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Abstract

Marine aqueous interfaces constitute one of the most prevalent surfaces in the bio-

sphere and the atmosphere, and understanding the physicochemical processes at these

interfaces is of significant importance for informing Earth system models. In the fol-

lowing chapters, surfactant organization and morphology on aqueous solutions of high

ionic strength are explored as a proxy for the organic films coating sea spray aerosol

(SSA) surfaces and the sea surface microlayer (SSML). First, a proxy film mixture

comprised of the saturated fatty acids myristic acid (C14), palmitic acid (C16), and

stearic acid (C18) was selected to study sea spray aerosol film morphology as a func-

tion of atmospheric acidification. The nascent SSA proxy film is fluid and flexible,

whereas the acidified film is more rigid; as a result, the nascent SSA proxy film folds

upon collapse, and the acidified film fractionates into three-dimensional structures

with compression. Next, the influence of surfactant organization on one-dimensional

surface-sensitive infrared spectroscopy was examined. Decreasing intermolecular dis-

tances between a soluble perfluorooctanoic acid film and an insoluble arachidic acid

(C20) monolayer cause vibrational exciton delocalization across the surfactants, mani-

festing in alkyl and fluoroalkyl signal reduction and deviations from the Beer-Lambert

law. The aqueous electrolyte composition in part modulates surfactant intermolecular

spacing, affecting the extent of vibrational delocalization. Consequently, quantitative

analyses involving alkyl and fluoroalkyl one-dimensional vibrational peak intensities

must be approached with caution. Lastly, surfactant-mediated cooperative adsorp-

tion of a soluble polysaccharide to a proxy sea surface microlayer is studied. Seawater
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divalent cations facilitate ionic bridges between the marine-relevant, anionic polysac-

charide alginate and a partially deprotonated palmitic acid monolayer. Calcium pro-

motes the strongest bridging interactions, and palmitic acid headgroup protonation

blocks alginate co-adsorption. This work characterizes a potentially important mech-

anism driving polysaccharide enrichment in the SSML, and thus, in SSA.
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Chapter 1

Introduction

1.1 Chemistry in the Marine Boundary Layer

Oceans cover 71% of Earth’s surface1 and emit approximately 3.5 × 1012 kg of sea

spray aerosol (SSA) per year into the marine boundary layer (MBL),2 making the

oceans one of the most significant sources of natural aerosol emissions on the planet.

SSA acts as a shuttle for chemical exchange between the ocean and the atmosphere

such that the matter within SSA can be deposited on land or elsewhere in the ocean.

Chemical components within SSA are then transformed via reactivity with trace

atmospheric gases and via photochemical reactions in the MBL.3–5 SSA influence

Earth’s climate by changing atmospheric optical properties and albedo,6–8 serving as

cloud condensation nuclei9–15 and ice nucleating particles,16–23 and by providing a sur-

face for heterogeneous chemical reactions.5,24–28 Interfacial composition of SSA plays

both a direct and indirect role in affecting climate, and the composition of nascent

SSA is controlled by the interfacial composition of the air/sea interface.29–33 Conse-

quently, studying the physicochemical processes driving SSA interfacial composition

is critically important for developing a better understanding of marine influences on

climate.

SSA is formed via bubble bursting at the air/sea interface, also known as the sea
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surface microlayer (SSML). The SSML constitutes a thin, gelatinous layer approxi-

mately 1-1,000 µm in depth.34–36 Chemical composition of the SSML is different from

that of the underlying seawater; surface-active organic matter adsorbs to the air/sea

interface, and other soluble ions and organic matter are thought to interact with the

insoluble organic molecules primarily through electrostatic interactions.36–40 Breaking

waves on the ocean surface entrain air into the water column, and these air bubbles

scavenge dissolved organic matter (DOM) in seawater and in the SSML along the way

back to the surface.41 DOM adheres to the bubble surfaces and becomes incorporated

into SSA upon bubble bursting.42

Size-fractionated SSA exhibits size-dependent trends in its composition. Broadly

speaking, submicron fine SSA has a smaller O:C ratio while supermicron jet drop

SSA has a larger O:C ratio. The differences in composition are due to the source

of material from the bubble. Bubble bursting produces hundreds of film drops from

the bubble film cap and a smaller number of jet drops from the cavity at the base of

the bubble.5,43 The film caps of bubbles are highly enriched in surface-active organic

matter, whereas the composition at the bottom of the bubbles contains more water-

soluble and particulate organic matter (POM).5,44–47 Hence, film drops contain more

water-insoluble organic compounds, and jet drops contain more water-soluble organic

compounds.

Field measurements revealed that SSA particles are coated in surfactant films,

and saturated medium- to long-chain fatty acids are the most abundant surfactants

within these surface films.48–50 Of the fatty acids, palmitic acid (C16) is the most

prevalent in both the SSML and in SSA (mostly ≤ 2.5 µm in diameter) due to its

production in marine phytoplankton.49,51,52 A laboratory mesocosm experiment also

confirmed these field measurement results.53 Saturated fatty acids between 8 and 24

carbons in length were the most abundant surfactants in the SSML and in SSA. In

SSA with diameters ≤ 2.5 µm, the most prevalent fatty acids in order of decreasing
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abundance were palmitic acid, stearic acid (C18), myristic acid (C14), and lauric acid

(C12). Palmitic acid and stearic acid constituted about two-thirds of the quantified

fatty acids.

Anthropogenic surfactants are also highly enriched in the SSML and in SSA be-

cause of their large surface activities.54–57 Perfluoroalkyl substances (PFAS) are of

particular concern due to their ubiquity, environmental persistence, and detrimental

impacts on human health.58,59 Through laboratory experiments, PFAS enrichment

factors (EFs) were quantified in SSA particles,

Aerosol EF = ([X]/[Na+]SSA)
([X]/[Na+]SW)

, (1.1)

in which [X] is the concentration of PFAS and [Na+] is the concentration of sodium

cations in SSA and in seawater (SW).60,61 The PFAS compounds tested were some-

what enriched in the SSML (EF = 1.1− 49) and highly enriched in SSA, and PFAS

enrichment increased with decreasing particle diameter. The two most abundant

PFAS compounds, perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid

(PFOS), EFs of the largest (> 10.16 µm) and smallest (0.029 − 0.99 µm) SSA par-

ticles increased from ∼1, 800 to ∼17, 100 and from ∼200 to ∼62, 100, respectively.

Hydrocarbon fatty acids of comparable chain length exhibited submicron SSA EFs

up to ∼1, 000,62 indicating that PFAS are more surface-active than their hydrocarbon

analogs. Recent studies have started to investigate PFAS competition with other nat-

ural surfactants at model SSML and SSA interfaces.63,64 However, more work needs

to be done to fully understand natural marine DOM impacts on PFAS EFs.

Monomolecular films comprised of a single type of insoluble surfactant have been

studied most extensively,65–69 but soluble compounds and large biomacromolecules in

SSA have not been well-characterized. At the sea surface microlayer (SSML), polysac-

charides can aggregate into nanometer- and micron-sized gels that influence the sea
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surface microbial loop and the interfacial reactivity of the SSML.70–74 Marine gels

are three-dimensional polymer networks hydrated by seawater. Chemical or phys-

ical cross-links create the network, but a variety of factors influence the particular

gel structure that is spontaneously assembled.75 Covalently-linked gels generally can-

not disperse, but gels that are interlinked via ionic and hydrophobic interactions are

much more responsive to changes in chemical environment.76 Marine gels are generally

cross-linked by Ca2+ ion bonds with a random tangled topology, and this organiza-

tion can be altered by changes in temperature and pH. Brewster angle microscopy

reveals that filtered dissolved organic matter (DOM) less than or equal to 200-nm

in size self-assembles following second-order kinetics.70,77 Free polymeric DOM most

likely reaches a critical concentration at the air-water interface, leading to polymer

rafts that collapse into nanogels; these nanogels then diffuse into the bulk subphase

and further aggregate to form microgels. Characterizing the organization, dynamic

surface tension, and composition of these marine gels is particularly important for

better prediction of their enrichment and reactivity in SSA.

Saccharides are particularly abundant in the MBL and comprise a large portion

of DOM and POM in marine aerosol. Oligo- and polysaccharides are more abundant

than monosaccharides, but the molecular assembly and speciation of these polymers

in SSA is largely unknown.78 Additionally, the chemical and structural transforma-

tions of oligo- and polysaccharides in the MBL is not understood. A previous field

campaign in the North Atlantic and the Arctic measured tropospheric particle or-

ganic mass consisting of 68% and 37% carbohydrates, respectively.79 A Pacific Ocean

field campaign collected particles that consisted of a larger fraction in the submi-

cron regime with higher organic mass fractions. The Pacific particles also contained

more insoluble carbohydrates, indicative of marine POM. Arctic marine aerosol col-

lected during this study mostly consisted of inorganic cuboid (sea salt) cores coated in

carboxylic-acid containing polysaccharides, suggesting that the carbohydrates in the
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Arctic particles most likely came from oceanic DOM.80 While informative, these field

studies lacked molecular specificity in regards to the precise monomer composition of

the carbohydrates detected in the marine aerosol.

Laboratory mesocosm experiments have partially closed this gap in understand-

ing of saccharide composition in marine aerosol.78 Glucose was primarily found in

the oligo- and polysaccharide form; galactose, mannose, xylose, fructose, arabinose,

rhamnose, and ribose were only detected within sugar polymers. These sugars com-

prised 4-20% of the organic mass in fine SSA (diameter ≤ 2.5µm), and 65% of the

average saccharide mass was from glucose and galactose. A greater portion of the or-

ganic mass within coarse SSA (2.5-10 µm in diameter) was attributed to saccharides;

however, only glucose, galactose, arabinose, rhamnose, and fucose monomers were

detected. Arabinose, rhamnose, and fucose are structural saccharides characteristic

of cell wall material, transparent exopolymer particles (TEP), and POM. Insoluble

POM likely moves to the base of the bubble formed at the air-sea interface prior to

bubble bursting. Consequently, POM is entrained in larger coarse SSA droplets. The

saccharides in fine SSA, conversely, were characteristic of energy storage carbohy-

drates mostly found in marine DOC. Water soluble saccharides are hypothesized to

adsorb to insoluble surfactants at the air-water interface. Therefore, the saccharides

partitioned to the bubble film are transferred to fine SSA. Molecular interactions be-

tween the saccharides and other sea surface bubble organic material likely provides

the mechanism through which different types of carbohydrates are distributed within

various SSA size regimes. Thus, understanding the precise interaction and enrichment

mechanisms is important for better predictions of SSA organic composition.
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1.2 Motivation

Significant uncertainty remains in the representation of cloud and aerosol processes

in global climate models.81 This uncertainty arises from poor constraints on natural

aerosol processes due to the lack of measurements prior to the Industrial Revolu-

tion.82 Thus, in order to effectively characterize and predict anthropogenic influences

on radiative forcing of climate, the contributions of natural aerosol in pristine envi-

ronments must be parameterized. While we cannot go back in time to make these

measurements, we can attempt to replicate a pristine environment in the laboratory.

The National Science Foundation Center for Aerosol Impacts on Chemistry of

the Environment (NSF-CAICE) was established to fill this gap in our understand-

ing of natural aerosol properties. This collaborative center combines the efforts of

environmental scientists, physical and analytical chemists, and theoreticians to elu-

cidate the fundamental physicochemical processes occurring in SSA. As a member of

CAICE, I aim to characterize interfacial organization and adsorption processes re-

sponsible for organic enrichment in the SSML and in SSA. The choices of chemical

systems studied are informed by measurements of laboratory-generated phytoplank-

ton blooms collected by CAICE collaborators in a wave channel at Scripps Institution

of Oceanography. This work combines surface science, spectroscopy, and computa-

tional chemistry to describe interfacial surfactant film organization at model marine

aqueous interfaces. A polysaccharide adsorption mechanism is also studied in detail

to better inform the physicochemical processes driving saccharide enrichment in SSA.

The goal of these fundamental measurements of proxy marine surfaces is to inform

Earth system model parameterization.37,38,83–85
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1.3 Dissertation Highlights

Chapter 2 provides an introduction to the fundamental theory behind the experimen-

tal techniques used throughout this dissertation. A description of surface tensiom-

etry, Brewster angle microscopy (BAM), infrared reflection-absorption spectroscopy

(IRRAS), and second harmonic generation (SHG) spectroscopy is included as well.

