and one must be careful to
achieve appropriate fits. To rely less on intuitive logic for fits, more confidence can be
achieved by using global fitting routines to simultaneously fit series of spectra where
applicable. This forces fits for multiple data sets to agree on certain parameters such
as center frequency, width, or phase, which shouldn’t change as certain experimental

parameters are changed.

Spectroscopic Measurements

All measurements in this dissertation were made on a commercially available VSFS
system designed and built by Ekspla in Vilnius, Lithuania. Modifications to the
system were made to accommodate the inverted sample geometries necessary to study
the oil-water interface. Due to the angle changes of the non-linear optical crystals
while tuning across IR wavelength regions, small amounts of beam movement are
unavoidable. To track the IR beam location, a motorized mirror was placed in the
incident IR beam line with programs to track spot locations for different regions of
interest. Figure 2.3 shows a schematic of the laser system. A Nd:YAG laser (model

PL2143A) outputs 1064 nm light with ~30 ps pulse lengths at 10 Hz with peak
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Figure 2.3. A schematic of the laser system used for the work in this dissertation.
The laser consists of both visible and IR generation stages as well as a sample area
and detection stage. Details of the system are left out of the schematic for clarity.

energies up to 600 uJ per pulse. Within the laser, seed pulses are generated with a
flash lamp pumped Nd:YAG rod. Active and passive mode locking using a Pockel
cell, polarizers and a solid state modulator, allow for good stability in both energy
and time. Introducing losses to the cavity gives bandwidth stabilized pulses with =10
wd, which make roughly 200 round trips within the cavity before they are sent to the
next stage. When pulses are selected out by another Pockel cell and polarizer, they
enter an intra-cavity regenerative amplifier, which increases the pulse energy to ~500
wud without damaging the solid state modulator. Once a set number of round trips
occurs, the pulses are selected out by yet another Pockel cell and polarizer and sent
to a double pass amplifier which consists of a dual flash lamp pumped Nd:YAG rod.
Here the pulses are amplified through flash lamp timing to get output in the tens
of mJ. However, to preserve the non-linear optical crystals, output does not usually

exceed around 8 mJ. Once these high energy 1064 nm pulses are made, the light is split
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into two lines and one line is frequency doubled in a KDP (potassium dideuterium
phosphate) crystal to give 532 nm light. A small portion of the 532 nm line is then
split off and used as the visible portion at the interface. This visible line is spatially
filtered and collimated and has a relatively long path length with a delay stage built
in so that these pulses may be overlapped temporally with the pulses exiting the IR
generation box.

The remainder of the 532 nm line and the 1064 nm line are used to generate
tunable infrared light via a series of parametric processes (model PG501/DFG2-10P).
First, the 532 nm light is split into two lines, one of which is double passed through a
heated BBO crystal for optical parametric generation (OPG). The parametric beam
is then reflected off a grating to narrow the spectral bandwidth. The other 532 nm
line and the spectrally narrowed OPG generated seed are then sent to another double
pass BBO stage for optical parametric amplification (OPA). After the OPA stage,
the signal and idler are separated via a Glan prism polarizer and the idler is sent to
the difference frequency generation (DFG) stage where it is mixed with the 1064 nm
light to generate tunable IR from 2-10 microns.

In these experiments, all data was taken with the beams at their respective TIR
angles for the CCly-water interface. The angles for incident beams were 23.5° from
the plane of the interface for the visible, and 15-17° for the IR. Polarization changes
of the IR beam were accomplished using periscopes on magnetic mounts. Polarization

changes of the visible line were accomplished using a wave-plate and polarizer. In
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Figure 2.4. A schematic of the sample cell showing a cutaway from the side view
with the incident and outgoing beams.

the detection line a wave-plate and polarizer are used to select the cleanest polarized
signal for detection.

The sample cell was designed from a solid piece of Kel-f and contains two windows
set normal to the incident and outgoing 532 nm beam and are sealed with Dupont
Kalrez® perfluoropolymer O-rings. The input window was CaF, or BaF, and the
output window was BK-7 glass as it only needed to transmit the generated visible
sum-frequency light and it was more robust towards the aggressive cleaning process
used. All glassware, the cell, the BK-7 window, and the O-rings were soaked in
concentrated sulfuric acid with No-Chromix for a minimum of 6 hours and then each
piece was rinsed under water from an 18 M2 Nanopure filtration system for at at
least 20 minutes. The CaF, window was allowed to soak in the same acidic solution
for 15-20 minutes and then copiously rinsed. The BaFs window was used as is after
gently wiping with lense tissue soaked with methanol. A schematic of the sample

cell is shown in Figure 2.4, which also shows the incident and outgoing beams. Data
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acquisition started immediately after the interface was made and usually continued
for approximately an hour for each prepared interface. All spectra shown in these
experiments is an average of at least 300 laser shots per data point. Post data
processing included averaging spectra and normalizing by dividing by gold or the IR

profile.

Interfacial Tension

Interfacial tension measurements provide a quantitative method to monitor the
number density of solutes at the oil-water interface. The data gathered from this
technique complements the VSFS data and allows one to conclude whether changes
in SFG spectral amplitudes are due to changes in number density or changes in
orientation, since both contribute to the spectra as shown in the above section.
Interfacial tension experiments were carried out on two different types of tensiometers
made by KSV. The first is a balance type and uses the Wilhelmy plate method and
the other is an optical tensiometer and uses the pendant drop method. Both types of
tensiometers give equivalent results, however, depending on experimental conditions
and the types of data desired, one is often better than the other.

The Wilhelmy plate method consists of using a platinum plate that is cleaned by
dipping in sulfuric acid, then water, then heated over a bunsen burner until glowing
orange. The plate is allowed to cool, and then is placed on the balance, and lowered

into the interfacial region as shown in Figure 2.5. To take a measurement, a neat CCly-



20

Balance

Figure 2.5. A schematic of the Wilhelmy plate method used for gathering interfacial
tension data in this dissertation.

water interfacial tension value is obtained and verified over time with the balance.
Then using this same prepared interface, pH adjustments were made to bring the
water phase to the desired pH. To obtain interfacial data for different surfactant
concentrations, aliquots of a stock solution of surfactant that was pH adjusted, were
added to the aqueous phase and allowed to equilibrate. Interfacial tension data was
recorded when the surface tension didn’t drift more than 0.2 mN/m for 5 minutes.
Analysis of the data is straightforward. If one is simply comparing the effect
of different adsorbates on the interfacial tension, then the equilibrium values of
each interface are used to define which adsorbate causes the greatest change in the

interfacial tension. If data on a particular adsorbate, a surfactant for example, is
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Figure 2.6. Typical surface pressure plot for a surfactant at the oil-water interface.
required in more detail, then a concentration series of the surfactant would be taken.
The equilibrium interfacial tension value will be obtained for each concentration
and plotted with respect to bulk concentration. An example of what this would
like is shown in Figure 2.6, where the surface pressure is the interfacial tension of
the adsorbate subtracted from the neat interfacial tension value (v, - 7). From
the plot in Figure 2.6, a number of properties of the adsorbate can be calculated
such as the critical micelle concetration (CMC), the minimum surface area per
molecule, surface excess as a function of bulk concentration, as well as a number
of thermodynamic properties like the free energy of adsorption. In order to calculate
the CMC, one simply plots the surface tension as a function of the natural log of the
bulk concentration. The plot will generally show a clear break in the slope of the
data, and this concentration is where the CMC is. To calculate the surface excess,
the Gibbs equation is used which relates the bulk concentration (C) to the surface

concentration I', which is defined as the concentration of a solute at the interface in
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excess of the concentration if the bulk concentration were at the interface. The Gibbs

equation is used in the form

1 /ol
h="gr <5lnai) (IL.12)

where I' is the limiting surface excess, n; is the number of species, and II is the
interfacial pressure, and a; is the activity which can be replaced by concentration
under dilute surfactant conditions[19]. As seen in Equation II.12 the slope of the plot
used to find the CMC is all that is needed to calculate the limiting surface excess (the
maximum surface coverage). The surface excess coverage can now be obtained using

the Frumkin isotherm expression as follows

I, — —Tiin {1 - 5} (I.13)
I

where II; is the interfacial pressure at the i*' concentration, I} is from Equation I1.12,
and Ty is the surface excess at the i*" concentration[20]. Under dilute surfactant
conditions, the surface excess is considered equivalent to the surface concentration.
Interfacial tension experiments were also carried out on a KSV optical tensiometer
using the pendant drop method. Interfaces were prepared by filling a cuvette with
CCly. A hooked needle on a syringe containing the aqueous solution was then inserted
into the cuvette and a drop was formed as shown in Figure 2.7. Data acquisition
was started upon formation of the drop. When acquiring data of aqueous polymer
solutions, a neat CCly-water interface was always prepared first and the interfacial

tension value verified against the known value of CCly-water, which is 44 mN/m
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Figure 2.7. The pendant drop method as used for interfacial tension measurements.

[21, 22]. Once the correct neat interfacial tension value was achieved, the syringe
was filled with the polymer solution of interest and a pendant drop was made. Data
were recorded until an equilibrium interfacial tension value was achieved, or in the
cases of the long time acquisitions, there was drop failure. Interfacial tension values
were calculated from the acquired images using the KSV software. Calculations were
accomplished using the Young-Laplace equation expressed as three dimensionless first

order equations in the form

& cos¢ (I1.14)
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to find the shape factor, 8. Then Equation I11.17,

ApgR?
Y=

5 (1L.17)

can be used, which relates the surface tension () to the drop shape through the
difference in the density of the fluids at the interface (Ap), the gravitational constant
(g), the radius of the drop curvature at the apex ( R,), and the shape factor (3)[23].

Both methods for gathering interfacial tension data were found to give overlapping
data and the plots shown in this dissertation contain data from both instruments, and

will be specified as needed.
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CHAPTER III

INVESTIGATING THE SOLVATION STRUCTURE AND HYDROGEN
BONDING OF CARBOXYLATE SURFACTANTS

In this chapter, vibrational sum-frequency spectroscopy and surface tensiometry
are used to study the adsorption of Na-dodecanoate and Na-octanoate as a function
of concentration and pH to gain a fundamental understanding of the carboxylate
headgroup structure at the CCly-water interface. While studies of the alkyl chains
of surfactants at oil-water interfaces are numerous, there is still very little known
regarding the structure of surfactant headgroups at this interface. This study aims
to understand not only how the headgroup is structured at the interface, but also
to learn about how water orients around the headgroup, the hydrogen bonding
scenarios that are possible, and how the hydrogen bonding and headgroup structure
are linked. Different polarization schemes are used to probe the dipole components
of the headgroup both parallel and perpendicular to the interface and are used in the
interpretation of the molecular structure. It was determined that water adopts a wide
variety of hydrogen bonding structures with the headgroup. Along with the solvation
of the alkyl chains by the oil phase, the headgroup exists in broad distribution of
orientations from having its dipole perpendicular to the interface, to having one of

its C=0 in the plane of the interface. E. J. Robertson assisted with surface tension.
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Introduction

Carboxylic acids are the some of the most ubiquitous organic functional groups in
both environmental chemistry and biological systems. They are present in all amino
acids and are thus an integral part of every biological molecule made from these
building blocks. Due to their overwhelming presence, their ability to be charged
or neutral, and their hydrogen bonding character, they play an important role in
many biological processes such as peptidyl transferase[24] and protein dynamics[25].
Environmentally, carboxylates play an important role in the transport of nutrients
and toxins in soils in the form of humic and formic substances[26-28]. Small COOH
compounds are some of the most abundant organics found in fine particulate matter
in the atmosphere and thus their surface activity and ability to hydrogen bond at the
surface of water droplets plays an important role in atmospheric chemistry|[29-31].
It is therefore of great importance to understand the aqueous solvating environment
surrounding these functional groups at a wide variety of interfaces.