Chapter 3 describes the morphology of a sea spray aerosol proxy film comprised

of a mixture of the marine-abundant fatty acids myristic acid (MA), palmitic acid

(PA), and stearic acid (SA) at the molar ratio of 3 SA:4 PA:2 MA. The SSA proxy

film differs in phase behavior and monolayer collapse from that of its individual fatty

acid components. Secondly, the proxy film exhibits intermediate rigidity at seawater

pH and folds upon film compression, whereas at low pH the film becomes highly rigid

and forms 3D nuclei upon monolayer collapse. Thus, subphase composition and pH

play a significant role in modulating SSA film morphology, which in turn impacts

SSA reflectivity in the atmosphere.

Chapter 4 describes the observation of vibrational exciton formation between sol-

uble and insoluble surfactants at the air/water interface. Vibrational delocaliza-

tion across a soluble perfluorooctanoic acid (PFOA) film and an insoluble arachidic

acid (AA) monolayer was observed through deviations from Beer-Lambert behavior

with decreasing average intermolecular distances between surfactants. Aqueous sub-

phase electrolyte composition modulates surfactant intermolecular distance, thereby

affecting the extent of vibrational delocalization across the interfacial film. Theo-

retical PFOA IRRAS spectra obtained through molecular dynamics simulations and

vibrational exciton calculations agree nearly quantitatively with experiment. Conse-

quently, quantitative analyses of 1D vibrational mode peak intensities at the air/water

interface must be approached with caution due to vibrational delocalization promoted

by the surface.

Chapter 5 describes a mechanism through which the marine-relevant, anionic
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polysaccharide alginate cooperatively adsorbs to a proxy SSML aqueous interface

comprised of an insoluble palmitic acid monolayer. Divalent cations from seawa-

ter facilitate ionic bridges between the fatty acid and alginate carboxylate moieties.

Of the seawater divalent cations, Ca2+ promotes the strongest bridging interactions,

whereas Mg2+ only weakly bridges the alginate and monolayer headgroups due to

the strong Mg2+ hydration shell. Palmitic acid protonation breaks apart the bridg-

ing interactions, and Na+ does not facilitate alginate co-adsorption. Consequently,

a physical explanation for polysaccharide enrichment in SSA is elucidated, and the

results provide potentially useful parameters for Earth system models.
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Chapter 2

Theory and Instrumentation

2.1 Interfacial Phenomena

Surfactant films at aqueous surfaces are the primary focus of this dissertation. As

such, an overview of the chemistry and physics of surfactant films and the adsorption

models used in later chapters will be presented. Influence of the aqueous electrolyte

composition on the properties of interfacial films will also be discussed.

2.1.1 Surface Tension

Attractive intermolecular interactions decrease the potential energy of molecules,

thereby leading to molecules within a condensed phase medium being spaced such

that the potential energy is minimized.86,87 However, at the liquid/vapor interface,

there are fewer neighboring molecules in the gaseous phase (Fig. 2.1). Consequently,

interfacial molecules are higher in energy than their bulk counterparts. WorkW must

be carried out to bring a molecule from the bulk to the surface and to create new

surface area A:

dW = γdA . (2.1)
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The proportionality constant γ represents the surface energy, and it can also be

defined by the force f opposing the lateral displacement x of the interface:

fdx = γdA . (2.2)

It is important to note that the surface energy only equals the surface tension when

both the bulk and interface reach equilibrium. Decreasing temperature increases

surface tension, and the surface tension at temperature T can be approximated if the

surface tension at temperature T0 is known:

γ(T ) = γ(T0) + ∂γ

∂T

∣∣∣∣∣∣
T=T0

(T − T0) . (2.3)

Thus, the term ∂γ/∂T is a negative quantity, and it is equal to the surface entropy.87

Figure 2.1: Schematic of intermolecular forces at the liquid-vapor interface.

2.1.2 Surfactants and Micelles

Surfactants, a contraction of the phrase “surface-active agents,” comprise a class of

amphiphilic molecules of biological, environmental, and industrial importance. These
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compounds partition to the air/water interface with the hydrocarbon/fluorocarbon

tails oriented toward the air phase until the critical micelle concentration (CMC)

is reached, or the concentration at which additional surfactants aggregate into mi-

celles in the bulk aqueous phase.87,88 It is generally understood that surfactants lower

surface tension until the CMC is reached, and surface tension remains nearly con-

stant at concentrations greater than the CMC. Intermolecular interactions between

ionic surfactant headgroups, the solvation shell, and counterions drive surface tension

depression.89 Additionally, inorganic ions have a “salting-out” effect on surfactants

and can either expand or contract ionic surfactant films.67,88,90,91 Surface tensiometry

(Section 2.3.1) and rheometry,92,93 surface potentiometry,94,95 and Brewster angle mi-

croscopy96,97 (Section 2.3.2) are robust tools for extracting thermodynamic properties

of surfactant films, but these methods lack molecular specificity. Vibrational spec-

troscopy98 (Section 2.3.3) and neutron reflectometry99,100 offer molecular specificity

for studying surfactant film composition and structure at the air/water interface.

Micelles are aggregates of ∼ 30 − 100 surfactant molecules normally around 3-

6 nm in diameter.87 The surfactant alkyl/fluoroalkyl tails are directed inwards such

that the hydrophilic headgroups are solvated by the aqueous phase. At surfactant

concentrations below the CMC, most of the surfactant molecules are spaced to exist

as monomers or low number aggregates. Increasing the surfactant concentration

increases the number of monomers, but it also increases the number of aggregates and

micelles. Upon reaching the CMC, the number of monomers plateaus, and additional

surfactants aggregate into micelles.

Temperature has a small impact on ionic surfactant aggregation, but electrolytes

exert a much greater influence.87 The ionic surfactants simply become insoluble below

a particular temperature known as the Krafft point. Due to electrostatic repulsion

between the charged headgroups, ionic surfactants generally have higher CMCs in

comparison to nonionic surfactants. Addition of salt screens the repulsive forces,
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thereby lowering the CMC.

2.1.3 Adsorption Models

Surface tension is often used as a quantitative measure of surfactant adsorption to the

air/water interface. As stated in Section 2.1.2, surfactant adsorption lowers aqueous

surface tension with increasing concentration. The Gibbs equation can be derived

from thermodynamics to relate surface tension to excess interfacial concentrations

of surfactant relative to the bulk aqueous phase. Although the Gibbs adsorption

equation will not be derived here, a complete derivation can be found in Ref. 101.

Experimental surface tension data can be fitted to the Gibbs equation

Γ = − C

RT

 ∂γ
∂C


T

, (2.4)

in which Γ is the surfactant surface excess, C is the surfactant concentration in bulk

aqueous solution, R is the gas constant, T is the temperature, and γ is the surface

tension of the surfactant solution.

To better quantify differences in ionic surfactant interfacial concentration induced

by ions dissolved in aqueous solution, a modified form of the Gibbs adsorption iso-

therm can be used.102,103 Surface tension data is fitted to the Szyszkowski equation,104

γ = γ0

1− a× ln
C
b

+ 1
 , (2.5)

where γ0 is the surface tension of the aqueous subphase solution and a and b are fitted

parameters. The Szyszkowski equation sufficiently fits a wide range of ionic surfactant

concentrations between low and near-CMC values.103,105,106 The first derivative of the
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Szyszkowski equation (Eq. 2.5),

γ0

d

[
1− a× ln

(
C
b

+ 1
)]

dC
= − aγ0

C + b
, (2.6)

can be substituted into Eq. 2.4 to produce the Langmuir-Szyszkowski equation:106–108

Γ = aγ0

RT

C

C + b
. (2.7)

In this expression, the aγ0/RT term is equivalent to the maximum surface excess

(Γmax) in the Langmuir equation:

Γ = Γmax
C

K + C
. (2.8)

In the Langmuir equation, K represents the equilibrium adsorption constant. The b

term in Eq. 2.7 analogously represents equilibrium adsorption and describes the free

energy of transfer from the bulk solution to the interface.

The Langmuir-Szyszkowski equation employs the assumptions of an infinitely thin,

flat interface with monolayer coverage and ideal interactions between the surfactant

molecules.87 However, recent experiments have shown that the surfactant interface

is actually quite diffuse, and the electrolyte composition can extend the interfacial

depth.90,91,109,110 Increasing physical relevance is generally accompanied by increasing

model complexity, sometimes with only marginal increases in accuracy. A detailed

discussion of adsorption models can be found in Refs. 111 and 112.

2.1.4 Gibbs and Langmuir Monolayers

The previous sections (Sections 2.1.2 and 2.1.3) have focused on soluble Gibbs surfac-

tant monolayers in which surface area compression does not change the surface tension
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or surface coverage; rather, the equilibrium between bulk and surface is maintained

due to surfactant dissolution into the subphase.87,88 Soluble surfactants are generally

dissolved in aqueous solution, and Gibbs monolayers are formed via adsorption to

the air/water interface. Insoluble Langmuir monolayers are spread onto the aqueous

surface using a syringe, and the amount of amphiphile present is assumed to be equiva-

lent to the amount spread. In order to form a monolayer, however, the intermolecular

interactions between the hydrophilic headgroups and the underlying aqueous sub-

phase must be greater than the cohesive forces between the surfactants themselves.

Thus, Langmuir monolayers form when the interfacial area is large enough for all the

molecules to spread onto the surface.

Due to molecular confinement at the air/water interface, Langmuir monolayers

undergo two-dimensional phase transitions. Changing intermolecular area alters the

intermolecular interactions between the insoluble surfactants, leading to changes in

monolayer organization. These two-dimensional phase states are often described

with their analogous three-dimensional state terminology: gas, liquid, and solid.113

Throughout this dissertation, additional terminology will be used to distinguish be-

tween changes in the lipid tilt angle as a function of monolayer compression, which

is summarized in Fig. 2.2. The liquid phase can be divided into the liquid expanded

and (liquid) tilted condensed phases, and the solid phase is synonymously referred to

as the untilted condensed phase.86,87,114,115

In a gaseous (G) film, the surfactants are spread far apart from one another such

that the mean molecular area (MMA) is very large. Because the area/molecule (A)

is large, changes in surface tension are generally less than 0.50 mN/m. Due to the

large intermolecular distances, van der Waals interactions between the amphiphiles

are negligible. As a result, the gaseous monolayer obeys the two-dimensional ideal

gas equation:

πA = kBT . (2.9)
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In this equation, surface pressure is defined as

π = γ0 − γ . (2.10)

The molecules have a kinetic energy of 1
2kBT for each degree of freedom where kB is

the Boltzmann constant, so the kinetic energy is equal to kBT in the two-dimensional

plane. Changes in surface pressure arise from collisions due to translational kinetic

energy.86,87

Compression of the insoluble monolayer to smaller MMA values increases the

lateral interactions between the amphiphiles, causing a first-order transition into the

liquid state. In the liquid expanded (LE) phase, the area/molecule is still much larger

than the size of the individual molecules. The headgroups are highly hydrated, and

the surfactants come into contact with one another. However, there is no long-range

lateral organization in the hydrocarbon/fluorocarbon tails. The LE phase can be

described by the two-dimensional van der Waals equation of state,

π + a

A2

(A− b) = kBT , (2.11)

where a is the van der Waals constant that that parameterizes the strength of the

attractive potential, and b is a constant that represents the excluded or unavailable

area per mole of molecules.88 These constants can be defined mathematically in which

a = πCN2
0

4σ4
d

(2.12)

and

b = 1
2πN0σ

2
d . (2.13)

In Eqs. 2.12 and 2.13, C is the London dispersion force coefficient, N0 is the number

of molecules, and σd is the molecular diameter modeled as a hard sphere.

15



Further monolayer compression causes a first-order phase transition into the tilted

condensed (TC) phase, also called the liquid condensed (LC) phase. Amphiphiles in

the TC phase exhibit long range order in the hydrophobic tails, and the tails are tilted

relative to surface normal. The headgroups are still hydrated, but the film is relatively

stiff. Transition into the untilted condensed (UC) phase pushes the amphiphiles

into their tightest conformations and maximizes monolayer lateral organization. The

hydrophobic tail tilt angles decrease, and the headgroups are largely dehydrated.87

Eventually the monolayer cannot be compressed to a smaller MMA due to re-

pulsive exchange interactions. Thus, the monolayer is destabilized and collapses into

three-dimensional structures. Monolayer rigidity dictates the collapse surface pressure

and collapse mechanism. Rigid or highly ordered monolayers collapse at high surface

pressures via fracturing in which the material either forms multilayer aggregates in

the air phase or desorbs as aggregates into the aqueous subphase. Fluid monolayers

collapse at low surface pressures and lose material by desorption into the subphase.

Monolayers with an intermediate rigidity can fold. The monolayer remains intact and

buckles to form protrusions into the subphase, and the protrusions are nucleated at

random defects across the monolayer. As the monolayer is compressed, the fraction

of monolayer in the folds increases relative to the flat regions. Consequently, the sur-

face pressure plateaus once folds are formed. Unlike fracturing and film desorption

collapse mechanisms for rigid and fluid monolayers, the folding collapse mechanism

is reversible; increasing the MMA simply decreases the fraction of monolayer in the

folds and increases the amount in the flat regions.116–118
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Figure 2.2: Two-dimensional phases of a palmitic acid Langmuir monolayer at the
air/water interface.
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2.2 Spectroscopic Theoretical Background

This section introduces the fundamental theory behind the spectroscopy and mi-

croscopy experiments presented in later chapters. An emphasis is placed on the

reflection of light from a dielectric medium to further inform the reflection techniques

used in surface-sensitive experiments. Secondly, the theory of infrared spectroscopy

and vibrational excitons will be summarized.

2.2.1 Light in a Bulk Medium

The response of a dielectric medium to an electromagnetic field is of significant con-

cern for spectroscopy in the condensed phase. A dielectric medium alters the electric

permittivity ε and the magnetic permeability µ relative to the values in vacuum, ε0

and µ0, respectively. Permittivity and permeability are often reported as unitless

constants corresponding to the ratio of the values in a dielectric relative to the values

in vacuum:

εr = ε

ε0
(2.14)

and

µr = µ

µ0
. (2.15)

Relative permittivity, also known as the dielectric constant, describes the factor by

which the electric field is decreased between point charges embedded in a dielectric

medium relative to vacuum. Thus, a medium with a high permittivity polarizes more

in response to an applied electric field. Similar to permittivity, relative permeability

describes the extent of magnetic polarization that a dielectric medium experiences in

response to an applied magnetic field relative to vacuum.

Refractive index is also a useful quantity for characterizing the speed of light
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through a dielectric medium. The phase speed of light in a medium,

ν = 1
√
εµ

, (2.16)

can be rearranged to produce the absolute index of refraction n:

n = c

ν
= ±

√
εµ

ε0µ0
= ±√εrµr . (2.17)

Because water and air are largely transparent in the infrared, µr ≈ 1, so the refractive

index simplifies to

n = √εr . (2.18)

This relationship works well for some gases; however, εr and therefore n are frequency

dependent due to dissipative absorption and nonresonant scattering, an effect known

as dispersion. Only vacuum is nondispersive, and all materials are dispersive to

some extent. For an isotropic medium, dispersion can be described by the classical

mechanical oscillator model,

n2(ω) = 1 + Nq2
e

ε0me

∑
j

 fj
ω2

0j − ω2 + iγjω

 , (2.19)

in which N is the number of molecules per unit volume, qe is the charge of an electron,

me is the mass of an electron, fj is the strength of oscillating bound electron j, ω is

the frequency of the applied harmonic wave, ω0j is the resonant frequency of oscillator

j, and γj is the damping term of oscillator j. At frequencies below resonance, the

oscillator displacements are nearly in-phase with the applied electric field, so the

dielectric constant and refractive index are greater than one.119

The refractive index can also be expressed as the complex function

ñ = n− iκ (2.20)
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to account for attenuation of light in the dielectric medium.120 In this equation, κ

represents the extinction coefficient for light propagating through the medium. Like

n, κ is dependent upon the frequency of light. The extinction coefficent is related to

the absorption coefficient α through the following equation:

α = 2ωκ
c

= 2
2π
λ

κ = 4πκ
λ

. (2.21)

In an absorbing dielectric medium, the decrease in irradiance I per unit length z into

the medium is expressed as
dI(z)
dz

= −αI(z) . (2.22)

Integrating Eq. 2.22 yields the expression

I(z) = I0e
−αz (2.23)

in which I0 is the irradiance of light at z = 0. When the quantity αz in Eq. 2.23 is

equal to 1.0, the irradiance decreases by a factor of e−1 relative to I0 which is defined

as the penetration depth Dp. Thus, the penetration depth of light in a dielectric

medium can be modeled through the following equation:

Dp = 1
α

= λ

4πκ . (2.24)

2.2.2 Light at a Dielectric Interface

A plane wave of light incident upon the interface of a dielectric medium is split into

two waves: a reflected wave propagated into the first phase and a transmitted wave

propagated through the second phase. Assuming that the reflected and transmitted

light are also plane waves, expressions can be derived from Electromagnetic Theory

for the direction and amplitude of propagation. Complete derivations have been
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presented elsewhere,119,121 so a summary of the important results will be presented

here.

The Law of Reflection states that the angle of incidence θi is equal to the angle

of reflection θr

θi = θr (2.25)

in which the angles are defined relative to surface normal. The Law of Refraction,

also known as Snell’s Law, is slightly more complicated:

ñ1 sin θi = ñ2 sin θt . (2.26)

In this expression, θt is the angle of transmission relative to surface normal, ñ1 is the

complex refractive index corresponding to the medium of incidence and reflection,

and ñ2 is the complex refractive index corresponding to the medium of transmission.

If κ = 0, then the law simplifies to

n1 sin θi = n2 sin θt . (2.27)

From Snell’s Law and Electromagnetic Theory, equations can be derived to de-

scribe the reflection and transmission of light at the interface of two dielectric media

as a function of θi and the linear polarization of light.119–121 These equations, known

as the Fresnel equations, are solved for two orthogonal linear polarizations, defined

as s and p. The p polarization corresponds to the polarization of a wave’s electric

field parallel with the plane of incidence (perpendicular to the surface plane), and

s polarization corresponds to the electric field polarization normal to the plane of

incidence (parallel to the surface plane). This is a sufficient description because any

polarization state can be resolved into a combination of the two orthogonal linear

polarizations. The reflection (rs and rp) and transmission (ts and tp) coefficients are
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expressed as follows:

rs = ñ1 cos θi − ñ2 cos θt
ñ1 cos θi + ñ2 cos θt

, (2.28)

ts = 2ñ1 cos θi
ñ1 cos θi + ñ2 cos θt

, (2.29)

rp = ñ2 cos θi − ñ1 cos θt
ñ1 cos θt + ñ2 cos θi

, (2.30)

and

tp = 2ñ1 cos θi
ñ1 cos θt + ñ2 cos θi

. (2.31)

The coefficients describe the ratio of the complex amplitude of the propagated wave

relative to that of the incoming wave.

The ratio of the reflected and transmitted power to the incident power is defined

as the reflectance R and transmittance T , respectively:119,121

Rs = r2
s , (2.32)

Ts =
 ñ2 cos θt
ñ1 cos θi

t2s , (2.33)

Rp = r2
p , (2.34)

and

Tp =
 ñ2 cos θt
ñ1 cos θi

t2p . (2.35)

The transmittance functions are more complicated because power is only proportional

to the squared amplitude when the wave impedances of the dielectric media are the

same. As a result, it is often simpler to take advantage of energy conservation to

solve for transmittance:

Rs + Ts = 1 (2.36)
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and

Rp + Tp = 1 . (2.37)

For unpolarized light, the total reflectance is described by

R = 1
2(Rs +Rp) = |r|2 . (2.38)

Reflectance is the quanity measured in all reflectance instruments.

2.2.3 Infrared Spectroscopy

To determine the general form for vibrational transition intensities and selection rules

observed in infrared spectroscopy, it is a useful exercise to consider a simple diatomic

molecule. Derivation of the quantum harmonic oscillator model will be presented

due to the later use of the harmonic oscillator approximation in ab initio vibrational

frequency calculations. The following discussion will use the notation presented by

Bernath122 and Willock.123

Considering a diatomic molecule A–B, the kinetic energy T can be written as

T = 1
2mAv

2
A + 1

2mBv
2
B (2.39)

in which mA and mB represent the atomic masses, and vA and vB represent the

atomic velocities. The nuclei motion can be separated into center-of-mass and internal

components using internal coordinates,

r = rB − rA , (2.40)
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and the center-of-mass position is defined as

R = mArA +mBrB
mA +mB

= mArA +mBrB
M

(2.41)

Solving for rA and rB in terms of R and r yields the following expressions:

rA = R− mB

M
r (2.42)

and

rB = R+ mA

M
r . (2.43)

Thus, Eqs. 2.42 and 2.43 can be substituted into the kinetic energy expression (Eq.

2.39) to produce

T = 1
2mA

∂R
∂t
−mB

M

∂r

∂t

·
∂R
∂t
−mB

M

∂r

∂t

+ 1
2mB

∂R
∂t

+mA

M

∂r

∂t

·
∂R
∂t

+mA

M

∂r

∂t


(2.44)

which can be simplified to

T = 1
2M

∣∣∣∣∣∣∂R∂t
∣∣∣∣∣∣
2

+ 1
2µ

∣∣∣∣∣∣∂r∂t
∣∣∣∣∣∣
2

. (2.45)

In Eq. 2.45, µ is the reduced mass:

µ = mAmB

mA +mB

. (2.46)

Upon transforming the kinetic energy expression in Eq. 2.45 into terms of mo-

mentum p rather than velocity, the two-particle Hamiltonian H can be written as

H = p2
R

2M + p2
r

2µ + V (r) (2.47)
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in which V (r) is the potential energy as a function of interatomic distance r. The

center of mass component of the potential energy (p2
R/2M) can be ignored because

it only shifts the total energy. Consequently, the quantum mechanical expression for

a vibrating rotor is
−~2

2µ ∇
2ψ + V (r)ψ = Eψ . (2.48)

From Eq. 2.48, the Cartesian coordinates can be replaced with polar spherical coor-

dinates, and the angular momentum operator Ĵ can be substituted to produce the

expression
−~2

2µ

 1
r2

∂

∂r
r2∂ψ

∂r

+ 1
2µr2 Ĵ

2ψ + V (r)ψ = Eψ . (2.49)

The wavefunction can be represented with the spherical harmonic function YJM such

that

ψ = R(r)YJM(θ, φ) . (2.50)

As a result, Eq. 2.50 can be substituted into Eq. 2.49 to solve for the one-dimensional

radial Schrödinger equation:

−~2

2µr2
d

dr
r2dR

dr
+
~2J(J + 1)

2µr2 + V (r)
R = ER . (2.51)

Substituting S(r) = rR(r) into Eq. 2.51 produces the simplified expression

−~2

2µr2
d2S

dr2 +
~2J(J + 1)

2µr2 + V (r)
S = ES . (2.52)

From here, a specific form of the potential energy function can be selected to determine

solutions to the wavefunction S.

An Taylor series expansion about the equilibrium distance re,

V (r) = V (re) + dV

dr

∣∣∣∣∣∣
re

(r − re) + 1
2
d2V

dr2

∣∣∣∣∣∣
re

(r − re)2 + · · · , (2.53)
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is used, and V (re) is arbitrarily set to zero. Hence, the first derivative is also zero:

dV

dr

∣∣∣∣∣∣
re

= 0 . (2.54)

The harmonic oscillator approximation is invoked, so only the first nonzero term in

the potential energy expansion (the second derivative) is included. Thus, the general

harmonic oscillator solutions for the nonrotating diatomic molecule are

S = NvHv(x
√
α)e−αx2/2 (2.55)

in which x = r − re and α = µω/~. Eq. 2.55 is expressed as a product of the

Gaussian function e−αx2/2 and the Hermite polynomials Hv(
√
αx). The corresponding

normalization factor Nv for the vth vibrational level is written as

Nv =
 1

2vv!