Carboxylic acid and carboxylate containing molecules at both the air-water[29, 32—
38] and the solid-liquid[39—42] interface have received much interest over the last two
decades using surface specific techniques. TRRAS work by Gericke and coworkers
involved the study of long chain carboxylic acids under a variety of conditions using
a number of different metals to study binding affects and monolayer conformation|36,

43]. Johann et al. used PMIRRAS to study similar monolayers as a function of pH[44].
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While both of these studies were able to see splitting of the C=0 vibrational mode
into three distinct peaks due to hydrogen bonding structure, limited information was
available about how the charged carboxylate headgroup was solvated at the air-water
interface due to small carboxylate signal. Additionally, splitting of the asymmetric
and symmetric carboxylate vibrational modes was seen by Johann et al., but there
was no explanation as to why this occurred. Miranda and coworkers studied long
chain carboxylic acids with vibrational sum-frequency spectroscopy (VSFS) at the
air-water interface and found that the surface pKa is much different than what is
normally found in bulk liquid[33]. Confirmation of this was found by Eisenthal and
coworkers who showed that surface pKa is not equal to bulk pKa in their VSFS
work on phenolate ions at the air-water interface[38]. The presence of Nat and
K* under a monolayer of long chain carboxylates produced frequency shifts due
to binding of the ions with the carboxylates[32]. Tyrode et al. have completed a
number of studies on carboxylates at the air-water interface, studying fluorinated
carboxylate surfactants[34], acetic acid[45, 46], and formic acid[35]. More recently in
this group, investigations of hexanoic acid at the air-water interface found interesting
time dependent effects for the formed monolayer(29]. This time dependence was
observed to disappear upon the addition of salts. Also in this group were a number of
investigations of carboxylate surfactants at the fluorite-water interface[39, 41]. While
many of these studies have observed the headgroup vibrational modes, there has been

little evidence for the types of hydrogen bonding character surrounding the charged
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carboxylate headgroup. In addition, the oil-water interface often proves to be unique
when compared with the air-water or solid-liquid interface[47, 48]. From the past
studies described here, it is clear that surfactant headgroup vibrational modes in
the mid infrared region are rich in information and are often the most important
functionality on a molecule. This is due to the headgroup being the primary location
for water and salt interactions, and thus continuing studies can provide interesting
information regarding the interfacial chemistry, particularly at the oil-water interface
where little is known regarding the headgroup structure and orientation.

The oil-water interface has long held the interest of scientists and it has been
used as a model for a wide variety of chemical systems ranging from environmental
to biological in nature. It has shown over time to have unique interfacial properties
related to adsorption and orientation of surfactants[49-53], phospholipids[54-56], and
simple ions[57, 58]. Although there is knowledge of surfactants at the oil-water
interface, the body of knowledge regarding headgroup structure and binding has
not caught up with what is known about headgroups at the air-water interface.
This work attempts to start filling this gap with a study of medium chain length
carboxylate surfactants at the CCly-interface. It is found that the headgroup exists in
a broad distribution of orientations and direct evidence is provided for a multitude of
coexisting hydrogen bonding coordinations that act to solvate the charged carboxylate
head group at the CCly-water interface. The surfactants of interest are Na-dodecanoate

(Na-Laurate) and Na-octanoate. Figure 3.1 shows these surfactants in their various
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Figure 3.1.. Carboxylate/carboxylic acid surfactants at low and high pH.

states at different pHs. Literature reports give the pKa of fatty acids in bulk water
as ~=4-6[32, 33, 40, 59, 60]. Below the pKa, the molecule exists as a fatty acid; above
it exists in its anionic form. pH values near the pKa produce an equilibrium between
the charged and uncharged headgroup that can lead to acid-anion complexes. These
acid-anion complexes are known to exist when the surface area per headrgoup is
small, such as when monolayers are compressed on Langmuir troughs. According to
the interfacial tension data presented later in this work, the small area per headgroup
required for inter-headgroup interactions is not approached by a factor of 2-3, thus
acid-anion complexes are not relevant to these experiments. In addition, all work done
in this chapter is at a fixed pH of 10, well above the pKa to ensure the surfactant is

in its fully deprotonated state.
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Figure 3.2. Surface Pressure of Na-dodecanoate at the CCly-water interface taken
with the Whilhelmy plate method and the pendant drop method.

Interfacial Tension

Interfacial tension measurements were made with both the Wilhelmy plate method
and the pendant drop method and were found to agree within error. The interfacial
tension of Na-dodecanoate at the CCly-water interface is shown in the inset in Figure
3.2 and is typical when compared with other surfactants adsorbed at the the oil-
water interface. The data shown gives a CMC value of ~27 mM which is in line
with past literature CMC values for Na-dodecanoate[20, 61]. From the interfacial
tension data the maximum surface coverage I',, can be calculated as a good indicator
of effectiveness of adsorption[20]. I',, for Na-dodecanoate at the CCly-water interface
was calculated at ~ 67 A? /molecule, which is somewhat larger than other carboxylate
surfactants at neutral pH[20]. The main reason for this larger than normal value

is solutions in these experiments are adjusted to pH 10, which gives a solution of
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surfactant where the headgroup is primarily in its anionic form. This results in
repulsion between headgroups leading to a larger surface area per molecule. In
addition, it is unknown whether there is a preference for the adsorption of the
charged vs. uncharged molecules at the interface. In other studies completed near
the pKa where an equilibrium exists between charged and uncharged headgroups
in bulk solution, there could actually be a preference for the protonated uncharged
headgroup at the interface, leading to further differences between between these and
other studies. Interfacial tension studies in this work unambiguously show that for a
solution of fully charged carboxylate surfactants, the area per headgroup is larger than
what is normally reported in the literature for the air-water or hexane-water interface.
This is attributed to the dominance of the charge-charge repulsion forces between
headgroups in the interfacial region as this acts to keep the area per molecule large,
and the solvation of the chains by the CCl, allowing a more disordered monolayer.
From the interfacial tension data the surface excess (surface concentration), Iy,
can be calculated as a function of bulk concentration. Figure 3.3 shows the surface
excess for Na-dodecanoate at the CCly-water interface. In the figure, it is observed
that a full monolayer is achieved at ~ 4.5 mM bulk concentration. Beyond this
bulk concentration, no additional adsorption of the surfactant at the interface is
observed. This data is important for the VSFS experiments because a decrease
in signal can occur for a variety of reasons such as loss of orientation, decrease

in number density at the interface, or signal cancellation from the formation of a



32

w v
1.4x10"* - v
v v

N/‘\ -I 2_ v" "“5 mM

£ W' ~2.7 mM

g- 1.0_ v v

o 0.84,"

g |7V ~07mM

J 06,

@ v ~0.1T mM

o 0.4y

> ~0.01 mM

“ 0.2-%

(13.) l T l_lil 1 L L I Ll L] L) I L L] T I T T T I T T T I T T T ] T L]

0 2 4 6 8 10 12 14
Bulk Conc. / mM

Figure 3.3. Surface concentration as a function of bulk concentration for Na-
dodecanoate at the CCly-water interface as calculated from the inset surface pressure
data. The data points that are marked correspond to the concentrations used in the

spectroscopy experiments.

bilayer at the interface. Combining the spectroscopic data with the interfacial tension
results allows a complete picture of the formation of a monolayer to be built. For
the spectroscopy studies, five bulk concentrations (shown in Figure 3.3) have been
chosen to allow investigation of the dilute surface concentration regime, up to the full
monolayer regime. Choosing concentrations in this range makes it possible to use the
spectroscopy to identify how the conformation of the monolayer is changing while the

surface excess is increasing.

VSFS of Na-dodecanoate at CCly-Water Interface

Bulk concentrations obtained from the surface excess data in Figure 3.3 were used

to probe the interface with VSFES at different levels of surface coverage. Previous
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Figure 3.4. Polarization schemes ppp (O), ssp (4), and sps (V) of Na-dodecanoate
with a fully protonated chain at a concentration of 5.23 mM which is equivalent to a
full monolayer at the interface according to our interfacial tension data. Solid lines
are two-peak fits to the data.

literature suggests the COO™ v, is centered at ~1410 cm ™" at the air-water interface[34,
62-65]. Polarizations ssp, sps, and ppp spectra can be seen plotted against each other
at full monolayer coverage in Figure 3.4. These three polarization schemes show two
distinct modes in the spectral window. In ssp, there is clearly a mode at ~ 1405
em™! with a tailing shoulder at lower frequency, whereas in sps polarization, the
lower frequency is dominant and the higher frequency tails off. In addition, because
sps is sensitive to components of the dipole parallel to the interface, it can be seen
that the lower frequency mode has a significant dipole contribution in that plane
due to its larger amplitude in sps than in ssp. The ssp polarization spectra show
the opposite amplitude trend as seen in sps and this is as expected given that it is

sensitive to dipole components normal to the plane of the interface. Due to selection
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Figure 3.5. Concentration series of Na-dodecanoate in the ssp polarization scheme
at pH 10. Equivalent concentrations in this figure and Figure 3.6 have the same data
symbols. 0.01 mM (A) was not able to be fit accurately due to the very low signal
count obtained. Solid lines are two-peak fits to the data.

rules, ppp is a combination of four elements of Xg,l and shows both the low and
high frequency vibrational modes with a different trend than what is seen in ssp or
sps. The ssp (sps) spectra show a small amount of the low frequency (high frequency)
mode because those contributing components of the dipole are not exclusively parallel
(perpendicular) to the interface, thus they will have a small component projected into
the perpendicular (parallel) plane which will be picked up by the ssp (sps) polarization
scheme.

A concentration series for ssp polarization combination is shown in Figure 3.5 and
a clear dominant mode is observed to grow in at ~1405 cm™! with a small shoulder
on the low energy side at ~1360 cm ™. Spectra in the ppp polarization scheme can

be seen in Figure 3.6 where the lower frequency mode is clearly seen and the modes
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Figure 3.6. Spectral series showing a concentration range of Na-dodecanoate in the
ppp polarization scheme at pH 10. Zero mM concentration (O) is added for reference
to demonstrate a scan of the CCly-water interface in this region with no surfactant

added. Solid lines are two-peak fits to the data.

together are very broad, spanning roughly 75 cm™ FWHM. In ppp this sample gives
more signal than ssp and the lower concentrations are more clearly resolved, which

will have consequences for the spectral analysis discussed in the next section.

Spectral Fitting and Analysis

As shown in Equation I1.10 VSF'S spectral intensity is related to the square of X1(\121)>L
and ng, and thus interferences can occur between the non-resonant background and
the resonant modes, as well between different resonant modes like the case presented
here where there are two modes in the spectra. Due to these interferences, the spectra
must be fit in order to gain accurate information such as amplitudes, center position,

and phase. In order to take a more rigorous approach to fitting, a global routine was
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Table 3.1. Fixed, global, and variable parameters that were used in fitting the ssp,
ppp, and sps VSFS data sets.

Fixed Param. | I', ¢pr1 ¢z Anr  Pnmr
All Pol 2 0 314 0 0
Glob. Param. Posl ' Pos2 I'o
Ssp 1385+7 3543 1411+2 941
ppp 134543 2441 140042 23+1
Sps 134542 2441 14056+2 3441
88D A Ayg PPp AI/l Ao
0.0lmM - - 0.0lmM | 0.434+0.04 0.454+0.04
0.1 0.17+0.04 0.3640.06 0.1 0.764+0.03 0.824+0.03
0.77 0.354+0.04 0.80+0.09 0.77 1.05+0.05 1.23+0.04
2.76 0.57£0.07 1.34£0.1 2.76 1.2440.06 1.49-40.04
5.23 0.694+0.08 1.6+0.1 5.23 1.364+0.07 1.70+0.04
sps A Ay
5.23mM | 1.26+0.05 1.13+0.04 - - - |

used for the ssp and ppp concentration series shown in Figure 3.5 and 3.6. In these
cases all parameters are global except the amplitudes which allows a much higher
confidence in the results versus fitting each individual spectra separately. The fitting
parameters are shown for reference in Table 3.1

One of most useful parameters from the global fits is the amplitudes from the
concentration series. From Equation IL.6, it is clear that the two contributions to
spectral intensity are number density of the molecules at the interface, and the average
orientation of those molecules. By combining the resulting surface concentrations
from the interfacial tension data and the amplitudes from the spectral global fits, it is
possible to determine conformational changes during the formation of the monolayer.
In Figure 3.7, the square root of the amplitude is plotted with respect to the surface

concentration for both the low and high frequency peaks in the ssp spectral series.
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Figure 3.7. Square root of the fit amplitudes in the ssp (left) and ppp (right)
polarization scheme plotted against the surface concentration which is calculated
from the interfacial tension data. Each data point represents the center frequency for
the low (@) or high (M) frequency mode at that particular surface concentration. The
solid line is a linear fit to the data and the error bars are the standard deviation from
fitting the pre-averaged individual sets of concentration spectra. Where error bars are
not seen, the error is approximately the size of the data point. The dotted line is to
illustrate the change in linearity below a surface coverage of 0.4x10'* molecules/cm?.