(
α

π

)1/2
1/2

(2.56)

in which the angular frequency ω is expressed as

ω =
k
µ

1/2

. (2.57)

The ground state v = 0 is written as

S0 =
α
π

1/4

(x
√
α)e−αx2/2 (2.58)

because H0 = 1, and higher order Hermite polynomials model the vibrationally ex-

cited states v = 1, 2, 3, · · ·n. The eigenvalues for the nonrotating harmonic oscillator

are

Ev = hν
(
v + 1

2

)
= ~ω

(
v + 1

2

)
. (2.59)
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Frequency ν is

ν = 1
2π

(
k

µ

)1/2
, (2.60)

and k corresponds to the spring constant. Thus, the harmonic oscillator has an equal

spacing of ~ω between the quantized energy levels.

The diatomic model is also useful for deriving the infrared vibrational selection

rules. The transition dipole moment integral Mv′v′′ determines the intensity of a

vibrational transition:

Mv′v′′ =
∫
ψ′∗vibµ(r)ψ′′vibdr . (2.61)

The double and single primes represent the lower and upper levels of a vibrational

transition, respectively. A Taylor series expansion about r = re can also be applied

to the dipole moment µ(r):

µ = µe + dµ

dr

∣∣∣∣∣∣
re

(r − re) + 1
2
d2µ

dr2

∣∣∣∣∣∣
re

(r − re)2 + · · · . (2.62)

Plugging Eq. 2.62 into Eq. 2.61 produces

Mv′v′′ = µe

∫
ψ′∗vibψ

′′
vibdr + dµ

dr

∣∣∣∣∣∣
re

∫
ψ′∗vib(r − re)ψ′′vibdr + · · · (2.63)

in which the first term is zero because ψ′vib and ψ′′vib are orthogonal. As a result, the

second term dominates the infrared spectrum, and the intensity I of a vibrational

absorption or emission is

I ∝ |Mv′v′′|2 ∝
∣∣∣∣dµdr

∣∣∣∣2
re

(2.64)

given the harmonic oscillator approximation. Therefore, the harmonic oscillator

wavefunctions (Eq. 2.58) can be substituted into the wavefunctions in the integral
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∫
ψ′∗vib(r − re)ψ′′vibdr. Finally, using the recursion relationship

2xHn(x) = Hn+1(x) + 2nHn−1(x) , (2.65)

the integral can be solved to generate

〈v′|r − re|v〉 =
 ~

2mω

1/2

(
√
v + 1δv′, v+1 +

√
vδv′, v−1) . (2.66)

Because the Kronecker delta function in Eq. 2.66 dictates that v′ = v+1 or v−1, this

result provides the vibrational selection rule of ∆v = ±1 for the quantum harmonic

oscillator.

2.2.4 Vibrational Exciton Theory

Fundamentally, an exciton is the delocalization of an excited state. Frenkel proposed

the idea that an exciton is the superposition of excited states on local sites.124 Hexter

extended this approach to vibrationally excited states coupled through their reso-

nant transition dipole moments, known as vibrational excitons.125 Resonant tran-

sition dipole moment coupling between near-degenerate vibrational modes causes

energy level splitting, leading to vibrational state wavefunction mixing. The total

vibrational energy of an excitonic state is a sum of the energies corresponding to the

uncoupled vibrational modes and the pairwise coupled modes on each molecule:

〈Ψ|Ĥ|Ψ〉 =
∑
Ri

ωiR +
∑
R>S

∑
i∈R
j∈S

γijRS . (2.67)

In this equation, ωiR represents the frequency of the noninteracting vibrational mode

i on molecule R, and γijRS represents the interaction frequency of modes i and j where

i is a mode on molecule R and j is a mode on molecule S. The excitonic Hamiltonian
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Ĥ is calculated in the product basis

ΨI =
∑
R

∑
i

kiRψ
i
R

∏
R 6=S

ψS (2.68)

in which ΨI is the wavefunction of excited state I of the full molecular system, kiR is

a coefficient obtained during diagonalization that transforms the local mode basis to

the exciton basis, ψiR is the wavefunction of the first excited state i of molecule R,

and ψS is the wavefunction of the ground-state of molecule S.

The excitonic Hamiltonian typically describes the coupling of vibrational modes

via classical transition dipole moment interactions. The total vibrational Hamiltonian

takes the form of

Ĥ = Ĥ0 + V̂ (2.69)

in which Ĥ0 and V̂ correspond to the uncoupled and coupled Hamiltonians, respec-

tively. More specifically, Ĥ0 is expressed as the sum over all the noninteracting

vibrationally excited states i on molecule R, and V̂ is the sum over all the pairwise

coupled vibrationally excited states i and j on molecules R and S:126

Ĥ =
∑
Ri

Ĥ i
R + 1

2
∑
R>S

∑
i∈R
j∈S

V̂ ij
RS . (2.70)

Because ERS = ESR, the coefficient of 1/2 is necessary before the sum of the coupled

Hamiltonian. The expression for the full coupled Hamiltonian is written as

V ij
RS =

∑
R>S

∑
i∈R
j∈S

− 1
4πε0

µiR ·
3(µjS · rRS) · rRS − (rRS · rRS) · µjS

r5
RS

(2.71)

in which rRS is the vector connecting the centers-of-mass of molecules R and S, and

rRS is the distance.127–129 The harmonic oscillator approximation is invoked for the

transition dipole moments µiR and µjS.
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2.3 Instrumental Methods

Details about the instrumentation and experimental configurations can be found in

the Methods sections of the following chapters. Here, a brief description of each

method and its underlying theory is presented.

2.3.1 Surface Tensiometry

Surface tensiometry is a useful tool for quantifying interfacial surface excess and

thermodynamic properties of Gibbs and Langmuir monolayers. The Wilhelmy plate

technique is used to measure surface tension throughout this dissertation, so it will

be discussed briefly. A Wilhelmy plate can be made of any material provided that

it is fully wetted by the aqueous subphase, and the plate is generally a few square

centimeters in area.87,113 Platinum is often used because of its durability, ease of

cleaning, and low reactivity; residual organic contaminants are removed by firing the

platinum plate in a Bunsen burner until red hot. Plates made out of filter paper can

also be used, and these plates are disposed after use. The Wilhelmy plate is hung

from a hook attached to a tensiometer, and the plate is placed to make contact with

the aqueous surface (Fig. 2.3).

Net forces Fnet acting on the Wilhelmy plate are the sum of the gravitational force

Fg, the buoyancy force Fb, and the surface tension γ:

Fnet = Fg + Fb + γ . (2.72)

Using known experimental parameters, Eq. 2.72 is then expressed as

Fnet = ρplwt+ 2γ(t+ l) cos θ − ρ0gtwh (2.73)

in which ρp is the density of the Wilhelmy plate, l is the length of the plate, w is
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Figure 2.3: Diagram of the Wilhelmy plate method for measuring surface tension at the
air/water interface. Fb represents the buoyancy force, Fg is the gravitational force, γ is the
surface tension, l is the length of the plate, and θ is the contact angle between the aqueous
subphase and the plate.

the width of the plate, t is the thickness of the plate, θ is the contact angle between

the subphase and the plate, ρ0 is the subphase density, and h is the immersion depth

of the Wilhelmy plate into the subphase.113 Eq 2.73 can be simplified with several

assumptions. Because the Wilhelmy plate is so thin, t can be neglected (t → 0).

Secondly, complete wetting can be assumed such that θ = 0, so cos θ = 1. As a

result, Eq. 2.73 simplifies to

Fnet ≈ 2γl . (2.74)

As stated in Section 2.1.4, Gibbs monolayers are prepared by allowing dissolved

surfactants to adsorb to the air/water interface. Thus, the surface tension is simply

measured on a poured surfactant solution in a glass dish. For insoluble Langmuir

monolayers, the aqueous subphase is poured into a Langmuir trough coated in a

hydrophobic substance, such as polytetrafluoroethylene (PTFE). Two hydrophilic
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barriers are placed on top of the trough, and a computer controls the compression rate

across the surface. To prepare an insoluble monolayer, the surfactant is first dissolved

in a volatile organic solvent and deposited dropwise onto the surface using a syringe.

The solvent is allowed to evaporate, and then the barriers are compressed at a set

rate to reduce the available interfacial area. Meanwhile, the Wilhelmy plate attached

to the tensiometer measures surface tension as a function of barrier compression

(Fig. 2.2). The data for Langmuir monolayers are often presented as surface pressure-

area isotherms in which surface pressure (Eq. 2.10) is plotted against MMA.87

2.3.2 Brewster Angle Microscopy

Brewster angle microscopy (BAM) is a background-free imaging technique for study-

ing thin films on flat surfaces. It has been used extensively as a noninvasive method

for directly visualizing organic films at the air/water interface.130,131 Film morpho-

logical properties such as molecular density, film thickness, molecular tilt angle, lipid

domain optical anisotropy, and monolayer phase transitions have been characterized

using this technique.96,132–148 The optical design is relatively simple (Fig. 2.4), and

the instrument can be constructed at low cost.149,150

BAM takes advantage of the minimized reflectance of p-polarized light at the

Brewster angle of the interface between the two isotropic media to isolate the film

signal from the background.151 Incident light of intensity I0 is partially reflected (IR)

and partially transmitted at the interface according to the Fresnel equations, and the

reflectance is equal to

R = IR
I0

(2.75)

As described in Section 2.2.2, the reflected light is polarization-dependent:

Rp =
tan(θi − θt)

tan(θi + θt)

2

(2.76)
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Figure 2.4: Optical setup of the Brewster angle microscope in the Allen lab.

and

Rs =
sin(θi − θt)

sin(θi + θt)

2

. (2.77)

Rp approaches zero when the denominator of Eq. 2.77 becomes infinite, or when

θi+θt = π/2. The angle of incidence at which Rp = 0 is known as the Brewster angle

θB (θi = θB), and θB can be solved from Snell’s law (Eq. 2.27). Because θt = π/2−θB,

Snell’s law can be rearranged to produce the expression for the Brewster angle:

θB = tan−1

n2

n1

 . (2.78)

Thus, using n2 = 1.333 for pure water at 550 nm152 (close to our BAM laser wave-

length of 543 nm) and n1 = 1 for air, θB = 53.12◦ for the air/water interface.

In performing a BAM experiment, the goniometer (Fig. 2.4) is adjusted such that

the laser is positioned at θB for the air/water interface. The laser is already mostly
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p-polarized (500:1), and the plane-polarized light is further filtered by a polarizer

before the light reaches the surface. A thin film has a different index of refraction,

so p-polarized light will be reflected from the regions of the interface covered by the

thin film. Consequently, only light is reflected from the thin film and focused onto

the CCD camera. For real interfaces, Rp decreases to a minimum value as opposed

to becoming exactly zero. The index of refraction does not abruptly change from

n1 to n2 at real interfaces; rather it changes gradually over a finite depth into the

surface. Additionally, surface roughness and optical anisotropy caused by preferential

molecular orientation at the interface prevent Rp from vanishing.151,153

2.3.3 Infrared Reflection-Absorption Spectroscopy

Infrared reflection-absorption spectroscopy (IRRAS) is a surface-sensitive technique

for measuring resonant vibrational modes at the air/water interface. It has been used

extensively to study monolayer film structure and properties.154–156 Many studies

have focused on monolayer conformational analysis and phase transitions via the

frequencies and peak intensities of the C–H alkyl tail vibrational modes.63,157–173

Improvements in the instrument signal-to-noise in regions with significant water vapor

bands allowed for studies of amphiphilic protonation and cationic interactions with the

monolayer headgroups.40,65,67–69,174–180 Additionally, IRRAS has been used to study a

variety of complex interfacial phenomena such as binding and protein adsorption to

proxy biological membranes.181–196

IRRAS is a particularly useful tool for measuring thin films adsorbed at the

air/water interface due to the significant signal-to-noise enhancement relative to bulk

absorption measurements. The spectroscopic technique provides rich structural in-

formation about the interfacial film and its surrounding molecular environment. Ad-

ditionally, the entire mid-IR range (500-4000 cm−1) can be collected in one spectral

acquisition, and the instrument setup involves simple modification of a commercial
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FTIR with two gold mirrors for adjusting the angle of incidence (Fig. 2.5). The

spectra are plotted as reflectance-absorbance (RA)

RA = − log
 R

R0

 (2.79)

in which R corresponds to the reflectance from the interfacial film, and R0 corresponds

to the reflectance from the aqueous subphase.154,155,188 Reflectance-absorbance is neg-

ative when the film reflectance is greater than the subphase reflectance (R/R0 > 1)

and positive when the film reflectance is less than the subphase reflectance (R/R0 <

1).