When plotted and fit to a line, the amplitudes show a monotonic increase with respect
to surface concentration, indicating that the increase in VSFS signal is due to the
effect of increasing number density at the interface, and not a change in orientation as
the monolayer is forming. The lowest concentration in ssp couldn’t be reliably fit due
to the low signal strength. When the ppp amplitudes are plotted in a similar fashion,
roughly the same trend is observed with one exception, that the lowest concentration
doesn’t fit in with the overall linear trend. In Figure 3.7, it is seen that above =~
0.4x10™ molecules/cm? the trend is linear for both the low and high frequency modes
in ssp and ppp. When inspecting the linear region of these plots, it is apparent that
the slope of the higher frequency mode is larger than that of the lower frequency mode

indicating that while both of the populations of molecules contributing to those modes
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are increasing monotonically, the number density of the higher frequency population
is growing at a faster rate than that of the lower frequency contributing population.
Based on the polarization spectra this mode is most prominent in ssp which means the
headgroup is in an upright orientation with the dipole more normal to the plane of the
interface. Previous work shows increasing number density leads to increasing order in
the monolayer[52], which in the case of carboxylate would fall in line with a headgroup
that adopts a more upright configuration as surface concentration increases. This
does not mean that the average orientation for each individual spectrally contributing
species is changing, but because these two distinct regions can be resolved and fit as
two separate peaks, it means that the ratio of one average orientation to the other
is changing with respect to surface coverage. If the spectra were not resolved into
two peaks and was instead a “continuum” of species that fit to one peak, then it
is probable that the single fit mode would show a change in orientation as surface
concentration increased due to that average orientation being spread over all species
at the interface rather than two distinct regimes as we see here. The non-linearity for
the lowest concentration ppp amplitude indicates that at very low surface coverage,
there is a change in orientation as the surface number density increases but only up
to the concentration of &~ 0.4x10' molecules/cm?. Beyond this surface concentration
the monolayer continues to form monotonically without any significant changes in
overall orientation. This is not unexpected given that at very low surface coverage,

monolayers are known to have larger areas per molecule and thus less conformational



39

order comes from decreased chain-chain interactions which would result in an initially

floppy headgroup[48, 52].

Mode Assignment

From initial observations of the three polarization spectra in Figure 3.4 it is clear
that there are at least two modes present. However, assignment of these modes is
not straight forward due to the IR and Raman spectra of carboxylate surfactants
which show not only the COO™ vy mode but also several CH bending, wagging and
deformation modes[65] in this region. Initial guesses as to assignments might lead to
assigning the high frequency mode to the carboxylate headgroup symmetric stretch
and the low frequency mode to a CH wag. Experimentally, distinguishing these modes
can be accomplished with the same VSFS experiments applied to a fully deuterated
analog of Na-dodecanoate. The results of these studies can be seen in Figure 3.8
where it is clear that the entire width of the ppp spectrum and both modes in all three
polarizations are due to the carboxylate headgroup. The only deuterated compound
available for experiments was that of d23-K-dodecanoate. The change in counter ion
from Na™ to KT is the cause for the difference in amplitudes between the protonated
and deuterated hydrocarbon chains as verified by the addition of a swamping amount
of electrolyte to the Na-dodecanoate (spectra not shown) which causes the amplitudes
to increase just as seen for the d23-K-dodecanoate spectra. Due to the isotopic

substitution, there are no CH or CD modes to complicate the spectral region and
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Figure 3.8. Polarization schemes ppp (O), ssp (4), and sps (V) of K-dodecanoate
with a fully deuterated chain at a concentration of 5.23 mM. Solid lines are two-peak
fits to the data.

if any of the modes were CC modes, they would be shifted significantly enough to
alter the spectra due to the substitution of the hydrogens. This indicates that not

only is there a broad distribution of frequencies for the headgroup, but that these

1 and

frequencies fall into two distinct frequency regions, one centered at ~1365 cm™
one at ~1405 cm™'. It is proposed that several structural anomalies are occurring
at the CCly-water interface that lead to the major differences in spectra between the
oil-water interface and other interfaces such as the air-water and solid-liquid interface.
The first major difference that has previously been shown is that the hydrocarbon
chains of the surfactants are fully solvated and thus the chain-chain interactions are
minimized to the extent that the monolayer becomes more disordered[48]. The second

contribution to the spectral differences is the large area per headgroup due to the

charge-charge repulsion. This large area per headgroup combined with the solvation
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Figure 3.9. A representative cartoon showing the variety of structures and
orientations of the headgroups at the oil-water interface.

of the chains allows the molecules at the interface to adopt a variety of orientations and
conformations, which allows the headgroup to have a very broad distribution of angles
at the interface that falls into two vibrational frequency regions. These orientations
adopted by the headgroup are the leading cause as to why different ratios of the
lower and higher vibrational frequency regions in the different polarization schemes
are observed. Based on the distribution of frequencies in the spectra, the emerging
picture is one where the headgroups exist in a variety of hydrogen bonding structures
at the interface that are very different from each other. In one instance, there are
headgroups which are only hydrogen bonded once, which leads to a very different
vibrational frequency than that of a headgroup which is hydrogen bound four times
(two on each oxygen). This is illustrated in Figure 3.9, which shows the different

possible orientations and hydrogen bonding schemes of the headgroup.



42

Assigning the lower frequency peak to headgroups that have more hydrogen bonds
leads to the orientation picture shown in Figure 3.9. Because this lower frequency peak
is more prominent in the sps spectra, it means that the dipole of the headgroup is more
in the plane of the interface than normal to it. Intuitively, one would typically think
that a carboxylate headgroup with it’s dipole normal to the interface would have the
most opportunity to hydrogen bond due to both of its oxygens being pointed equally
into the aqueous phase. However, MD simulations suggest that a large percentage of
interfacial water molecules are not actually sum-frequency active because they lie in
the plane of the interface[66, 67]. With this being the case, it is more likely that a
carboxylate headgroup with one of it’s oxygens near the plane of the interface would
have more bonding opportunities with the “in plane” water molecules, which leads
to the picture in Figure 3.9. This work provides seminal evidence of the relationship
between headgroup orientation and hydrogen bonding for carboxylate surfactants, a

topic for which there is little experimental evidence of.

The Effect of pH on Surfactants at the Interface

Studying pH affects on the interfacial carboxylate surfactants provides additional
proof that the broad signal in the 1400 cm™' region is due to the head group.
Polarization spectra in ssp and ppp as a function of pH are shown in Figure 3.10
and 3.11. It is evident that as pH decreases, the entire contribution to the signal

in both ssp and ppp decreases as well, providing additional support that the broad
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Figure 3.11. pH series spectra of Na-dodecanoate in ssp polarization from pH 4.2-
11.4. Resolution of the modes in ssp is lower than in ppp, and the signal has essentially

disappeared by pH 5.5.
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Figure 3.12. VSFS spectra of Na-dodecanoate ssp polarization in the water and CH
region from pH 1.5-11.4.

spectral width is a result of the headgroup symmetric vibration. Combining the
headgroup information from the mid-IR VSFS with VSFS spectra from the water
region in Figure 3.12, it is observed that even at low pH there is still CH signal
showing that surfactant is still present at the interface. At low pH, the surfactant
is fully protonated as evidenced by the lack of signal in the 1400 cm™ region, the

1 in Figure 3.13, and the lack of water signal

presence of C=0 signal at ~1740 cm ™~
due to a fully neutralized CCly-water-surfactant interface. This supports the picture
of a broad distribution of headgroup angles and hydrogen bonding stuctures drawn
from the alkyl isotopic substitution studies. Additional evidence for the protonation
and deprotonation exists in the pH spectra of the water region. At high pH, when

the headgroup is deprotonated and charged, a field is created at the interface due

to the double layer effect, which acts to align the water molecules at the surface.
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Figure 3.13. VSFS spectra of the carbonyl band at low and high pH. At a pH of 1.5,
there is a small amount of signal assigned to the C=0, whereas at a pH of 9.5, there
is not signal present due to the deprotonation of the headgroups in the monolayer.

This is manifested in the spectra by the large peak at 3200 cm™! which is typically
assigned to more highly coordinated water molecules with tetrahedral structure at the
interface[68]. The data at low pH suggests the opposite picture where a majority of
the headgroups are protonated, and thus there is little to no field at the interface due

! is negligable. Evidence

to charge neutrality, and hence the water signal at 3200 cm™
for the presence of surfactant at the interface at both high and low pH is given by the
C-H modes in the 2800-3000 cm ™" region. Interestingly, it seems there is a propensity
for the charged headgroup at the interface given its stronger signal relative to the weak
C=0 mode seen in Figure 3.13 corresponding to the protonated headgroup. Once
again, due to the dependence of signal on both orientation and number density at

the interface, it cannot be ruled out that the COOH headgroups are simply not well

oriented and thus give much smaller signal, or that the carbonyl group is in the plane



46

of the interface, which would also yield no signal. In the water region ssp spectra,
there is evidence for the C-O-H vibrational mode at 3550 cm™ at pH 7.7 although
there was no evidence of the C=0 mode in any polarization combination at this
pH, possibly providing further evidence that the C=0O is oriented in the plane of the
interface. In addition this small mode at 3550 cn™! disappears at lower pHs. Given
that this mode has been assigned to a very weakly bound C-O-H, indicative of a
disordered head group, it is not surprising that there is little orientation of the C=0

when taking into account the added effect of solvating the chains in the oil phase.

Considering the Hydrophobic Interactions of the Alkyl Chains

Another way to look at the broad widths, multiple peaks, and lower than normal
vibrational frequencies of the headgroup is to consider the hydrophobic interactions of
the surfactant alkyl chains and reconcile this with different types of interfaces. If the
frequencies of the head group COO™ symmetric vibrational mode are considered at
the solid-liquid, air-water, and CCly-water interface, an interesting trend is observed.
In the upper table in Figure 3.14, it is shown that the vibrational frequency for the
head group mode increases in energy as the length of the surfactant chain increases
for the CaFy-water interface. This increase in chain length is also associated with
an increase in alkyl-water hydrophobic interactions and chain-chain interactions. At
the CalFs-water interface, the chains are not in their ideal environment and there

is an energy cost associated with the forced solvation from the water. At very low
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Figure 3.14. COO™ v, frequencies of carboxylate surfactants with increasing chain
lengths at the CaFy-water interface (top table) and the COO™ v; frequencies of Na-
dodecanoate at the air-water and CCly-water interface {lower table). Clearly the trend
is increased vibrational frequency with increased hydrophobic affects. The air-water
and oil-water vibrational frequencies of a 12 carbon chain fall near the ”very little
hydrophobic affects” side of of the CaF; table. CaFy frequencies obtained from [41].
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chain lengths such as the formate (top molecule in table), there are virtually no
hydrophobic interactions occurring between the C-H and the water. However, as chain
length increases, hydrophobic interactions increase and the energy of the carboxylate
symmmetric vibrational mode is observed to increase. When the vibrational frequency
of the carboxylate symmetric stretch at the air-water interface is compared with the
CaFs-water interface, the lack of hydrophobic interactions needs to be noted due
to the fact that the chains are undoubtably sticking into the vapor phase and not
into the water phase. There are still however strong chain-chain interactions which
force a very ordered monolayer. Overall this situation correlates with a decrease
in the vibrational energy of the headgroup. When the vibrational frequency of the
COQO™ is observed at the CCls-water interface, the headgroup vibrational frequency
is shifted even closer to that of the formate at solid-liquid where there are little to
no hydrophobic interactions. It is hypothesized that this is mainly due to the chains
being solvated by the oil phase which is a “like” environment and instead of an
energy loss like at the solid-liquid, there is an energy gain, and hence a lowering of
the energy of the headgroup vibrational frequency. With these interfaces in mind, it is
not surprising that the vibrational energy of medium chain length carboxylates at the
CCl-water interface extends to much lower frequency than at the air-water interface

and the solid-liquid interface for similar chain length carboxylate surfactants.



49

Conclusions

We have shown what is to our knowledge, the first mid-IR VSFS spectra of
functional groups at the oil-water interface. Both the orientation and the hydrogen
bonding are distinguishable with vibrational sum-frequency spectroscopy due to the
different polarization combinations used and the frequency at which the vibrational
modes are seen. These experiments have shown that the carboxylate head groups
adopt a variety of orientations upon adsorption to the CCly-water interface due in
part to the chains being solvated by the oil phase. This in turn leads to a variety
of hydrogen bonding coordinations to the headgroup which affects the vibrational
frequency of the headgroup modes. These experiments show that while information
can be obtained from the CH modes as seen by many past studies, there is still a
large amount of pertinent information to be gained by studying the spectroscopy of
the headgroups. Combining both the mid-IR and the water/CH regions allowed a
complete picture to be formed of the molecule at the interface. Due to the broad
distribution of headgroup angles and hydrogen bonding structure, the CCly-water
interface is an ideal place to study the binding of counter ions to the carboxylate
headgroup and these effects could have interesting implications on the structure and

bonding found in this current work.
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CHAPTER IV

A STUDY OF THE BINDING OF METAL IONS TO CARBOXYLATE
HEADGROUP SURFACTANTS

In this chapter, vibrational sum-frequency spectroscopy and surface tensiometry
are used to study the binding of environmentally and biologically important metal
ions with Na-decanoate at the CCly-water interface. The goal of this study was to
understand the interfacial binding characteristics of metal ions. Infrared studies have
often studied such systems, however, the technique is not surface specific, it cannot
access the oil-water interface, and the way in which binding strengths are categorized
is subject to scrutiny. Based on the conclusions from Chapter III, the carboxylate
headgroup at the oil-water interface is an ideal model for studying metal binding due
to the sensitivity of VSFS to the broad distribution of orientations observed. This
work observes distinct changes in the headgroup vibrational region that are metal ion
dependent, and thus the metal-carboxylate interaction can be probed directly based
on frequency shifts and changes to the headgroup hydrogen bonding character. E.
J. Robertson assisted in the acquisition of the interfacial tension data shown in this

chapter.
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Introduction

The importance of metal binding is widespread throughout chemistry and biology.
One of the most extensive chelators of metals are carboxylate groups, which are
present in familiar molecules such as EDTA, as well as being the primary headgroup
in fatty acids and soaps. Environmentally, humic acids have a particularly high
carboxylic acid content and aid in the transport of both toxins (such as heavy metals)
and nutrients through the soil. There have been extensive studies modeling humic
acid to understand the binding activities of metal ions[26, 69-78]. Metal ions are
also present atmospherically in aqueous droplets and are known to catalyze sulfur
oxidation and are thought to be involved in a number of other atmospheric reactions
as well[79].

Metal ions also play an important role in a variety of biological processes. Zn*"
acts as a stabilizer for a collection of motifs known as zinc fingers, which contain 25-60
residues arranged around one or two Zn?" ions and are important in the stabilization
of small, folded polypeptide chains that interact with nucleic acids[80, 81]. In
addition, metal ions, particularly transition metals, are required for catalysis in
roughly one-third of all enzyme reactions[80]. The transition metal ions, such as
Cu?" and Mn?" play a distinctly different role from monovalent ions like Nat and
K*, which often act in a structural capacity rather than a catalytic one[80, 82, 83].
Also in contrast, monovalent ions tend to bind non-specifically and act to stabilize

surface charge as a bulk electrolyte, whereas divalent metal ions have specific binding
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to functional group such as phosphates, acting as superior shielding ions for large,
highly structured biomolecules[80, 84]. Ca’" and Mg*" play important regulatory
roles, signaling the switching process for metabolic reactions based on the flux of the
ions through cell membranes[82]. The presence of metals is also known to have a
structural effect on monolayers at the air-water interface, causing the monolayers to
form a more condensed phase than in the absence of metal ions[85-93]. This has
strong implications with regard to intracellular structure near membrane walls which
are composed of fatty acids, phospholipids, and cholesterols.

Although bulk phase characteristics of metals binding to carboxylates has been
extensively investigated, the importance of these events at interfaces is becoming
increasingly clear as environmental and biological studies reveal more about the
existence of metals in interfacial chemistry. While there have been a number of
studies at the air-water interface pertaining to metal binding with surface active
species, these have primarily been conducted with spectroscopies that are not surface
specific and contributions from the bulk phase can have significant affects on the
spectra43, 63, 87, 91, 94, 95]. Previous surface specific VSIS work by Allen and
coworkers probed the carboxylate headgroup of long chain surfactants at the air-water
interface with Natand K", and found distinct differences between the binding and
deprotonating ability of the two ions[32]. They did not however study any divalent
ions to compare their results with. Huhnerfuss and coworkers completed a number

of studies on metals binding with carboxylates at the air-water interface using IR
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spectroscopy|43, 63, 95]. They categorized the types of binding based on the splitting
between the symmetric and asymmetric stretching frequencies of the carboxylate
headgroup. However, IR spectroscopy is not a surface specific technique and analysis
of the split between asymmetric and symmetric peaks is controversial and the strength
of the binding interactions is not definitive.

In this chapter, vibrational sum-frequency spectroscopy (VSFS) was used to study
the interactions of alkali earth and transition metal ions with carboxylate surfactants
by probing the carboxylate headgroup and alkyl CH vibrational modes at the CCly-
water interface. Based on the vibrational frequencies of the carboxylate symmetric
stretch, it was possible to identify the types and coordination of several alkali earth
and transition metal ions with Na-decanoate adsorbed at the oil water interface.
Recent experiments in this lab have shown the oil-water interface to be a unique
environment for surfactant headgroups and the results proved the oil phase plays a
large part in the distribution of orientations of the headgroup. By using VSFS in this
study, the distribution of orientations of the headgroup is observed to change through
vibrational frequency and peak widths depending on the metal that is bound to it.
In addition, this work links the metal-headgroup interaction strength with the alkyl

chain ordering using the methyl and methylene vibrational stretches.

Carboxylates at the Oil-Water Interface

The previous chapter showed that carboxylate surfactants adopt a wide distribution
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polarization schemes, b) Dgs-K-dodecanoate in the ssp, sps, and ppp polarizations
schemes, c) pH series of Hys-Na-decanoate in the ppp polarization scheme.

of orientations at the oil-water interface due to the large area per headgroup, the

solvation of the chains via the oil phase, and the variety of possible hydrogen bonding

structures of the headgroup at the interface. Figure 4.1a shows VSFS data in ssp, ppp,
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and sps polarization schemes of the carboxylate headgroup symmetric stretch. The
same spectra of a fully deuterated sample (Figure 4.1b) proved the entire width of all
three polarization spectra were due to the carboxylate headgroup vibrations. Further
proof of this was found in a pH series of Na-decanoate in ppp polarization (Figure
4.1c) where the full width of the modes is observed to decrease as the pH is lowered.
As the headgroup is protonated to become a carboxylic acid, all the vibrational
modes in the carboxylate region disappear. It was concluded that the VSFS spectra
of the carboxylate region showed two vibrational modes in this region, one centered at
approximately 1360 cm™", and the other at 1405 cm™*. The two modes correspond to
different hydrogen bonding structures of the headgroup at the interface. Although the
spectra were fit with two modes, the hydrogen bonding exists in a continuum where
lower frequency equates to a more hydrogen bound headgroup, and higher frequency
is a less hydrogen bound headgroup. This is similar to the interpretations of VSFS
water spectra where hydrogen bonding coordination number leads to shifts of 700
cm ™ 'or more[57, 96, 97]. The broad widths of the spectra and the distinguishable
hydrogen bonded frequencies of the headgroups makes this an excellent case study for
the binding of ions to the charged surfactants because any change in the headgroup
hydrogen bonding structure, such as the ionic or covalent binding of metal ions, will be
apparent in the VSFS spectral signatures. The ions used to perturb the carboxylate
headgroup environment are Mg®t, Ca?", Mn?**, Ni*T, Cu®", and Zn*". Tables 4.1

and 4.2 show the frequency shifts and amplitude changes observed in the ppp and
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Table 4.1. Fit center frequency parameters for the metal ions with ImM Na-
decanoate in ppp polarization. Low and High refer to the relative frequencies of
the modes observed. The initial frequencies are for 1 mM Na-decanoate at pH 5.5
and 0 mM in the table refers to the metal ion concentration.

Initial Center Low Center High
0 mM 134543 1400+£2
Ion/Conc | Center Low Center High
Mg 3 mM 135843 1410+£1
Ca 3 mM 1357+2 1409+1
Mn 3mM 1357+2 141441
Ni 1.6 mM 138049 1420+1
Cu 0.2 mM NA NA
Zn 0.2 mM NA NA

Table 4.2. Fit amplitude parameters for the metal ions with 1 mM Na-decanoate in
ssp polarization. Low and High refer to the relative frequencies of the modes observed.
The initial amplitudes are for 1 mM Na-decanoate at pH 5.5 and 0 mM in the table
refers to the metal ion concentration.

Initial Amp Low Amp High
0 mM 0.20£0.02 0.35%0.03
Ton/Conc | Amp Low Amp High
Mg 3 mM | 0.214+0.04 1.0540.02
Ca3mM | 0.1840.06 1.214+0.02
Mn 3 mM | 0.104£0.08 1.20+0.03
Ni 1.6 mM | 0.10£0.07 1.12+0.09
Cu 0.2 mM NA NA
Zn 0.2 mM NA NA

ssp polarization spectra discussed throughout this chapter. Cu?*" and Zn?* are not
included in the tables due to their different binding characteristics which will be
explained below. The ions will be discussed based on their respective groups, ie.

alkali earth metals and transition metals.
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Figure 4.2. ppp (left) and ssp (right) VSFS spectra of MgCl; in the COO™ region.
The solid lines are fits to the data.

Alkali Earth Metals

Alkali earth metals investigated in this study are Mg®™ and Ca®". Mg?*" and
Ca’" play important roles in structural stabilization in biological systems and have
specificity in binding. X-ray crystallography has shown Mg*™ and Ca?* form notable
complexes with DNA and each ion generates a different crystal lattice structure[84,
98]. To model the binding of Mg*" and Ca?" to biomolecules, VSFS was used to
probe the carboxylate headgroup of Na-decanoate in the presence of these aqueous
salts. VSFS spectra were collected in ssp and ppp polarization for the carboxylate
stretching region, and ssp in the CH stretching region (discussed later). Both salts
affect the neat CCly-water-decanoate spectra in similar ways, although Ca?t has
slightly larger effects than Mg?". Figure 4.2 shows the effects of Mg?t on a 1 mM

Na-decanoate solution for both the carboxylate and CH stetching region. In the
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Figure 4.3. ppp (left) and ssp (right) VSES spectra of CaCl, in the COO™ region.
The solid lines are fits to the data.

carboxylate region (Figures 4.2a and b), ppp polarization spectra are observed to
blue shift. As in the interpretation of water region VSFS spectra[99], blue shifting
indicates a less hydrogen bound structure due to less damping of the oscillator from
the H-bonds. In addition, the lower frequency component decreases in amplitude and
the higher frequency component increases in amplitude. In ssp polarization, spectra
show a significant increase in the 1410 cm™* mode with the addition of salt. In Figure
4.3a and b, the same behavior is observed for Ca** additions to 1 mM Na-decanoate.
In the case of Ca?' and Mg?* | it is shown that they both cause approximately equal
amounts of blue shifting in the spectra, indicating they are disrupting the hydrogen
bonding structure around the headgroup in an equivalent manner. In the process of
an ion-headgroup interaction, water is excluded from the headgroup region and thus
there would be fewer hydrogen bonding opportunities for the headgroup, which would

act to shift the carboxylate headgroup symmetric stretch to higher frequencies. Both
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of the divalent ions also induce a more ordered upright headgroup at the interface,
indicated by the large increase in the higher frequency component in the ssp and ppp
polarization spectra in Figures 4.2 and 4.3. The main difference between the effects
of Mg?" and Ca®" ions is that Ca*" induces a slightly larger increase in both the
ssp and ppp polarization spectra. While both ions are known to have electrostatic
interactions with the headgroup[89], the data demonstrates that Ca®" has a slightly

stronger interaction with the carboxylate headgroup than Mg*™.

Transition Metals

While the previous section discussed the interactions of alkali earth metal ions with
the carboxylate headgroups, the interactions were electrostatic in nature. To further
the knowledge of divalent binding with relevance to both biological and environmental
systems, binding of transition metals with carboxylates was investigated. Transition
metals binding with organics are relavent to atmospheric chemistry as the presence of
these ions can catalyze reactions at the interface of cloud droplets|79]. As discussed
in the introduction, transition metals also play an important role biologically as
structural stabilizers and additionally act in a catalytic capacity for enzyme reactions.

The transition metals used in this study were Mn?t | Ni?t | Cu*" | and Zn?**.
seen in Mg?"T and Ca?", except the blue shifts, narrowing, and amplitude changes

of the spectra are larger, indicating stronger interactions between the metals and
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Figure 4.4. ppp (left) and ssp (right) VSFS spectra of MnCl, in the COO™ region.
The solid lines are fits to the data.

the carboxylate headgroup. Figure 4.4 shows Mn®" with 1 mM Na-decanoate in
ppp (a) and ssp (b) polarizations for the carboxylate spectral region. In ppp, it is
observed that the lower frequency component decreases in amplitude and blue shifts.
The higher frequency component on the other hand increases in amplitude as it blue
shifts. As with Mg*" and Ca®", it is concluded that Mn** binds in an ionic manner
and acts to narrow the distribution of orientations of the carboxylate headgroup.
In ssp polarization, large increases in amplitude support the change in orientation
showing that the higher frequency mode is gaining amplitude as increasing numbers
of headgroups bind the cations. As in the interpretation of the Mg®™ and Ca?" | this

indicates less water is hydrogen bonded to the headgroup due to its exclusion from

The next cation to be investigated was Ni*T. Figure 4.5 contains VSFS spectra of

NiCly at an ionic strength of 400 uM in the presence of 1 mM Na-decanoate. Spectra
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Figure 4.5. ppp (left) and ssp right) VSFS spectra of 400 uM NiCl, in the COO™
region. The solid lines are fits to the data.

show ppp (a) and ssp (b) polarization of the carboxylate region. Relative to the
effective ionic strength, Ni*T shows the most pronounced spectral shifts of the ions
presented thus far. The lower frequency component is decreased significantly while
the higher frequency component not only increases, but also blue shifts significantly
to 1415 cm™!. In ssp polarization, although the Ni*T is at a bulk ionic strength six
times less than that of the Mn?" shown in Figure 4.4, it still gives roughly the same
increase in amplitude over the neat 1 mM Na-decanoate ssp spectra. The induced
shift and the amplitude increase both indicate that Ni%* is by far the strongest bound
ion introduced thus far. While Mg?t, Ca2?", and Mn?* are known to bind with ionic
character, Ni?t is thought to bind with character between that of ionic and covalent
monodentate[43, 92]. These results provide evidence that the binding strength of the
Ni*T with a carboxylate is much stronger than that of the other three ions. However,

if the binding were monodentate in character, the spectra would be expected to shift
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much more significantly than what is observed here. This expectation is due to the
metal coordinating with one of the oxygens on the carboxylate resulting in the double
bond character being primarily on the non-metal bound CO, and thus the frequencies
observed for these modes would be much more similar to those of an unperturbed
carboxylic acid, which are at 900-1250 cm™' and ~1750 ¢cm™'for the C-O-Me and
C=0 respectively[65].