Figure 2.5: Optical setup of the infrared reflection-absorption spectrometer in the Allen
lab. The two images depict a commercial FTIR spectrometer modified with two gold mirrors
mounted inside the instrument to direct the incident infrared beam toward the liquid surface
and to direct the reflected beam to the MCT detector. The setup can accommodate a
Langmuir trough and attached surface tensiometer to control monolayer surface pressure
and phase state.

The reflectance of the aqueous subphase can be calculated using Eq. 2.38. How-

ever, the addition of a film complicates the Fresnel equations due to the presence of a

second interface. In this configuration, some light is reflected from the air/film inter-
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face, and some light is transmitted to the film/water interface. Light can then prop-

agate into the water subphase, and some light will be reflected from the film/water

interface to the air/film interface. At the air/film interface, light can be reflected

back to the film/water interface, or the light can propagate into the air phase, and so

on. Each successive pass through the film phase and propagation into the air phase

decreases in amplitude. Thus, the resultant reflected wave is represented as an infinite

series of partial waves.120

To appropriately model the contributions of an absorbing, anisotropic film at

the air/water interface, the complex refractive indices must be used to account for

absorption in each medium. For example, an insoluble fatty acid film has significant

CH2 stretching transition dipole moments parallel to the surface. As a result, the

extinction coefficient κ in ñ2 (Eq. 2.20) has significant x and y components in the

frequency region corresponding to the CH2 stretching modes. While changes in the

film optical properties could in theory be modeled through the complex refractive

index as a function of interfacial depth (ñz), there is a lack of experimental data to

effectively parameterize this inhomogeneity.155

The first reflection and transmission coefficients from the air/film interface are

equal to r12 and t12 where the subscripts one and two correspond to the air and

film phases, respectively. The reflected light from the film/water interface will then

have an amplitude of t12r23 in which the subscript three corresponds to the water

subphase. Upon reaching the air/film interface once again, some of this light will be

transmitted into the air phase, yielding a partial wave amplitude of t12r23t21. However,

this partial wave will be out of phase from the first reflected wave propagating through

the air phase; consequently, the phase factor e−inpβ must be added to the amplitude

coefficient. The phase angle β, expressed as

β = 2π
d
λ

ñ2 cos θ2 , (2.80)
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accounts for the wave phase change after a single passage through the film, and d

corresponds to the film thickness. The numerical coefficient np represents the num-

ber of times that the wave passes through the film. Hence, the complex amplitude

expression t12r23t21e
−i2β would describe the second partial wave.120

This iterative process of describing the partial waves generates an infinite geomet-

ric series of complex reflectivity coefficients. Rearranging the terms produces the sum

corresponding to the total reflectance,

R = r12+t12t21r23e
−i2β[1+(r21r23e

−i2β)1+(r21r23e
−i2β)2+(r21r23e

−i2β)3+· · · ] , (2.81)

which can be simplified to

R = r12 + t12t21r23e
−i2β

1− r21r23e−i2β
(2.82)

via the geometric series expansion

1
1− x = 1 + x+ x2 + x3 + · · · (x2 < 1) . (2.83)

Using the relationships

rba = −rab (2.84)

and

tba = 1− r2
ab

tab
(2.85)

corresponding to any medium a and any medium b, Eq. 2.82 can be further simplified

to

R = r12 + r23e
−i2β

1 + r12r23e−i2β
. (2.86)
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The total transmittance can also be derived using this strategy:

T = t12t23e
−iβ

1 + r12r23e−i2β
. (2.87)

Conveniently, similar expressions to Eqs. 2.86 and 2.87 can obtain linearly polarized

values for the reflectance and transmittance of a film at the air/water interface:120

Rp = r12,p + r23,pe
−i2β

1 + r12,pr23,pe−i2β
, (2.88)

Rs = r12,s + r23,se
−i2β

1 + r12,sr23,se−i2β
, (2.89)

Tp = t12,pt23,pe
−iβ

1 + r12,pr23,pe−i2β
, (2.90)

and

Ts = t12,st23,se
−iβ

1 + r12,sr23,se−i2β
. (2.91)

From the modified Fresnel equations described above (Eqs. 2.88-2.91), one can

predict that IRRAS reflectance-absorbance is dependent upon the angle of incidence,

incoming polarization of IR light, complex indices of refraction as a function of wave-

length for each phase, and vibrational transition moment orientation relative to the

plane of incidence.155,188 These parameters affect both the detected intensities and

the sign of the peaks. For s-polarized incident light, the vibrational modes corre-

sponding to the film remain negative at all angles of incidence. For p-polarized light,

the peaks are negative at angles of incidence below the Brewster angle and positive at

angles above the Brewster angle.167,197 It is important to note that both positive and

negative peaks can be observed at a constant angle of incidence, however.68,172,197,198

38



2.3.4 Second Harmonic Generation Spectroscopy

Second harmonic generation (SHG) spectroscopy is a nonlinear surface-specific tech-

nique in which two photons with the same frequency interact to produce a photon

with twice the energy (half the wavelength) of the two initial photons. The degree

of polarization of a dielectric medium in response to an applied electric field can be

described by the Taylor series expansion

P = P0 + ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + · · · (2.92)

in which P is the polarization density, E is the electric field, and χ is the electric

susceptibility.119 For linear spectroscopy at low applied electric fields, only the first

order term is relevant. However, for high electric fields, such as those used in nonlinear

spectroscopy, the polarizability begins to saturate and the higher order terms become

relevant. Thus, the second harmonic field E(2ω) is proportional to the second-order

polarization P (2)(2ω) from the oriented molecules at the interface:199,200

E(2ω) ∝ P (2)(2ω) = χ(2)E(ω)E(ω) . (2.93)

The inherent surface specificity arises from the second-order nonlinear susceptibility

tensor χ(2) which is zero in centrosymmetric media. Intensity I is proportional to E2,

so the SHG electric field can be determined from experimental measurements through

the relationship

E(2ω) ∝
√
I(2ω) . (2.94)

The SHG spectrometer used in this dissertation probes a nonresonant response

from the anisotropic dipolar alignment at the air/water interface. Although a detailed

description of the optical setup can be found in Section 4.2, the instrument (Fig. 2.6)

will be described here briefly. After generation of the ∼50 fs pulses centered at
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~800 mW, 82 MHz, 50 fsλ = 805 nm

Figure 2.6: Schematic of the optical setup of the second harmonic generation (SHG)
spectrometer in the Allen lab. BMS is the beam splitter, M is a mirror, NDF is a neutral
density filter, BBO is a beta barium borate crystal, GL is a Glan-laser polarizer, HWP is
a half-wave plate, LPF is a long-pass filter, SPF is a short-pass filter, and L is a lens. The
optical components of this schematic were obtained from the ComponentLibrary created by
Alexander Franzen and licensed under a Creative Commons Attribution-NonCommercial
3.0 Unported License.

805 nm, the pulses are split into a reference channel and a sample channel. The

SHG reference is generated by a beta barium borate (BBO) nonlinear optical crystal,

and the SHG signal is filtered and redirected toward the detector. In the sample

channel, the beam is moved out of the plane of the laser table and into the reflection

plane of incidence such that the beam is directed downward toward the liquid surface.

Glan-laser polarizers and half-wave plates before and after the sample stage allow for

careful selection of linear polarization prior to interacting with the liquid surface and

following reflection. A series of filters and lenses align the signal beam parallel with

the reference beam going into detector. Lastly, the signal and reference beams are

focused through a monochromator slit and onto a CCD.
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Chapter 3

Collapse Mechanisms of Nascent and

Aged Sea Spray Aerosol Proxy Films

3.1 Introduction

Sea spray aerosol (SSA), generated from breaking waves at the ocean surface, consti-

tutes one of the largest sources of aerosol emissions on the planet.2 The greatest degree

of uncertainty in climate models is the representation of aerosols, of which the magni-

tude of radiative forcing by natural aerosol emissions is poorly constrained.82 Aerosols

directly affect climate by absorbing and scattering solar radiation, and aerosols in-

directly influence the global radiative budget by acting as cloud condensation nuclei

(CCN) and ice nuclei (IN) in the atmosphere.201 The ability of SSA to nucleate

ice,17–22,202–204 seed clouds,7,9,11,13–15,205,206 and participate in atmospheric chemical

reactions24–27 is dependent upon the size, chemical composition, and phase state of

SSA particles.207–211 Additionally, given that a large fraction of aerosols have high

surface-area-to-volume ratios, molecular organization at the air/water interface of

SSA is especially relevant in inducing these atmospheric reactions and nucleation

processes.62,212–218 Hence, developing and characterizing the interfacial composition,

organization, and reactivity of SSA proxy systems is crucial for improved predictions
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of aerosol impacts on climate.37,83,85

The chemical diversity of nascent SSA is caused in part by the production mecha-

nism and the biological productivity of the source seawater.2,45,47,219,220 Organic mat-

ter that is transferred to SSA is derived from marine biota, primarily from phyto-

plankton blooms.29,30,44,46,221–225 Surface active material such as lipids, proteins, and

polysaccharides5,53,62,78,226,227 partition to the air/sea interface where they can be en-

capsulated into bubbles and burst to form SSA particles between 10 nm and 5 µm

in diameter.2,46,228 Supermicron SSA composition more closely resembles that of up-

per surface seawater, so larger SSA particles contain more oxygenated compounds

and have a higher fraction of soluble organic material, including short- to medium-

chain fatty acids. Submicron SSA composition tends to be enriched in aliphatic

compounds, such as long-chain fatty acids.5,46,53,78,229,230 In both supermicron and

submicron SSA, fatty acids of moderate aliphaticity are throught to form films on

SSA surfaces.48,49,53,62 The 2D organization of these films modulate gas and water

uptake into the aqueous bulk of the particle.25,26,30,218,231,232 As a result, experiments

involving ocean-relevant SSA film proxies are important for better predictions of

aerosol reactivity and nucleation capability in climate models.

During phytoplankton blooms, organic enrichment within SSA is increased such

that the competition for space at the SSA surface is high due to the surface activity

of the marine-derived organic compounds. Fatty acids, which represent some of the

most surface active components in SSA, condense to accommodate for the high surface

density of organic molecules at the interface. The ability of the film (i.e., monolayer)

to condense and resist transformation from the 2D film into 3D structures is depen-

dent upon the film rigidity which is modulated by lateral interactions between the

fatty acid alkyl chains and by interactions between the underlying aqueous core and

carboxylic acid head groups.113,233–236 Shorter chain fatty acids in nascent SSA are

expected to be more soluble.237,238 given that the particles have an initial seawater
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pH of ∼8.2. As a result, the longer fatty acids will dominate the lateral interactions

in the SSA film, making the film more rigid due to the greater sum of dispersion in-

teractions.113,239,240 Carboxylic acid head groups of long chain fatty acids (>C14) are

only partially deprotonated at high pH due to their relatively high surface pKa val-

ues.241,242 However, cation-head group interactions slightly moderate the pKa increase

associated with increasing alkyl chain length.242 As SSA ages in the marine boundary

layer (MBL), the particles interact with trace gases that lower the pH of the particle

aqueous core. Consequently, shorter fatty acids are less soluble and more surface

active, so the SSA film is fluidized.243–246 SSA film behavior can be represented by

2D Langmuir isotherms in which a fatty acid monolayer is compressed beginning at

low surface coverage, and the monolayer surface pressure is measured with decreasing

surface area.231 Film rigidity dictates the maximum monolayer surface pressure (Πc)

attainable before collapse into 3D structures,117,118,247–249 thereby changing the phase

state of the film.

SSA proxy film collapse mechanisms are examined on aqueous NaCl subphases to

elucidate changes in film morphology with particle aging in the MBL. A fatty acid

mixture composed of myristic acid (C14, MA), palmitic acid (C16, PA), and stearic

acid (C18, SA) at the molar ratio of 3 SA:4 PA:2 MA is studied to mimic the dominant

surfactant composition in fine SSA (diameter ≤ 2.5 µm). PA and SA constitute about

two-thirds of the saturated fatty acids in fine SSA, and MA is the third most abundant

species.53 The aqueous core of nascent SSA is modeled by a 0.4 M NaCl subphase at

pH 8.21, and aged SSA is modeled with the aqueous NaCl subphase adjusted to pH

5.6 and 2.0.250 Surface pressure–area (Π − A) isotherms are conducted to measure

the SSA proxy film phase behavior, and Brewster angle microscopy (BAM) images

of the SSA proxy film collapse are taken at each pH. Differences in monolayer phase

behavior and collapse between the SSA proxy film and its individual components

are observed, highlighting the importance of using more complex model systems to
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elucidate atmospherically-relevant SSA film behavior. Additionally, changes in SSA

film collapse mechanisms as a function of pH are measured. From our results, we

expect that subphase composition and pH will play a major role in modulating SSA

film morphology which will then impact particle trace gas uptake and nucleation

ability in the MBL.

3.2 Materials and Methods

3.2.1 Materials

Myristic acid (C14H28O2, MA,≥ 99%, Sigma-Aldrich, Saint Louis, MO, USA), palmitic

acid (C16H32O2, PA, ≥ 99%, Sigma-Aldrich), and stearic acid (C18H36O2, SA, ≥ 99%,

Sigma-Aldrich) were used without further purification. Each fatty acid was dissolved

in chloroform (HPLC Grade, Fisher Scientific, Fair Lawn, NJ, USA) at a concentra-

tion of 3 mM. Aliquots of the individual fatty acid solutions were mixed according to

the molar ratio of 2 MA:4 PA:3 SA to produce the mixed lipid stock solution in du-

plicate. NaCl (Sodium chloride, 99+%, ACS reagent, Acrōs Organics, Fair Lawn, NJ,

USA) was baked at 650 ◦C in a furnace (Fisher Scientific Isotemp® Muffle Furnace,

Dubuque, IA, USA) for at least 10 h to remove residual organics.251 The salt was dis-

solved in ultrapure water with a resistivity of 18.2 MΩ·cm (Milli-Q Advantage A10,

EMD Millipore, Billerica, MA, USA) and with a pH of 5.6 because of acidification by

atmospheric CO2. Acidic subphases were prepared at pH 2.0 via the addition of HCl

(Hydrochloric Acid, TraceMetal™Grade, Fisher Scientific). Only the 0.4 M NaCl

solution could be adjusted to pH 8.2 via NaOH (Sodium Hydroxide Pellets, Mallinck-

rodt Analytical Reagent, Paris, KY, USA) addition. Water at pH 8.2 acidified rapidly

over the course of an experiment, but the 0.4 M NaCl solution acidified more slowly.

Therefore, the solution was initially prepared at pH 8.5 so that the pH would drop

to 8.2 ± 0.1 while data was recorded.
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3.2.2 Surface Pressure–Area Isotherms

Surface pressure–area (Π − A) isotherms were performed in triplicate on a Teflon

Langmuir Mini-Micro trough (KSV NIMA, Biolin Scientific, Espoo, Finland, area

144.5 cm2) and Delrin barriers (KSV NIMA). Both the trough and barriers were

thoroughly cleaned with reagent alcohol (Histological Grade, Fisher Scientific, Fair

Lawn, NJ, USA) and ultrapure water. Surface pressure was measured by the Wil-

helmy plate method using a filter paper plate (Ashless Grade 41, Whatman, GE

Healthcare, Chicago, IL, USA), and the paper plate was fully wetted prior to running

an isotherm. The barriers were swept across the surface at the maximum compression

speed (270 mm/min/barrier) to check for surface cleanliness, indicated by a surface

pressure value ≤ 0.20 mN/m. A microsyringe (50 µL, Hamilton, Reno, NV, USA)

was used to spread the lipid solution dropwise onto the aqueous subphase. Ten min-

utes were allowed for solvent evaporation, and then the monolayer was symmetrically

compressed at a rate of 10 mm/minute (5 mm/min/barrier). All Π − A isotherms

were conducted at 21.8 ± 0.5◦ C and a relative humidity of 37 ± 6 %. Relative

humidity is not expected to change the monolayer collapse mechanism.

3.2.3 Brewster Angle Microscopy (BAM)

Brewster angle microscope images were collected simultaneously with Π−A isotherms

using a custom-built BAM setup similar to that described previously in the litera-

ture.192,252 Plane-polarized light at 543 nm was produced by a 1.5 mW He-Ne laser

source (Meredith Instruments, Peoria, AZ, USA) with linear 500:1 polarization, and

the p-polarized light was further purified by a Glan-laser calcite polarizer (Thorlabs,

Newton, NJ, USA). The BAM was built on a goniometer and positioned along the

Brewster angle of the air/water interface at 53.1◦. Reflected light was then sent

through a 10X infinity-corrected super long working distance objective lens (CFI60

TU Plan EPI, Nikon Instruments, Melville, NY, USA). The magnified image was fur-
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ther collimated and focused using a tube lens (MXA22018, Nikon Instruments; focal

length 200 mm) before being sent to the back-illuminated EM-CCD camera (iXon

DV887-BV, Andor Technology USA, Concord, MA, USA; 512 × 512 active pixels,

16 µm × 16 µm pixel size). The BAM images were processed using ImageJ software

(version 1.52a, National Institutes of Health, Bethesda, MD, USA)253 and cropped

from their original size of 8.2 × 8.2 mm to show only the region of highest resolution.

3.3 Results and Discussion

3.3.1 Nascent SSA Proxy Film Phase Behavior

Although cations tend to be enriched in SSA relative to their concentrations in sea-

water, Na+ is not enriched.5,78 Consequently, 0.4 M NaCl was added to the Π − A

isotherm subphase to model the Na+ ion concentration in seawater in order to un-

derstand how the aqueous core of SSA impacts lipid organization in its organic coat-

ing.1,254 Additionally, the pH of the subphase was adjusted to mimic that of seawater

at pH 8.2.1 Π− A isotherms of the SSA proxy film (2 MA: 4 PA:3 SA) and its indi-

vidual fatty acid components on 0.4 M NaCl at pH 8.2 are shown in Fig. 3.1. A BAM

image of the SSA proxy monolayer collapse is also displayed as an inset in Fig. 3.1a.

Fatty acid mixtures containing different chain lengths have been previously shown

to be fully miscible255, so the the SSA proxy film should be entirely homogeneous.

However, isotherms of the individual fatty acids were measured to evaluate how their

phase behavior differs from the SSA proxy film mixture. If differences are observed

in phase behavior, this suggests that individual fatty acid monolayers do not fully

capture MBL SSA surface organization and dynamics.

The SSA proxy monolayer (Fig. 3.1a) undergoes a 2D phase transition from a

gas–tilted condensed (G-TC) coexistence phase to a tilted condensed (TC) phase at

24 Å2/molecule, known as the lift-off point.113,256,257 Upon further compression in the
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Figure 3.1: Π−A isotherms of the sea spray aerosol (SSA) proxy film and its individual
components at pH 8.2: (a) SSA proxy film and a Brewster angle microscope (BAM) image of
the monolayer collapse; (b) myristic acid (MA) spread at different amounts at the air/water
interface; (c) palmitic acid (PA); and (d) stearic acid (SA). The BAM image scale bar is
50 µm.

TC phase, the monolayer transitions into the untilted condensed (UC) phase at a

surface pressure of 18 mN/m. The film reaches a maximum surface pressure around

70 mN/m. The existence of only one collapse pressure (Πc) observed at ∼60 mN/m

also suggests that the SSA proxy film is completely miscible. A monolayer contain-

ing immiscible components have different Πc points for each component, whereas

miscible monolayers have a single Πc that is dependent upon the molar fraction of

each component in the mixture.113,243 Such a high Πc indicates that the SSA film on

model seawater is resistant to collapse. This phase behavior could be caused in part
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by Coulombic repulsion between the negatively-charged carboxylate moieties and by

contact ion pair formation between the carboxylate and Na+ cation.67 Alternatively,

a surface pressure plateau could be the result of slow relaxation kinetics caused by

strong cohesive forces between the lipids.236 Further insight into the intermolecular

interactions contributing to the surface pressure plateau can be obtained from the

individual fatty acid isotherms.

MA (Fig. 3.1b) is the shortest of the long chain fatty acids, yielding a smaller sum

of dispersion interactions between the lipids. As a result, MA films at the air/water

interface are more disordered and pack less tightly.113,157,258 MA is partially soluble

in water,237,238 and its rate of desorption increases with carboxylic acid headgroup

deprotonation because of the strong electrostatic interactions between the carboxylate

moiety and water molecules. MA is largely deprotonated at pH 8.2 based on the

surface pKa value of 7.88 at 20◦ C,241 so a stable monolayer could not be obtained

for the model seawater subphase due to dissolution. Increasing the amount of fatty

acid spread onto the air/water interface helped to overcome the diffusion-mediated

desorption, but the mechanical forcing from lateral barrier compression during the

Π − A isotherm experiment promoted desorption. Hence, the monolayer was not

stable, so collapse could not be reached.

Both PA (Fig. 3.1c) and SA (Fig. 3.1d) achieve a surface pressure plateau at

collapse around ∼67 mN/m on 0.4 M NaCl at pH 8.2. PA and SA should be partially

deprotonated on this model seawater subphase given their surface pKa values of 8.34

at 20◦ C and 9.89 at 20◦ C, respectively.241 However, the lipids are largely insoluble

because of the greater dispersion interactions between the alkyl chains which generates

a more rigid film. The PA lift-off point was measured at 25.5 Å2/molecule, and SA

lift-off occurred at 23.5 Å2/molecule. PA and SA underwent the tilted condensed–

untilted condensed (TC–UC) phase transition at ∼20 mN/m. PA and SA Π − A

isotherms are similar to the SSA proxy isotherm, suggesting that the mixture film
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dynamic behavior resembles that of the individual fatty acids. The SSA proxy lift-

off point is intermediate between the PA and SA lift-off points, further supporting

that the monolayer mixture is miscible. Miscible monolayers have phase transitions

that are dependent upon the molar fraction of each component in the mixture; thus,

the monolayer mixture lift-off occurs at a pressure between that of its individual

components.113,243 While PA and SAmonolayers are good models of SSA film behavior

on 0.4 M NaCl at pH 8.2, the SSA proxy monolayer has a different isotherm slope at

collapse which could indicate small differences in the collapse mechanisms.

SSA film rigidity partially governs the monolayer collapse mechanism into 3D

structures. Fluid monolayers lose material by desorption into the aqueous subphase

and have low Πc. Rigid or highly ordered monolayers tend to collapse by forming

multilayer aggregates in the air phase or by desorption into the aqueous phase, and

the Πc is often high. When the monolayer possesses intermediate rigidity, it can buckle

and form protrusions into the subphase, known as a folding collapse. Defects in the

monolayer act as folding nucleation sites, leading to random protrusions that coexist

with the monolayer. Continuous compression after protrusion formation increases

the fraction of monolayer in the folds relative to the flat regions such that a constant

Πc is maintained. Monolayer folding is a reversible process unlike film desorption

and fracturing, so the monolayer molecular organization is maintained throughout

dynamic compression and expansion.116–118,249,259 Changes in film morphology can

affect SSA uptake of trace gases and water vapor in the MBL, so understanding SSA

film collapse mechanisms is important for better predictions of SSA radiative effects

and surface reactivity in climate models.

BAM was used to visualize the SSA proxy collapse structure that gives rise to

the surface pressure plateau on 0.4 M NaCl at pH 8.2 (Fig. 3.1a). Small white spots

approximately 5–10 µm in diameter appeared in the condensed phase at surface pres-

sures below the Πc (image not shown). These spots are indicative of monolayer-bound
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vesicle budding.260 At Πc, bright white lines began to encompass many of the budding

vesicles, and further compression caused the lines to become more interconnected.

The presence of lines suggest a folding collapse mechanism in which the budding

vesicles are likely incorporated into the folds.118,260–262 A surface pressure plateau is

also indicative of monolayer folding. Film material is incorporated into the folds with

compression, and the surface pressure rises only minimally because molecular organi-

zation within the film itself does not change. Instead, the surface pressure slowly rises

as new folding nuclei form upon compression.118 This suggests that nascent SSA films

are resistant to collapse into 3D structures and may be able to retain their molecular

organization during dynamic compression. SSA particle shrinkage could then create

an even greater aerosol surface-to-volume ratio due to film folding at the interface.