In order to distinguish between ionic and covalent binding character, two ions were
investigated that are thought to have stronger covalent binding characteristics with
carboxylates, Cu*" and Zn?*". Due to solubility constraints these ions were studied
at much lower concentrations than the ions above. However, the effects of these ions
on the VSFS spectra of Na-decanoate even at low concentrations leave no doubt as
to the ability to distinguish between ionic binding character and covalent binding
character, specifically that of bi-dentate binding. Spectra of Cu®*" with 1 mM Na-
decanoate in ppp and ssp polarization schemes are shown in Figure 4.6. In ppp (a),
the spectral shape is similar to the neat carboxylate stretches between 1300 and 1400
em ™. However, a third mode clearly appears at 1450 cm™' that was not present in
any of the previous spectra. This mode is also assigned to the carboxylate symmetric
stretch. Carboxylates bound to metal ions in a covalent bi-dentate fashion are known
to produce multiple distinct vibrations within the carboxylate stretching region due

to coupling between headgroups bound to the same metal ion[72, 82, 94]. The mode
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Figure 4.6. ppp (left) and ssp (right) VSFS spectra of CuCly (I = 200 pM) and
Na-decanoate (1 mM) in the COO™ region. The solid lines are fits to the data.

at 1450 cm™? is attributed to the bound carboxylate headgroups where a Cu®" ion is
interacting in a bi-dentate manner with more than one carboxylate group.

Due to the drastically different results between Cu*" and the other ions in the
carboxylate stretching region, a study of Zn?t was necessary to characterize the
strength of binding between the covalently bound ions and the headgroup, as well
as to provide a basis for the differences between the more weakly bound ions and
the more strongly bound ions. Zn®' has many important biological functions and
warrants investigation into its binding characteristics. VSFS spectra of 0.5 mM Na-
decanoate with 200 M Zn*" in ppp and ssp polarization of the carboxylate region

are shown in Figure 4.7. The ppp Zn?*' spectra (a) show the same modes as seen

at 1360 cm™!, a higher frequency component at 1400 cm™, and then an additional

mode at 1450 cm ™ that isn’t observed in the more weakly bound salt spectra. These
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Figure 4.7. ppp (left) and ssp (right) polarization spectra of the COO™ vibrational
region for ZnCl, (I = 200 uM) and Na-decanoate (0.5 mM). The solid lines are fits
to the data.

modes are all assigned to carboxylate symmetric stretches. As in the case of Cu?*,
there is significant splitting of the frequencies. In the VSFS ssp polarization spectra
of Zn*T (b), significant splitting is also observed. There is a strong mode at 1395
em ™!, and two weaker modes at 1435 cm™* and 1450 cm™ . Once again, these are
all assigned to carboxylate symmetric stretching vibrations and the splitting of the
modes is due to the vibrational coupling between multiple carboxylate groups bound
to the same Zn?" ion. Due to the complexity of the coupling between the carboxylate
headgroup vibrations, it is not possible to characterize the binding strength of Zn?*
and Cu®" relative to each other. However, it can clearly be stated that they both
bind in a covalent bidentate manner, which is a much stronger interaction than any

of the other ions presented in this chapter.
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Alkyl Chain Conformations

Acquisition of VSFS spectra in the 2800-3000 cm ™! region allows the conformation
of the alkyl chains to be linked with the interaction of the ions with the headgroup
by tracking the CH, and CHj stretching vibrations. Spectra in ssp polarization are
shown in Figure 4.8a-e for Mg®", Ca?", Mn?", Ni*" and Cu®". The spectra are fit
to four vibrational modes. From low to high frequency, they appear at 2850, 2880,
2910, and 2940 cm™*. These are assigned to the methylene symmetric stretch (v,
CH,), the methyl symmetric stretch (vs CHs), the methylene fermi resonance (v
CH,), and the methyl fermi resonance (v, CHs) respectively in accordance with
previous assignments in the literature[56, 100, 101]. Fitting the amplitudes of the
peaks allows a direct assessment of the chain conformation. Methylene vibrations
are only observed in VSFS when the cylindrical symmetry of the chain is broken via
a gauche defect. In instances where methylene vibrations are observed, an order
parameter may be calculated as the ratio of methyl/methylene amplitude as an
internal method of comparing the ordering of the interfacial surfactant chains within
a set of experiments[51, 53, 56].

The ratios of the methyl/methylene vibrations are shown in Figure 4.8f for each
ion. The plot shows the ratio with respect to ionic strength, which allows the
concentration of the ions to be factored into the induced ordering of the monolayer.
Ca?" and Mg?" show the lowest ratio indicating that these two ions induce the lowest

amount of monolayer ordering even though they are at the highest ionic strength
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used in this work. Mn?" induces a significantly larger amount of ordering within the
monolayer, followed by Ni**. In Figure 4.8f, Ni*" is shown as a concentration series
and more detail will be discussed in the following section. At half the ionic strength
of Mn?*, Ca®**, and Mg?*, Ni** induces more chain ordering. At only 200 uM, Cu*"
shows by far the largest enhancement in alkyl ordering for a given concentration,
correlating well with it having the strongest headgroup interaction. Although Ni**
does have a larger order parameter at 1.6 mM, this is a factor of eight greater in ionic
strength. From the order parameters calculated, the alkyl chain conformations can
be compared with the induced shifts of the headgroup vibrations. The alkyl ordering
follows closely with the ion-headgroup interaction strength based on the headgroup
vibrations and goes as Cu®™ > Ni** > Mn?** > Ca*" > Mg?*.

For further support of the binding trend that was found, interfacial tension data
was acquired to observed the affects of the metal ions on the number density of the
complexes at the interface. In Figure 4.9 the interfacial tension of the six ions along
with Na-decanoate and the neat interface are shown. From the plot, it is clearly
evident that each of the ions has a different effect on the adsorption of Na-decanoate
to the interface. Ordering the ions in terms of increased adsorption, the trend goes
as, Ni*t > Mn?* > Ca?t > Mg?*. This follows closely with what was found from the
VSFS data in the carboxylate and CH vibrational regions. The interfacial tension data
also demonstrates that the increased ordering of the alkyl chains and the increased

orientation of the headgroup observed in the VSFS data, are significantly altered due
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Figure 4.9. Interfacial tension measurements for the six ions at the CCly-water
interface, as well as the interfacial tension of the two concentrations of Na-decanoate
and the neat interface. Concentrations are those used in the VSFS experiments.

to an increase in the number density of the metal bound surfactant at the interface.
It is concluded that increases in VSFS amplitude are a result of both a change in
orientation and an increase in the number density at the interface. Cu®" and Zn*",
the two ions that were shown to be covalently bound in a bidentate fashion don’t
follow the trend, providing further proof that their interaction with the carboxylate
headgroup is significantly different than the interaction of the other ions. According
to the interfacial tension plot, Cu®" and Zn®" induce roughly the same amount of
adsorption as Ca®" and Mg®" , which showed weak electrostatic interactions with
the carboxylate headgroup. It is concluded that while Cu®*" and Zn*" do not induce

as much adsorption to the interface, they more heavily influence the orientation of
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the surfactant molecules at the interface via the ordering of the alkyl chains and the
orientation of the headgroups.

The binding strength of the ions based on the VSF'S data fall into two categories.
The first is the ions that bind electrostatically. From strongest to weakest based on
the induced shift, the strength of the interaction is as follows: Ni?t > Mn?T > Ca?"
> Mg®*t. Of the two ions that bind with more covalent character, Zn ~ Cu. The
interaction of carboxylate with Zn** and Cu?' is much stronger than that of the
other ions as evidenced by the splitting of the vibrational modes, as well as by the

induced ordering in the alkyl chains.

A Closer Inspection of NiCly

Of the six ions in this study, Ni** is unique because its binding characteristics are
typically defined as being between what is categorized as ionic or covalent[43, 92].
The unique ability to look at the binding interactions directly at the interface in
this study makes it possible to better characterize this interaction and definitively
state whether Ni*T is interacting in a covalent or ionic fashion. As discussed above,
Zn*T and Cu?" gave distinct spectral signatures that indicated they were binding in a
covalent bidentate fashion. In order to understand the binding nature of Ni*t, a full
concentration series was completed to observe the shifting of the vibrational modes.
Figure 4.10 shows VSFES spectra of 1 mM Na-decanoate with NiCl, at concentrations

from 50 M to 1.6 mM in ppp and ssp polarizations. The ppp spectra show a blue
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Figure 4.10. ppp and ssp polarization spectra of the COO™ region for the NiCl,
concentration series. The solid lines are fits to the data. Some concentrations omitted
for clarity.

shifting trend in the peaks and the low frequency component decreases significantly
in amplitude as it blue shifts. In ssp polarization the carboxylate mode grows
in amplitude and a shoulder appears on the high frequency side as concentration
is increased. This shoulder alone is not conclusive evidence of bidentate binding
although it is indicative of stronger binding. Cu®* also showed a small shoulder at
1450 cm™! in ssp, however, there was confirmation of this mode in ppp polarization

with a significant peak at 1450 cm™*.

Ni** ppp polarization spectra don’t show any
peaks at 1450 cm ™!, and thus it is concluded that Ni** does not bind in a bidentate
manner and its interaction is relegated to being electrostatic in nature given that
monodentate binding has also been ruled out based on frequency locations. It is clear

from the VSFS spectra. of the carboxylate and CH region that Ni** does have stronger

interaction that any of the other electrostatically interacting ions.
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Figure 4.11. The water and CH vibrational region for the NiCl, concentration range
investigated. The solid lines are fits to the data, which can be used to extract alkyl
conformational changes over the concentration range. Spectra are offset for clarity.

To further investigate the effects of Ni’* on the interfacial Na-decanoate molecules,
the water and CH region were monitored as a function of Ni** concentration and are
shown in Figure 4.11. As shown in Figure 4.8f, the concentration of Ni** has a large
affect on the alkyl chain ordering. In addition, it was also shown that Ni*™ caused
the largest drop in interfacial tension of ImM Na-decanoate. In Figure 4.11, Ni** at
50 uM concentration results in the water spectrum adopting the shape of a typical
charged surfactant at the interface. There are CH modes between 2800 and 3000 cm™*
and a broad water peak centered at 3200 cm™! that is typically assigned to a highly
coordinated water species at the interface. As the ionic strength of Ni** is increased,
two regions of the spectra show significant change. The CH modes grow in amplitude
and become more distinct as shown in Figure 4.11b. The Ni** concentration series
is fit in the CH region and the methyl to methylene ratio is analyzed and plotted in

Figure 4.8f. It is concluded that as Ni** concentration is increased, the ordering of
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the alkyl chains increases. It is concluded that this is due to the increased adsorption
at the interface as more Ni?* ions are added to solution and bind with carboxylate
surfactant. At 200 pM, the conformation of the alkyl chains is disordered. The
conformation rapidly increases with increasing ionic strength and by 300 puM, the
ordering within the monolayer has already surpassed that of Ca?" and Mg** at 3
mM ionic strength. The second region in the spectra showing significant change is
the broad water mode centered at 3200 cm™, which decreases to zero intensity as
Ni** concentration increases. The electric field at the interface due to the double layer
acts to orient these strongly coordinated water molecules and thus they contribute
strongly to the VSFS spectra when the field is not neutralized[19, 20]. However, as
more Ni*" is added to solution, the field at the interface becomes negligable and the
orientation of the water molecules within the interfacial region disappears leading
to a loss of VSFS signal. In addition, the ions displace the water solvating the
headgroup and thus the number density of water molecules within the interfacial
region is also decreasing, further leading to a loss of VSFS signal. The neutralization
of the interface is observed at a Ni*" ionic strength around 400 uM. Relative to bulk
concentrations, this means there is only one nickel ion present for every 7-8 surfactant
molecules. However, at the interface, an excess of Ni ions is likely to exist due to the
electrostatic attraction with the headgroups, and thus neutralization of the monolayer

occurs at very low bulk concentrations of the ion.
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Conclusions