3.3.2 Effects of SSA Proxy Aqueous Composition on the

Film Phase Behavior

In order to understand how SSA interfacial organization changes throughout SSA

residence in the MBL, the 0.4 M NaCl aqueous subphase pH was lowered to 5.6 in

the Π − A isotherm and BAM experiments (Fig. 3.2). The SSA proxy monolayer

lift-off point (Fig. 3.2a) occurs at 25 Å2/molecule, and the film undergoes the TC–

UC phase transition at ∼18 mN/m. A surface pressure plateau at collapse occurs at

∼64 mN/m. The Πc on 0.4 M NaCl at pH 5.6 is slightly lower than the Πc at pH 8.2

(Fig. 3.1a), indicating that the monolayer begins to fold at a lower surface pressure

at pH 5.6. BAM also suggests that part of the SSA proxy monolayer on 0.4 M NaCl

at pH 5.6 folds at collapse (inset in Fig. 3.1a). Small 3D nuclei begin to form in the

UC phase just before the Πc, and some of these nuclei become connected by thin

white lines upon further compression at collapse. Line structures are indicative of

monolayer folding.118 However, a significant number of these small 3D nuclei do not

coalesce into line structures, and the number of 3D nuclei increases with compression.
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The lower collapse pressure at pH 5.6 is likely caused by a fraction of more rigid film

material being incorporated into vesicles that detach from the monolayer, meaning

that less of the film is incorporated into folds.263 Changes in the SSA proxy film

organization and fluidity on subphases with differing pH suggest that aerosol particle

pH is important in modulating SSA film dynamics in the MBL.

While the SSA proxy monolayer folds at collapse, its individual fatty acid compo-

nents do not fold on the same subphase conditions. MA (Fig. 3.2b) lifts off around

41 Å2/molecule and enters a TC–UC coexistence phase246,264,265 at ∼15 mN/m. The

monolayer exists in the UC phase at surface pressures higher than 15 mN/m until the

Πc is reached at ∼48 mN/m, and then the surface pressure drops with further com-

pression. PA (Fig. 3.2c) and SA (Fig. 3.2d) isotherms also exhibit a similar collapse

mechanism to MA with Πc values at ∼62 mN/m and ∼67 mN/m, respectively, and

their surface pressures decrease after collapse. The other PA and SA phase transitions

remain relatively unchanged in comparison to the individual fatty acid isotherms on

0.4 M NaCl at pH 8.2. The lift-off point is increased by 1 Å2/molecule for both PA

and SA at pH 5.6, and the TC–UC phase transition is increased by ∼2–3 mN/m for

both fatty acids, suggesting that the monolayer is less fluid on salt water at pH 5.6

than on model seawater.

Both the Π − A isotherms and BAM images demonstrate significant differences

between the SSA proxy film collapse on aqueous NaCl as compared to ultrapure

water (Fig. 3.3). A surface pressure plateau is observed at ∼64 mN/m on 0.4 M

NaCl, whereas the Πc on H2O is ∼53 mN/m. Both line structures and 3D nuclei

are observed in the BAM images on salt water, suggesting that NaCl introduces

sufficient fluidity to promote a folding collapse mechanism. On water at pH 5.6

(Fig. 3.2 inset), the SSA proxy film initially forms small 3D nuclei at a surface pressure

less than the Πc. The 3D nuclei aggregate into larger, irregular structures upon

reaching monolayer collapse. Both the formation of larger 3D aggregates and the
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Figure 3.2: Π− A isotherms of the SSA proxy film and its individual components at pH
5.6: (a) SSA proxy film and a BAM image of the monolayer collapse, (b) myristic acid
(MA), (c) palmitic acid (PA), and (d) stearic acid (SA). The BAM image scale bar is 50
µm.

decrease in surface pressure following further compression indicates that the SSA

proxy monolayer on water fractionates upon reaching Πc. Although the monolayer is

partially deprotonated at pH 5.6, the dispersion interactions between the alkyl chains

are likely greater than the subphase–head group interactions. Consequently, the film

is more rigid and readily breaks when the size and concentration of 3D nuclei becomes

sufficiently large.236 Thus, a folding collapse is likely water mediated and promoted

by contact ion pair interactions between the carboxylate head group and Na+ ion

which fluidize the monolayer sufficiently.67,266 At pH 5.6, the head groups are still
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Figure 3.3: Π − A isotherm of the SSA proxy film on H2O at pH 5.6 and a BAM image
of the monolayer collapse. The BAM image scale bar is 50 µm.

deprotonated such that these ion pairs form easily, but the partial protonation likely

decreases the magnitude of these subphase-head group interactions which increases

the rigidity of the film.

3.3.3 Aged SSA Proxy Film Phase Behavior

When the SSA proxy film is completely protonated on 0.4 M NaCl at pH 2.0, the Π−A

isotherm and BAM image indicate that the film no longer folds at collapse (Fig. 3.4).

The lift-off point is significantly higher at 28 Å2/molecule, caused by decreased MA

solubility at low pH. Like the other SSA proxy isotherms, the TC–UC phase transition

occurs around ∼20 mN/m. Upon monolayer collapse, the Π− A isotherm reaches a

Πc of ∼58 mN/m before the surface pressure decreases. BAM images reveal that the

film forms 3D nuclei 5–10 µm in diameter and that the nuclei do not aggregate even

beyond the Πc. This collapse structure suggests that the monolayer is too rigid to fold

due to weaker subphase–head group interactions, so the film collapses into 3D vesicles.

Consequently, SSA acidification in the MBL is expected to induce significant changes

in film organization, particularly during seasons of high biological productivity.
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Figure 3.4: Π− A isotherm of the SSA proxy film on 0.4 M NaCl at pH 2.0 and a BAM
image of the monolayer collapse. The BAM image scale bar is 50 µm.

3.3.4 SSA Film Collapse Mechanisms and Their Atmospheric

Implications

A comparison of the collapse pressures for the SSA proxy mixture and its individual

fatty acid components on various subphase conditions is plotted in Fig. 3.5. Resistance

to a 2D to 3D transformation increases with increasing pH. The SSA proxy mixture

on 0.4 M NaCl exhibits the highest Πc at pH 8.2, and the Πc steadily decreases with

subphase acidification. However, the Πc of the SSA proxy film on ultrapure water

at pH 5.6 is significantly lower than that of the film on salt water at the same pH,

indicating that both salt and pH are important in stabilizing the 2D monolayer at the

air/water interface. Additionally, the strength of the dispersion interactions between

the alkyl chains of the fatty acids are important in controlling film rigidity. MA

exhibited the most fluid monolayer because of the weaker dispersion interactions,

albeit the monolayer was unstable. SA was highly rigid as shown by the nearly

identical collapse surface pressures at both pH 5.6 and 8.2. PA and SA had collapse

surface pressures close to that of the SSA proxy mixture, but the individual fatty

acids alone were not able to completely reproduce the collapse behavior at all pH
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values. Therefore, while the lateral dispersion interactions are crucial in regulating

film rigidity, the subphase–head group interactions modulated by pH and salt are the

most important factors in determining the collapse mechanism for the SSA proxy film.

Further studies are needed to evaluate how other marine-relevant salts and organic

compounds impact the mechanical properties of the SSA proxy film.

Figure 3.5: Collapse pressures of the SSA proxy film and its individual fatty acid compo-
nents plotted as a function of subphase pH.

Probable film collapse mechanisms on SSA surfaces in the MBL are summarized

in Fig. 3.6. The organic coating of nascent SSA is likely to fold upon particle con-

traction during periods of high marine biological activity. As a result, nascent SSA is

dynamic and retains its interfacial molecular organization. However, as the particle

interacts with trace gases in the MBL and acidifies, the film becomes more rigid.

Monolayer folding is still observed, but 3D nuclei also begin to form at the surface as

the interfacial area is reduced. Folding ceases when the monolayer is fully protonated,

and only the 3D nuclei are observed. This change in collapse indicates that the SSA

film fractionates and undergoes significant reorganization at low pH. Monolayers on

acidic subphases, such as the films on aged SSA, are less dynamic and less resistant
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to 3D transformations, so some film material is removed from the surface when the

available area is too small. It is therefore reasonable to assert that interfacial reac-

tivity and the nucleation ability of SSA particles change as the interfacial molecular

environment is altered via pH and salt concentration, thereby yielding different im-

pacts on climate upon aerosol aging in the MBL. The studies described herein reveal

interfacial morphological changes of complex SSA proxy systems as a function of pH

to better understand SSA surfaces.

Figure 3.6: Illustration of the proposed SSA proxy film collapse mechanisms throughout
particle residence in the marine boundary layer (MBL). Increased acidity is associated with
longer aging in the MBL. The light gray circles correspond to zoomed-in schematics of
the collapsed SSA proxy film. Nascent SSA films (bottom circle) fold at collapse. Upon
subphase acidification (middle circle), the collapsed film folds and forms 3D nuclei simulta-
neously. After a significant amount of aging (top circle), the film no longer folds and only
forms 3D nuclei at collapse.
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Chapter 4

Vibrational Excitons Conceal Surfactants

at the Air/Water Interface

4.1 Introduction

Elucidating structure at the air/water interface is important to understanding chem-

ical reactivity in biological, environmental, and industrial systems. Surfactants com-

prise an abundant class of amphiphilic molecules that partition at the air/water in-

terface with vibrational modes that are typically well-separated from those of water,

offering a sensitive probe of interfacial adsorption and organization via vibrational

spectroscopy.98 Moreover, surfactant molecules spontaneously aggregate into micelles

at high concentrations,88 and strong vibrational couplings play a central role in the

spectra of self-aggregating nanostructures.267 Vibrational excitons emerge from the

coupling of quasi-degenerate vibrational states and have the effect of depleting local

signal intensity in one-dimensional (1D) spectroscopic measurements.268 Even though

global infrared intensity is conserved by a sum rule, the apparent depletion of local

signal strength can lead to misinterpretation of the results of 1D-IR experiments.

The effects of exciton coupling on 1D-IR spectra have been well documented in bulk

liquid water, proteins, and DNA; but the influence of the air/water interface on these
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couplings has yet to be explored.269–275

Two-dimensional (2D) vibrational spectroscopic techniques are the only methods

immune to this problem because they probe vibrational coupling directly, although

the resulting spectra are sometimes too convoluted to analyze. To date, only three

studies have investigated vibrational coupling between alkyl chains of a surfactant

monolayer.276–278 Bredenbeck et al.276,277 first observed vibrational coupling between

the terminal methyl and methylene groups of a dodecanol monolayer at the air/water

interface using 2D vibrational sum frequency generation spectroscopy (VSFG). A

wealth of structural information is present within the off-diagonal C–H peaks in 2D

vibrational spectra, but accessing many of these details can be unintuitive.

One-dimensional vibrational spectroscopic techniques such as surface-sensitive in-

frared reflection-absorption spectroscopy (IRRAS) and surface-selective VSFG are

simpler to dissect than their 2D analogues and have been much more widely adopted

for the analysis of surfactant organization at interfaces. Soluble surfactant adsorption

and film surface density are measured through vibrational band peak intensities in

which hydrocarbon C–H and C–D modes are most commonly tracked.109,168,179,279,280

The orientation of surfactant terminal methyl groups is frequently assessed via 1D

VSFG and by calculating ratios of CH3 peak intensities obtained by probing the sys-

tem with different polarizations of light.68,281 An analogous analysis using the CH2

peak intensities from 1D IRRAS spectra is used to assess hydrocarbon chain confor-

mational order at interfaces.63,154,157,282 A method was recently developed to estimate

the total intermolecular interactions in a surfactant monolayer at the air/water inter-

face using the intensity ratio amplitude of the second-order Fermi resonance signals

generated by VSFG.283 All of the above analyses rely upon alkyl chain peak intensi-

ties, which are susceptible to signal strength reduction via vibrational coupling.