In this work, it was found that metal ions have a strong effect on both the
adsorption and orientation of carboxylate surfactants at the oil-water interface. It was
also found that the binding strengths of the ions investigated varied greatly. Using
VSFS to probe the symmetric carboxylate stretch and the alkyl chain modes, spectral
shifts, splitting, and amplitudes clearly displayed the nature of the ion-headgroup
binding, as well as the interaction strength. Of the six ions investigated, four were
found to have electrostatic binding and two were found to bind with covalent bidentate
character. The ions that were bound in an ionic manner were found to be ordered from
strongest to weakest as, Ni*t > Mn?t > Ca*" > Mg?*. This same trend was observed
for the effect of the ions on the ordering of the alkyl chains within the interfacial
surfactant layer. It was concluded this was due to the differing abilities of the ions
to increase adsorption of the surfactant to the interface. In addition, Ni*" was found
to bind in with electrostatic character only, and not in a monodentate or bidentate
fashion as has been previously suggested. Of the two covalent bidentate interacting
ions studied here, it cannot be concluded which is a stronger binder than the other due
to the wide array of effects bidentate binding can have on the carboxylate vibrational
spectra. The effects of Cu®" on the alkyl chains however are conclusive and it was
found that the strong binding nature acts to strongly orient the alkyl chains, even
though the interfacial tension did not show the magnitude of increased adsorption

that ions such as Ni*™ and Mn?" showed. This work provides conclusive evidence
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of the interaction strengths between carboxylate surfactant headgroups and divalent
metal ions, thus providing a way to define the type of interactions occurring between

the lon and the headgroup.
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CHAPTER V

STRUCTURED ADSORPTION OF POLYELECTROLYTES AT THE
OIL-WATER INTERFACE

This chapter presents vibrational sum-frequency spectroscopy and surface tension
studies of the adsorption of poly(acrylic acid) as a function of molecular weight,
pH, concentration, and salt additions to gain a fundamental understanding of the
structure of charged polymers at the CCly-water interface. Molecular weights used
ranged from 1.8 kD - 1250 kD and the pH range investigated was 1.5 - 10. VSFS
results indicated interesting similarities between all the molecular weights, whereas
surface tensiometry found differences between them. Together, the two sets of results
present a new dynamic picture of polyelectrolyte adsorption to the oil-water interface.
In addition, a sharp transition pH was found that dictated whether adsorption to the
interface would occur. This transition pH was found to be adjustable based on the

addition of mono and divalent salts. E. J. Robertson assisted with the tensiometry.

Introduction

The study of macromolecular structures has become increasingly important due
to their key involvement in biology. Within a single cell, the composition and size of

the molecules that take part in intracellular processes and reactions is astoundingly
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complex. While understanding of these processes has increased at a rapid pace
over the last century, there is still much to be understood, particularly in the
area of macromolecular conformation at interfaces due to the essential role of the
interface in biological systems. One interface of particular interest is the oil-water
interface. Unlike the air-water and solid-liquid interface, the oil-water interface
is particularly relevant to biological systems because of the highly fluid nature of
the two liquid phases, as well as the interplay between the polar and non-polar
regions at the interface. The hydrophobic nature of the oil-water interface has often
been used as a model for membranes and processes such as ion transfer across the
interfacial region[102, 103]. The goal of this study is to make progress towards
understanding macromolecular conformation at the oil-water interface by using a
model polyelectrolyte that has a molecular composition with a number of similarities
to important biomolecules.

Polyelectrolytes (PE) have captivated the interest of scientists and have been
studied in great detail for multiple decades as evidenced by the quantity of literature
on the subject. They have a wide variety of applications in industrial settings
such as oil recovery and cleanup[104-106], water and soil remediation[106-110],
electrical multilayer assemblies[111-115], complexation with nanoparticles[116, 117],
fabrication of microwires[118], as well as a number of biological applications[119-125].
Notably, they also have many similarities to a number of naturally occurring molecules

in environmental and biological systems, and thus can act as molecular models for
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studying these complex systems in controlled experiments. Poly(acrylic acid) (PAA)
has a simple structural repeat unit with a single carboxylic acid and is an ideal model
for macromolecules of environmental and biological significance. Environmentally,
humic substances have a high degree of carboxylic acid groups which act to chelate
both nutrients and toxins for transport through soils and into water sheds[26, 69, 70].
A deeper understanding of the conformation of these types of macromolecules is of
obvious importance given that where these macromolecular complexes end up within
the soils and watersheds has important environmental implications regarding their
cleanup or understanding of nutrient placement within the environment[126, 127].
Biologically, every amino acid contains a carboxylic acid making it one of the most
abundant functional groups within biological systems. The equilibrium between a
carboxylic acid and its anion is pH sensitive and has a large effect on the conformation
of molecules containing these groups, as well as the solubility and interfacial activity
of such molecules[33, 38].

While there have been several thorough studies on polyelectrolytes at air-water
and solid-liquid interface in the presence of surfactants[128-132], the main focus of
these studies was the properties of the surfactants at the interface. These studies
systematically logged the large variety of adsorption regimes for a number of different
surfactant-polymer systems. However, these studies did not observe polyelectrolytes
at the interface by themselves, and the conclusions drawn on the increased surface

activity of the surfactants was primarily attributed to polymer-surfactant interactions
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in the interfacial region, when in fact, the interfacial activity of the polymer by itself
could be a leading cause to the increased surface activity of the surfactant. Although
some possibilities were proposed, there were no definitive conclusions as to the adopted
conformation, or location of the polymer within the interfacial region in the presence
of surfactants[132]. Due to some of these unanswered questions, it is necessary to take
a step back and study polyelectrolytes at interfaces without the added presence of
surfactants to gain a better understanding of their surface activity and conformations
in order to learn how they are contributing to more complex systems. Early work
by Katchalsky and Miller showed surface activity of PAA at the air-water interface
using surface tension and observed interesting phenomena regarding the desorption
characteristics of the poly-acid versus the monomeric acid[133]. Later work by
Ishimuro and Ueberreiter confirmed the results of Miller, although between the two
studies, the time scales to reach equilibrium were drastically different[134].

In this study, vibrational sum-frequency spectroscopy (VSFS) and interfacial
tensiometry are used to investigate the adsorption and orientation of PAA at the CCly-
water interface under the conditions of varying pH, metal salt additions, concentration,
and molecular weight. The oil-water interface was chosen as an ideal model of a
“soft” [135] interface and is representative of biological and environmental systems
where the interfaces are often fluid in nature and the interfacial region is not well
defined as in the solid-liquid or solid-air interface. PAA is chosen due to its simple

repeat unit structure and similarity to biological and environmental molecules of
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Figure 5.1. Poly(acrylic acid) repeat unit showing a single carboxylic acid functional
group with a simple alkyl backbone.

interest. The repeat unit is shown in Figure 5.1. Both monovalent and divalent metal
salts, specifically NaCl, CaCly, and MgCl, were chosen to investigate the binding
properties at the interface and how these differ from what is known for bulk solution
polyelectrolytes. This work addresses several different aspects of the adsorption of
PAA at the CCly-water interface. The first to be covered will be adsorption of PAA
as a function of molecular weight (MW), followed by the effects of concentration
on adsorption. Next will be the effects of pH on adsorption and last will be how
the addition of monovalent and divalent metal salts affect PAA adsorption to the

interface.

Adsorption of PAA to the Oil-Water Interface

Figure 5.2 shows VSFS spectra and surface tensiometry of PAA (5 ppm, 450 kD,
pH 2) at the CCly-water interface. The VSFS spectra from 1275-1900 cm ™ ‘show a
single peak at 1732 cm™* which is assigned to the carbonyl mode of the carboxylic

acid on the polymer. The VSFS data shows the existence of a layer of PAA at the
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Figure 5.2. VSFS spectra of PAA (5ppm, 450kD, pH 2) at the CCly-water interface
showing both the carboxylate and carbonyl stretching region. The solid line is a fit to
the peak at 1732 cm™. The inset is an interfacial tension measurement of the same

system using the pendant drop method.

oil-water interface that is adsorbed with its carboxylic acid groups and CH backbone

groups strongly oriented. The CH and water region show one dominant CH peak at

1

2930 cm ™! and a small shoulder on the low frequency side at 2850 cm ™. These are

assigned to the asymetric and symmetric CH, vibrational stretches respectively. In
addition to the CH modes, there is a small contribution from water in the interfacial
region centered at 3000 cm ™ 'and this is assigned to water that is highly coordinated
in the interfacial region. The tensiometry data shows a time dependent decrease in
interfacial tension until an equilibrium value of /231 mN/m is reached, which support
the conclusion of an adsorbed layer of PAA at the interface.

VSFS spectra of three different molecular weights(1800, 450,000, 1,250,000) of

PAA were taken in the C=0 and the water/CH vibrational frequency region. The

data in Figure 5.3 shows a single peak centered at 1732 cm™, one dominant CH
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Figure 5.3. VSFS spectra of PAA in the C=0 (inset) and water/CH region for three
different molecular weights of the polymer.

mode at 2933 cm™! with a small shoulder at ~2852 cm™, and a small broad peak
between 3000-3200 cm ™. The peak at 1732 cm™! is assigned to the C=0 stretch of
the acrylic acid group and the CH modes are assigned respectively to the asymmetric
(2933 cm™!) and symmetric (2852 cm™!) vibrations of the CH, groups along the
backbone of the polymer (frequencies obtained from fits to data). The small broad

! is typically associated with highly

contribution to the spectrum from 3000-3200 cm™
coordinated water molecules near the interface[136]. The spectra in Figure 5.3 show
that the three molecular weights, despite the large size difference, give the same
VSFS spectra in both the carbonyl and CH region. Fach of the PAA MW spectra
shown are taken starting at t=0 from when the interface is prepared resulting in

no equilibration time. The data show that the adsorption and orientation of PAA

at the interface is immediate and is independent of the polymer chain length. It is
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Figure 5.4.. Interfacial tension of 1.8, 450 and 1250 kD PAA as a function of time

well known that the gyroscopic radius of a polymer affects the time scale on which
diffusion and conformation changes occur, and it would be expected that the different
PAA molecular weights would result in different VSFS spectra as a function of time.
In order to investigate this result further, interfacial tension measurements were
conducted. Figure 5.4 shows interfacial tension measurements as a function of time
for three molecular weights of PAA. The inset displays the 1.8 and 450 kD polymer
measurements for clarity. These results show there is a significant time dependence
in adsorption for the three molecular weights. The 1.8 and 450 kD PAA come
to an equilibrium interfacial tension value in approximately 500 and 1000 seconds
respectively, whereas the 1250 kD PAA is not seen to reach an equilibrium value
even after a period of over seven hours. This data shows there is a time dependent

component to the adsorption of these three PAA molecular weights.
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The disparity between the surface tension and VSFS results can be reconciled by
focusing on what each experimental technique is measuring. The interfacial tension
measurements are only sensitive to number density at the interface, whereas the VSFS
measurements are sensitive to both number density and orientation at the interface.
From the properties measured by each technique, the differences between the results
of the interfacial tension and the VSFS must be due to the orientation dynamics of
the adsorbing polymer. The surface tension data indicates adsorption occurs over
at least 10-20 minutes, or hours in the case of the high MW PAA. The VSFS data
however demonstrates adsorption is immediate upon interface preparation. The two
data sets together support the existence of an adsorption process with multiple steps.
The initial step, observable via VSFS, is fast and adsorption and orientation of the
polymer occurs immediately. This is followed by a slow, “loading” of the interface
with more polymer that is not oriented, and is most likely randomly coiled. Due to
the lack of orientation, it is not observable with VSFS, but is found in the interfacial
tension measurments. The fact that both the C=0 and CH vibrational regions give
the same results with respect to MW and time, supports this initial fast step as it
shows no reorientation of either the carboxylic acids or the backbone are occurring
after the initial adsorption step.

Given that the data indicate a multiple step adsorption process, the picture of
the interface that is formed consists of a monolayer of polymer that is highly oriented

with a sub-interfacial region that is loaded with randomly coiled polymer. The field at
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Figure 5.5. Interfacial tension of PAA as a function of time for five different
concentrations.

the interface must therefore be strong enough to align the first layer of polymer, but
lack the strength to align any additional polymer layers within the interfacial region.
The additional randomly coiled polymer must be present though according to the
interfacial tension data because there are additional long term adsorption processes
which have large affects on the hydrogen bonding network of the interfacial region,
which is shown by the falling interfacial tension long after VSFS equilibrium signal

is reached.

Concentration Effects and Adsorption Time Dependence

VSFS and interfacial tensions measurements were made of 450 kD PAA at the
CCly-interface as a function of bulk concentration. Each concentration was adjusted
to pH 2, which ensured the polymer was in the protonated/neutral state for the

experiments. The interfacial tension measurements (Figure 5.5) show that PAA



85

at a concentration of 50 ppm reaches equilibrium almost immediately, whereas 5
ppm requires &~1000 seconds, and 4 ppm takes ~1500 sec. At a concentration of 1
ppm PAA, the time required to reach equilibrium is greater than four hours. All
concentrations appear to approach very similar interfacial tension values indicating
that the surface coverage is not very different, even though a factor of x50 exists
between the lowest and highest concentrations shown in Figure 5.5. In addition,
between the fastest and slowest time to reach equilibrium, the time required to
achieve surface coverage is different by a factor of ~400 as shown in Figure 5.5. This
shows that the bulk concentration has a large effect on adsorption time, but little
effect on the surface coverage achieved at equilibrium, indicating that adsorption of
the polymer to the interface is governed primarily by diffusion. Time dependent
adsorption effects as a function of concentration aren’t observed in the VSFS spectra
until very low concentrations. For the VSFS spectra, instantaneous adsorption is
observed down to approximately 1 ppm. However, the surface tension for 1 ppm as
seen in Figure 5.5 is on the order of four hours. This supports the conclusion that
there are multiple adsorption steps occurring. At 0.5 ppm PAA, VSFS spectra show
noticeable time dependence and maximum signal is observed after approximately one
hour. At 0.25 ppm PAA, VSFS spectra show an equilibration time of approximately
two hours. Figure 5.6 shows spectra of 0.25 ppm PAA at the CCly-water interface
over a period of approximately two hours. The solid lines in the figure are fits from a

global routine designed to fit the entire time series to a single peak while holding all
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Figure 5.6. VSFS spectra of 0.25 ppm PAA at the CCly-water interface over a
period of =2 hours.

parameters constant except for the amplitude. A steady increase in signal observed
over this time period. As was the case for the VSFS and interfacial tension of the
molecular weight series in the previous section, it is demonstrated that the interfacial
tension and VSFS give different results for the time to maximum adsorption. The
VSFS spectra show maximum adsorption in two hours for a sample of 0.25 ppm PAA
whereas the interfacial tension is on the order of four hours for 1 ppm, which is four
times the concentration of the time dependent VSFS data. The VSFS spectra of
these very low PAA concentrations indicates that the adsorption of this first layer
is limited by diffusion of PAA to the interface. The time resolution of the VSFS
experiments used in these studies isn’t small, however, diffusion limited adsorption is
observed in these experiments below PAA concentrations of about 1 ppm. The multi-

step adsorption process raises the interesting question of why the polymer continues
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to adsorb to the interface after the first initial monolayer is quickly formed. First, it
must be energetically favorable for this long time step to occur. However, the long
time adsorption process only applies to polymer that isn’t oriented, as it doesn’t give
VSFS signal. This leads to the conclusion that the polymer adsorbing on the long
time scales is in a random coil, and thus presents a large two dimensional face area
to the interface. If the interface is thought of as a two dimensional plane where there
are a specific number of sites for the second layer to adsorb to, then conformational
changes may have to occur within the randomly coiled polymer to build up this second
layer. The conformation changes involved would still leave the polymer in a randomly
coiled state, but this coiled state would have to conform to the available spaces in the

sub interfacial region.

pH Effects on Adsorbed Polymer

Due to the acid-base equilibrium of the carboxylic acid functional group on the
polymer, VSFS and surface tension were used to investigate the effects of pH and
polymer charge density on adsorption. The main effect of pH on PAA in bulk
solution is that as pH increases, the charge density on the polymer increases due
to deprotonation of the carboxylic acid groups. In bulk solution, the increase in
charge density causes the polymer to adopt an elongated conformation due to charge-

charge repulsion between carboxylate functional groups along the backbone[137, 138].
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The inset shows the amplitudes retrieved from the global fit plotted against their
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Titrations in this lab show the pKa of PAA to be x6.5, which is in agreement with
literature[139-141).

VSFES spectra of 5 ppm, 450,000 MW PAA at pH 2-10 are shown in Figure 5.7.
In the main plot a single mode is centered at 1730 cm™! for pH < 4.0. However, as
soon as the solution pH reaches 4.5, the VSFS signal decreases to zero intensity and
this lack of signal is constant through pH 10. This demonstrates there is a sharp
transition point between pH 4-4.5 where polymer desorption occurs. The transition
is plotted in the Figure 5.7 inset, where the fit amplitudes are plotted with respect
to their associated pH. The amplitudes are based on a global fitting routine applied
to all the spectra between pH 2-4 simultaneously. This ensures a rigorous fit due

to all parameters being held constant except the amplitudes. The plot inset shows
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this sharp transition point for the desorption of PAA at the oil-water interface. The
plotted amplitudes show a very slight nonlinear decrease in signal up to pH 4, then the
curve plunges to zero and is constant above pH 4.5. According to titrations in this lab,
the desorption process occurs at 20% deprotonation of the polymer in bulk, far below
the known pKa. This sharp desorption point and the percent deprotonation agree well
with early work by Katchalsky and Miller[133]. The surface pKa for weak acids such
as carboxylic acid surfactants and phenols, is usually between 1-3 units higher than
that of the bulk value[33, 38]. Following these guidelines, the surface pKa of PAA at
the interface could be anywhere from 7.5 to 9.5. Given this information regarding the
pKa range, the dynamic picture of the interface is one in which very little (much less
than 1 in 5 carbonyl groups) accumulation of charge along the backbone is required
to allow desorption of the polymer.

VSF'S spectra of the water and CH region (Figure 5.8) provide supporting evidence
for the sharp transition point for adsorption vs. desorption of PAA. From pH 2-3.5,
identical water specta and CH modes are observed. There is no free OH water peak at
3665 cm ™! and only a very minor peak from 3000-3200 cm ™ due to a small amount
of highly coordinated water in the interfacial region. The CH modes show strong
orientation for the backbone of the polymer. At pH 4.0, the CH modes are nearly
identical to those at lower pH. However, there is a small but distinguishable increase
in the coordinated water mode between 3000-3200 cn™! indicating a slight increase

in orientation or number density of water molecules within this region. This is likely
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Figure 5.8.. VSFS spectra of the water and CH vibrational region from pH 2-4.5.

due to polymer rearrangement as the charge density along the polymer backbone
increases, allowing more water into the interfacial region due to slight rearrangement.
The increased charge also creates a larger field at the interface, which acts to align
water molecules in the interfacial region, thus leading to increases in water VSFS
signal. Analogous to the observations in Figure 5.7 between pH 4 and 4.5, drastic
changes are observed in the water region spectrum when pH 4.5 is reached. This
change is manifested as a complete lack of CH modes and a recovery of a near “neat”
water interface with the presence of a free OH and coordinated water modes in the
3000-3400 cm ™ region, indicative of an interface where there is no polymer adsorbed.

For further support of these findings, interfacial tension measurements were made
across the pH range of 1.5-10 and are shown in Figure 5.9. The interfacial tension

measurements for pH 1.5-3 show identical findings. Each pH takes roughly 1200
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Figure 5.9.. Interfacial tension of PAA as a function of time for pHs 1.5-10.

seconds to reach an equilibrium interfacial tension value of 30-31 mN/m. The pH 4
solution shows approximately the same curve as the lower pHs, but is shifted slightly
up, giving a higher final interfacial tension value of 32 mN/m. This corroborates
the pH 4 VSFS data in the water region where the spectra for pH 4 show a small
enhancement in the water peak. This also follows well with the inset plot in Figure
5.7 where the point associated with pH 4 shows a decrease in amplitude and is leading
the curve towards zero. Figure 5.9 shows that when the pH reaches 4.5, adsorption
of PAA no longer occurs and the interface retains its "neat” character. For pH
4.5-10, all the data points comprise a flat horizontal line at an interfacial tension
of 44 mN/m, a value that matches that of the undisturbed CCly-water interfacial

tension[21, 22]. These experiments provide support for the VSFS spectra that show
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the polymer desorbs from the interface above a critical pH value of 4, and leaves a
neat CCly-water interface in its absence.

From a thermodynamic perspective, the desorption of the polymer from the oil-
water interface can be thought of in terms of the free energy of desorption, which
dictates the energetic cost of moving a functional group from the interface into the
bulk. The free energy of desorption for moving a carboxylic acid from the oil-water
interface to the bulk water is about +1630 cal/mol[19]. However, deprotonating the
acid group significantly lowers the free energy of desorption and thus charged portions
of the chain are more easily solvated away from the interfacial region. Due to the
polymer being only 20% (or less) deprotonated at the point of observed desorption,
the deprotonation of only 1 in 5 carboxylic acids must lower the energy barrier enough
to allow the entire length of the polymer to leave the interface.

As the pH of the solution is increased and charge accumulates along the length
of the polymer, there are cooperative processes that allow a carboxylic acid group
neighboring a charge to deprotonate more readily than an acid group that has little to
no charge surrounding it[138, 142]. Due to these cooperative processes, an interfacial
picture is proposed where the neutral parts of the polymer adsorbed to the interface
decrease in size as the charged sections of the polymer increase in size until the free
energy of desorption decreases enough for the entire polymer to become solvated. This
is illustrated in Figure 5.10, which shows the interfacial region at low and high pH. At

low pH, the figure depicts the proposed structure of trains adsorbed to the interface
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Figure 5.10. A depiction of the interfacial region above and below the critical pH.
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while loops with charge are solvated into the aqueous solution, consistent with current
proposed theoretical pictures[135, 143]. These loops would be smaller at low pH and
increase in size as the critical pH of desorption is approached and charge density
increases. Just above the oriented polymer at the interface is the randomly coiled
polymer that is evidenced by the longer adsorption process in the interfacial tension
measurements. This polymer, as seen in the cartoon, has no orientation associated
with it, and the time scale on which it adsorbs is much longer than that of the oriented
polymer right at the interface. Once the critical pH is reached, the interfacial picture
is described by the lower panel, where water structure dominates the interfacial region
much like what is seen in a neat CClg-water VSF'S spectra. The polymers are desorbed
from the interface and the charged functional groups act to keep the polymer in a
stretched out conformation due to charge-charge repulsion[137, 138].

One intriguing result from these studies is that only the neutral (protonated)
functional groups are observed at the interface. As described above, it is energetically
more favorable for an uncharged molecule to adsorb to the interface[19]. It is also
known for bulk solutions of neutral PAA that the polymer adopts a random coil
because there aren’t any forces requiring it to be in an uncoiled structure[138].
Interfacial structure of the polymer is unknown, although some models have been
proposed[135, 143]. Despite the lack of charge-charge repulsion forces at low pH,
these studies suggest that PAA is not in a random coil at the interface due to the

strong orientation of the carbonyl and CH groups. If the polymer was in a random
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coil at the interface then signal from the carbonyl groups would cancel due to a lack
of net orientation. Instead, there must be an organized structuring of the polymer
at the interface that allows net orientation. T'wo possible structures could occur to
satisfy what is observed in the spectroscopy. The first is that the polymer could
have organized, oriented trains adsorbed at the interface interrupted by loops or
coils protruding into the water phase. The second possibility is that the polymer is
lying fully stretched out along the plane of the interface with its carbonyls oriented
into the water phase. In either case, as the pH (and charge density) increases,
the charged carboxylate functional groups do not have a net orientation as signal

! region. The accumulated charge on the chain

was not observed in the 1400 cm™
must therefore either be contained in the loops/coils that are solvated by the water,
or, the charged carboxylates must be positioning themselves to have net opposing
orientations along the backbone of the polymer chain, which would also be a minimum

energy conformation for two charged groups, and would lead to a cancellation of VSEFS

signal.

Effects of Salt on Adsorption

The previous section showed desorption of PAA occurs only above a critical pH
value. It was proposed that this critical pH value corresponded to the existence of a
minimum charge requirement along the backbone of the polymer that would make it

energetically favorable to be solvated away from the interface. In this section, mono
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Figure 5.11. VSFS spectra of PAA (5 ppm, 450 kD) with Mg?" and Ca®" at the
CClg-water interface below the critical pH of desorption. No increase in resonant
amplitude is observe when salt is added to the solution.

and divalent metal ions were used in conjunction with the previous experiments to
observe adsorption above the critical pH value to gain a better understanding of
the orientation and adsorption properties of PAA. Previous work has shown that
carboxylated poly-acids binds stronger to Ca?" than Mg?", whereas sulfonated poly-
acids show no difference in the binding behavior between the two divalent ions[144,
145].

To establish a baseline of maximum adsorption at the interface below the critical
pH in the presence of salt, VSFS spectra were obtained at two pH values as shown
in Figure 5.11. It is seen that at pH 2 and pH 4, the addition of Ca?" or Mg?" has
no affect on the amplitude of the carbonyl stretch with respect to the spectra with

no salt added. This indicates that maximum adsorption of PAA occurs below the
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Figure 5.12. VSFS (top) and interfacial tension measurements (bottom) of Mg**
(left) and Ca®* (right) binding with PAA. The inset in the top left panel shows the
two spectral regions with PAA at 5 ppm and pH 4.5 with no salt added.

critical pH and the addition of salt doesn’t change the orientation or the amount of
PAA adsorbed at the interface.

Figure 5.12 shows VSFS and interfacial tension measurements for Mg*" and Ca**
ions binding to PAA at a pH of 4.5, which is just above the critical pH of desorption.
VSFS of Mg®" at a concentration of 0.5 and 1 mM are shown In Figure 5.12A. It is
observed that with the addition of Mg®", there is an enhancement in the VSFS signal
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sections because it wasn’t observed until salt was present in the system. This peak

is assigned to the carboxylate symmetric vibration and is comparable to literature
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assignments of this mode[65]. The inset in Figure 5.12A shows the same PAA solution
without the addition of salt and it is evident, as shown in the previous section, that
adsorption of PAA is not taking place. The addition of Mg?" forces adsorption and
orientation of PAA at the oil-water interface by binding to the charged carboxylate
groups on the polymer. This is supported by the interfacial tension measurements
shown in Figure 5.12B. For reference, the interfacial tension is shown at pH 4.5
without added Mg?™ and it is seen to be a flat line near that of the neat CCl,-water
interface[21, 22]. When 1mM Mg?*t is added to the solution, the interfacial tension
is observed to fall and reach an equilibrium value of 36 mN/m after 2000 seconds. In
the case of Ca?", the VSFS spectra (Figure 5.12C) show very similar results to those
of Mg?", with the exception of an almost two fold increase in signal over the Mg?".
The increased amplitude in the Ca?t vs. Mg?t VSFS spectra is observed for both
the carbonyl mode and the carboxylate mode. The interfacial tension measurements
for Ca®" in Figure 5.12D show identical results to those containing Mg?t with a final
equilibrium interfacial tension of ~36 mN/m. In addition, both Mg*" and Ca?* give
identical adsorption times for the interfacial tension measurements. As in previous
sections, the VSFS showed a much faster adsorption time than what was given by
the tensiometer measurements. This further supports a multiple step adsorption
process consisting of a fast initial adsorption of stretched out highly oriented polymer,
followed by a slow loading of the interfacial region by randomly coiled polymer. The

tensiometer measurements give identical results for both Ca®t and Mg?*, but the
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VSFS gives a large increase in spectral amplitude for Ca®t vs. Mg?". The difference in
these results shows that Ca?' induces a much stronger orientation in the carboxylate
and carbonyl groups than the Mg, but it does not induce more adsorption to the
interface. This indicates that the carboxylate-Ca?" interaction is stronger than that
of carboxylate-Mg®". Furthermore, this suggests that Ca?" has a greater ability
to screen the carboxylate anionic charge, which would in turn produce a stronger
orientation of the carboxylate groups and result in a stronger VSF'S signal.

Support for the adsorbtion of PAA to the interface in the presence of salt is found
in VSFS spectra of the water OH and CH stretching region as shown in Figure 5.13.
For reference, the PAA VSFS spectra at pH 4.5 without salt is also shown in Figure
5.13. This shows a near neat water spectrum, indicating a lack of adsorption of
PAA. In the presence of salt, the water spectra change dramatically, showing large
CH stretching modes in the 2800-3000 cm™! region along with water modes in the
3000-3200 cm™' region, indicating as previously discussed, strong adsorption and
orientation of PAA. As shown in the carbonyl and carboxylate region in Figure 5.12,
the CH region shows Ca?* to give enhanced signal over Mg?", although the difference
between the Ca?t and Mg®™ CH modes is smaller. This is likely due to the backbone
CH group orientation having less dependence on the salts than the carboxylates,
which are actually being bound by the salts. In addition to the CH modes, the broad
water mode decreases slightly in intensity relative to the CH modes when going from

0.5 to 1 mM salt for both the Ca?* and the Mg?*. This indicates increasing the salt
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Figure 5.13.. VSFS of the water and CH region for Mg and Ca binding with PAA

concentration leads to fewer oriented water molecules in the interfacial region. This
is due to charge neutralization of the polymer carboxylate anions via the binding of
the cations, which acts to decrease the field strength that was a result of the anions
at the interface.

Divalent salts generally have stronger binding to polyelectrolytes than monovalent

salts[138]. This is due to the ability of the larger divalent ions to penetrate into the
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Figure 5.14. VSFS spectra of PAA (5 ppm, 450 kD) with NaCl (3 mM) at the
CCly-water interface.

cylindrical symmetry of the polymer better than smaller monovalent ions[138]. To
test the increased adsorption ability of PAA in the presence of divalent ions, and in
particular the better binding ability of Ca?" versus Mg*", Na™ was added to PAA
solutions to observe differences in adsorption characteristics. In Figure 5.14, it is

observed that Na™t does induce adsorption of PAA, however, based on the amplitudes
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and presence of vibrational modes, it clearly does not drive PAA to the interface as
strongly as Ca®" or Mg®". From the carbonyl region, it is clear that Na* does aid
in adsorption, but the Na™ is not as effective at screening the charged carboxylate
groups from one another because there is no signal observed from the carboxylate
functional groups, indicating the carboxylates are still randomly oriented to produce
a net cancellation of their contribution to X(Z) . This shows that monovalent ions at
equivalent ionic strengths to divalent ions do not screen the charge of the carboxylate
ion enough to allow orientation of this group at the oil-water interface. Due to the
lack of screening provided by the Na™, the charged groups must either be adopting
opposing orientations along the backbone of the chain, or still be solvated as loops
into the water phase. Further evidence of the decreased ability of Nat to screen
the carboxylates is found in the water region in Figure 5.14. There is increased
water signal relative to the CH modes in Na™ than in either of the divalent ions,
indicating the field at the interface is stronger due to a lack of screening of the
charged carboxylates on the polymer.

From the data, it is clear that the addition of salt increases adsorption of PAA at
a solution pH where there would otherwise be no adsorption. In addition, below the
critical pH, maximum adsorption and orientation of the polymer occurs without any
additional salt. Above the critical pH however, where there is initially no adsorption
of PAA, divalent metal salts can induce both adsorption and strong orientation in

both the carbonyl groups and the carboxylate groups, whereas monovalent salts only
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induce orientation in carbonyl group. This is primarily due to the ability of the ions
to screen the charges from one another along the backbone. For the divalent salts, the
minimum energy conformation is no longer one of charges taking opposite sides of the
chain or being randomly oriented, but rather one of the charged groups being oriented
along the backbone in plane with the uncharged carboxylic acid groups. However,
for the monovalent salts the charged carboxylates are not screened from each other
and charge-charge repulsion still dominates the determination of the orientation of

the carboxylate groups along the backbone.

Conclusions

In summary, the first experiments determining the adsorption and orientation
characteristics of a polyelectrolyte at the neat oil-water interface using vibrational
sum-frequency spectroscopy and interfacial tension measurements have been shown.
This was accomplished by monitoring the carbonyl, carboxylate, methylene, and
water vibrational modes with supplemental data coming from interfacial tension
measurements using the pendant drop method. It was found that poly(acrylic acid)
adsorbs to the interface under a very specific set of conditions, either below a critical
pH, or in the presence of salt if above the critical pH. It was also shown that adsorption
occurs as a multi-step process with a very fast initial adsorption which contains highly
oriented polymer at the interface, followed by a slow loading of the subsurface region

with additional poly(acrylic acid) that is not oriented and most likely in a random
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coil. It was also found that variations in MW over a large range has little affect on
the fast initial adsorption step, but does have a large affect on the long time scale
buildup of polymer at the interface.

The implications of this work are two-fold. First, the fluid nature of interfacial
biochemistry necessitates the study of biomolecules in an environment that mimics in-
vivo conditions. The oil-water interface is an excellent way to probe these important
systems, and this work shows how the interface can be used to this purpose. While
many polyelectrolytes and biomolecules are well characterized in bulk solution, the
conformation, adsorption properties, and dynamics can be quite different at the
interface as shown in this work. The sharp transition for adsorption versus desorption
at a critical pH demonstrates the differences between molecular properties in the
bulk phase versus at the interface, particularly in the case where it was expected
that neutral polyelectrolyte be in a random coil. This was clearly shown to not
be the case at the oil-water interface, indicating that some of the same differences
may be observed for biomolecules, particularly in areas where conformational changes
may be taking place, such as with protein folding, or enzyme reactions. The second
implication of this work is in the area of polyelectrolyte complexation. As previously
stated, there exist a large number of studies on the complexation of polyelectrolytes
with surfactants and nanoparticles. These complexes are often found to be surface
active. However, the reason for the surface activity is often attributed to the

complexed surfactant or particle. This work shows that the polyelectrolyte could
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be responsible for the increased surface activity of such complexes, given that PAA
is extremely surface active by itself. Where solution conditions weren’t favorable
for PAA adsorption, it was found that very small quantities of ions led to a large
increase in surface activity, indicating that the binding of surfactants or particles
to the polymer could be increasing the surface activity of the polymer. This work
provides an important avenue of investigation for polymers at the oil-water interface
and opens the door to studying macromolecules in an environment that is fluid on
both sides of the interface, mimicking the true nature of biological and environmental

systems.
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CHAPTER VI

CONCLUSIONS

This dissertation described three independent research projects, each focusing on
an aspect of adsorbates at the oil-water interface. The goal of the research was
to further the understanding of significant chemical interfacial systems and open the
door for future research on macromolecular assemblies at the oil-water interface using
VSFS. Chapters 1II-V discuss carboxylic acid based surfactants, metal binding with
the surfactants, and polymer adsorption. All the projects presented were able to
define an interfacial picture that was previously unknown.

Na-dodecanoate was found to have a broad distribution of orientations at the oil-
water interface, something not found at the air-water or solid-liquid interface. This
was due to the variety of hydrogen bonding environments coordinating the headgroup,
where the number of solvating water molecules that were directly hydrogen bonded to
the headgroup had a strong effect on the orientation of the headgroup at the interface.
It was concluded this unique distribution of orientations was due to the solvating
effects of the oil phase on the alkyl chains. These results have not been observed
at air-water due to the strong chain-chain interactions that occur at that interface,
which force the chains and the headgroups to adopt a more narrow distribution of

orientations.
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From the conclusions drawn in chapter III about the interfacial structure of Na-
dodecanoate, it was obvious that the oil-water interface was an ideal environment
to study the binding of metal ions with carboxylate headgroups. The broad peak
widths from the orientation and hydrogen bonding distribution were ideally sensitive
to small changes in the headgroup binding and solvating structure. It was shown that
a wide variety of divalent metal cations have very different effects on the orientation
of the headgroup and the hydrogen bonding network. Mg®" and Ca?* were shown to
have very similar effects on the headgroup and were bound in an electrostatic fashion.
Mn*" and Ni*" were shown to have much stronger electrostatic interactions with the
carboxylate headgroup, with the latter being the strongest interaction observed with
electrostatic character. Cu®" and Zn*" were observed to have very different affects
on the VSFS spectra. They did not narrow the distribution as much as Mn** and
Ni?* | but rather split the peaks significantly, a phenomenon indicative of covalent
bi-dentate binding interactions. Thus the ions could be ordered in terms of their
interaction strength with the carboxylate headgroup.

Finally, in chapter V, the knowledge from working with carboxylate surfactants
was applied to macromolecules to study models of complex biological processes using
poly(acrylic acid). PAA was found to desorb very quickly at a sharp transition pH.
Below this transition pH, adsorption was constant, and above there was no adsorption
of PAA. When adsorption did occur, it was found that the carboxylic acids of the

polymer oriented strongly into the water phase and the CH groups along the backbone
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were also very ordered. It was concluded the polymer was stretched out along the
plane of the interface with the possibility of loops sticking into the water phase. It
was also found that the adsorption process contained interesting dynamics. There
was a fast initial adsorption step where polymer was strongly oriented, followed by a
slow adsorption to the interfacial region of randomly coiled polymer that showed no
increase in VSFS signal, but was apparent in the interfacial tension measurements.
The addition of mono and divalent salts to PAA strongly altered the adsorption
dependent pH properties and it was discovered that even at a pH above the critical
pH of desorption, that PAA would adsorb strongly if salt was present. In addition,
divalent salts were demonstrated to bind and orient the polymer significantly stronger
than monovalent salts.

This dissertation shows vibrational sum-frequency spectroscopy is a powerful
technique for advancing the knowledge of interfacial chemistry on a molecular level.
The oil-water interface is inherently difficult to access with spectroscopic measurements
and the experiments shown here have furthered our understanding of this complex
and often unique environment. It is hopeful that this research will open the door to
future studies of more biologically complex molecules at the oil-water interface, an

environment that has particular relevance due to it’s fluid nature across the interface.
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