To investigate the influence of vibrational excitons on 1D vibrational spectra,

IRRAS spectra and surface tension measurements of perfluorooctanoic acid (PFOA)
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at the air/water interface were collected, and the experimental data was compared to

theoretical spectra generated from molecular dynamics (MD) simulations combined

with an ab initio vibrational exciton model (aiVEM). Both theory and experiment

reveal signal intensity depletion in the C–F vibrational modes at PFOA concentrations

near but below the critical micelle concentration. Signal depletion due to vibrational

excitons is also observed in the C–H peaks of an insoluble arachidic acid monolayer

upon lateral compression, suggesting that the formation of vibrational excitons is

a general feature of 1D vibrational spectra of surfactants at interfaces. This study

therefore serves as a cautionary tale against structural analyses using alkyl- and

fluoroalkyl-chain vibrational mode peak intensities.

4.2 Methods

4.2.1 Chemicals

Pentadecafluorooctanoic acid (PFOA, 96%, ACROS Organics™) and arachidic acid

(AA, ≥ 99%, Sigma-Aldrich) were used as received. All glassware was cleaned in a

piranha acid bath. Solutions were prepared in ultrapure water with a resistivity of

18.2 MΩ·cm (Milli-Q Advantage A10, EMD Millipore), and NaCl (Sodium chloride,

99.5%, for biochemistry, ACROS Organics™) was baked in a furnace at 650◦ C for at

least 10 h to remove residual organic impurities.284 PFOA was dissolved in ultrapure

water and in an aqueous 0.47 M NaCl solution, and the pH of all PFOA solutions was

measured at 5.8 ± 0.1 due to acidification by atmospheric CO2. AA was dissolved in

chloroform (Reagent ACS, 99.8+%, ACROS Organics™) at 1.0 mM. The ultrapure

water and 0.47 M NaCl aqueous solution subphases for AA measurements contained

4 µM ethylenediaminetetraacetic acid (EDTA, 99.995% trace metals basis, Sigma-

Aldrich) and were pH adjusted with sodium hydroxide pellets (NaOH, 98%, extra

pure, ACROS Organics™) to pH 12.5 ± 0.1.
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4.2.2 Surface Tensiometry

PFOA surface tension measurements were collected in borosilicate glass petri dishes

using a force tensiometer (Sigma 703D, Biolin Scientific) and the Wilhelmy plate

method. A platinum Wilhelmy plate was cleaned with ethanol and ultrapure water

and fired until red hot with a Bunsen burner. PFOA solution surfaces were allowed to

equilibrate for 3 minutes prior to recording the surface tension, and all measurements

were repeated at least five times. Curve fitting of Eq. (2.5) was performed using the

Nonlinear Curve Fit Tool in OriginPro 9.0 (OriginLab 9).

Surface pressure-area isotherms of AA were conducted in triplicate using a Teflon

Langmuir trough and Delrin barriers (Biolin Scientific), and surface tension was mea-

sured with a platinum Wilhelmy plate. Surface cleanliness, indicated by a surface

pressure value ≤0.2 mN/m, was assessed by sweeping the barriers across the sub-

phase at the maximum compression speed (270 mm/min/barrier). AA was spread

dropwise onto the aqueous subphase, and the chloroform solvent was allowed to evap-

orate for 10 minutes. The barriers were symmetrically compressed at a rate of 5

mm/min/barrier during the isotherm, and the data were averaged.

4.2.3 Infrared Reflection-Absorption Spectroscopy

Infrared-reflection absorption spectroscopy (IRRAS) was conducted using a Fourier

transform infrared spectrometer (Spectrum 100, PerkinElmer) equipped with a liquid

nitrogen-cooled HgCdTe (MCT) detector. Spectra were collected with unpolarized

light in the single-beam mode as an average of 400 scans. The incident beam direc-

tion inside the spectrometer was modified by a planar gold mirror at a 48◦ angle of

incidence relative to surface normal, and the reflected light was redirected toward the

detector with a second gold mirror. Energy values were recorded every 0.5 cm−1 be-

tween 450 and 4000 cm−1, and the spectral resolution was 4 cm−1. Each experiment

was repeated in at least triplicate and analyzed using OriginPro 9.0. For analysis
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of the PFOA C–F vibrational modes, the baseline was subtracted from each spec-

trum by fitting a line between endpoints 1118 and 1266.5 cm−1, and the peak area

of each baseline-subtracted spectrum was integrated between these endpoints. The

C–H spectral region of AA was baseline-subtracted by fitting a line between endpoints

2800 and 3000 cm−1, and the peak area was integrated between the same endpoints.

Figures contain averaged, baseline-subtracted spectra.

4.2.4 Second Harmonic Generation Spectroscopy

A custom-built SHG spectrometer was used for these measurements, and the instru-

ment design has been described previously.195 Sub-50 fs pulses centered at 805 nm

were generated using an ultrafast oscillator (Tsunami, Spectra-Physics) with an out-

put power of ∼900 mW and a repetition rate of 82 mHz. A beam splitter directed 90%

of the laser output power into a signal channel, and the remaining 10% was directed to

a reference channel where a BBO crystal (90015087, Newport) generated the reference

SHG signal. The signal channel consisted of a Glan-laser polarizer (10GR08-AR16,

Newport), a half-wave plate (10RP52, Newport), and a long-pass filter (690LP Rapi-

dEdge, Omega Optical). Linear p-polarization was selected for the incoming beam

polarization to maximize the measured signal intensity. The laser pulses were focused

onto the aqueous surface, and the reflected SHG photons were collimated through

a focusing lens. The collimated signal then passed through two short-pass filters

(450SP RapidEdge, Omega Optical), a half-wave plate (WPH10M-405, Thorlabs),

and a Glan-laser polarizer (GLB10-405, Thorlabs). Linear p-polarization was also

selected for the SHG signal polarization for maximum signal intensity. A silica plate

aligned the reference beam parallel with the signal beam, and both beams were fo-

cused through a monochromator slit (Shamrock 303i, Andor) and onto an EMCCD

camera (Newton DU970N-BV EMCCD, Andor). Second harmonic images were col-

lected with an exposure time of 90 s and 200× electron multiplication. The CCD
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background intensity was subtracted from the SHG signal and reference intensities,

and the SHG sample signal was normalized to the reference. The normalized SHG

signal intensities were then converted to electric field values by taking the square root

of the intensity values. The SHG electric field data points plotted in Fig. 4.2 are

the averages of triplicate measurements, and the error bars represent one standard

deviation from the mean.

4.2.5 Brewster Angle Microscopy

A custom-built BAM setup is equipped with a 1.5 mW He-Ne laser (Meredith In-

struments) mounted to a goniometer that positions the laser at the Brewster angle

of the air/water interface, 53.1◦ relative to surface normal. The laser outputs 543 nm

light with linear 500:1 polarization, and the p-polarized light is further purified by a

Glan-laser calcite polarizer (Thorlabs). The light reflected from the air/water inter-

face is directed through a 10X infinity-corrected super long working distance objective

lens (CFI60 TU Plan EPI, Nikon Instruments) followed by a tube lens (MXA22018,

Nikon Instruments; focal length 200 mm) to collimate and focus the light at the

back-illuminated EM-CCD camera (iXon DV887-BV, Andor Technology USA; 512 ×

512 active pixels, 16 µm × 16 µm pixel size). BAM images were cropped from their

original size of 8.2 × 8.2 mm using ImageJ software253 to show the region of highest

resolution.

4.2.6 Molecular Dynamics

AMOEBA parameters for anionic PFOA were obtained by Kevin Carter-Fenk (Her-

bert group) using a standard protocol as described in his dissertation (2021) and in

Ref. 285. Simulations were carried out in the canonical ensemble using slab bound-

ary conditions, with a simulation cell size of 9.5× 9.5× 29.5 nm3. The temperature

was maintained every 0.1 ps at 298 K using a Bussi thermostat,286 with a step size
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of 2 fs maintained via the RESPA integrator.287 All simulations were run using a

locally-modified version of Tinker-HP, v. 1.1.288 Our neat water simulations contain

a 1:1 ratio of Na+:PFOA in order to maintain charge neutrality for application of

periodic boundary conditions via Ewald summation. NaCl simulations use a 3:1 ra-

tio of Na+:PFOA and 2:1 Cl−:PFOA ratio to achieve charge balance, for a net 2:1

concentration ratio of NaCl:PFOA. The net concentration of PFOA was set to 200

molecules in a 9.5 nm3 box, with enough water to provide a density of ≈ 1 g/cm3.

4.2.7 Quantum Chemistry Calculations

Vibrational spectra of PFOA were obtained by Kevin Carter-Fenk (Herbert group) us-

ing a vibrational exciton model as described in his dissertation (2021) and in Ref. 285.

The exciton model requires normal mode frequencies and transition dipole moments

for each monomer. These are computed at the EDF2/6-31G(d) level289 (using Q-

Chem v. 5.3),290 and scaled by a factor of 0.9805.291

4.3 Results and Discussion

4.3.1 PFOA Adsorption Measurements

Vibrational exciton formation in soluble surfactant films at the air/aqueous interface

of ultrapure H2O and 0.47 M NaCl solution was studied with surface-sensitive IRRAS.

The specific concentration of NaCl was chosen to match the Na+ concentration in

seawater, and the soluble surfactant PFOA [CF3(CF2)6COOH] was selected due to

its surface activity and large perfluoroalkyl transition dipole moments. Additionally,

PFOA is a strong acid (pKa < 1 by recent estimates),292,293 so the surfactant is

fully deprotonated in the bulk and at the surface of ultrapure water (pH = 5.8).

IRRAS spectra are analyzed in the C–F region (∼1100–1300 cm−1) and the spectra
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are plotted as reflectance-absorbance (RA),

RA = − log
Rm

R0

 , (4.1)

where Rm is the reflectivity of the PFOA film and R0 is the reflectivity of the aqueous

subphase without PFOA.
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Figure 4.1: Perfluorooctanoic acid (PFOA) adsorption to the water and 0.47 M NaCl (aq)
interface. (a) Infrared reflection-absorption spectroscopy (IRRAS) of the C–F vibrational
mode region as a function of PFOA bulk concentration. (b) Integrated peak area corre-
sponding to the C–F vibrational modes as a function of the bulk PFOA concentration. Lines
connecting the data points are drawn to guide the eye. (c) Surface tension measurements
as a function of PFOA bulk concentration. The curved lines connecting the data are fits to
the Szyszkowski equation (Eq. 2.5) and the adjusted R 2 values are included in the legend.
(d) The calculated PFOA surface excess (Eq. 2.7) as a function of bulk concentration. All
error bars correspond to one standard deviation from the mean.

Three main peaks are present in the C–F vibrational mode region of the IRRAS

spectra of PFOA in Fig. 4.1a. (Peak assignments are described in Appendix A.) The

peaks red-shift with increasing bulk PFOA concentration, indicative of increasing ad-

sorption and intermolecular interactions between interfacial PFOA molecules. The
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aqueous subphase composition has a significant impact on the C–F peak intensities,

lineshapes, and frequencies. For example, C–F peaks are not observable for PFOA dis-

solved in ultrapure water at 2 µM or 20 µM, suggesting that NaCl enhances PFOA

adsorption at low concentrations. Peak integration of the C–F vibrational modes

(Fig. 4.1b) further illustrates that NaCl enhances PFOA adsorption at low concen-

trations. A PFOA concentration of 200 µM brings about an inflection point in this

trend wherein the integrated IRRAS peak area of the two aqueous solutions is nearly

the same, and at concentrations > 200 µM the integrated peak area actually becomes

larger in H2O than in 0.47 M NaCl.

In response to this apparent deviation from Hofmeister “salting-out” effects,91,294

surface tension measurements were collected to further investigate PFOA interfacial

adsorption and surface excess for comparison to the IRRAS spectra. Although surface

tension does not provide any molecule-specific information, it does yield robust quan-

titative measurements of surfactant adsorption to the air/water interface. Enhanced

surfactant concentration at the surface, relative to the bulk, results in a lower surface

tension than that of H2O and corresponds to a positive surface excess. The average

surface tension of H2O was measured at 72.57 ± 0.22 mN/m at 21.1 ± 0.5 ◦C,

consistent with the reference surface tension values of 72.75 mN/m at 20 ◦C and

71.99 mN/m at 25 ◦C.295

Fig. 4.1c illustrates a surface tension depression with increasing bulk PFOA con-

centration. Surface tension measurements for each aqueous subphase solution were

fitted to the Szyszkowski equation (Eq. 2.5).103,104 The results of the fitting (Fig. 4.1c)

show that the magnitude of surface tension depression induced by interfacial PFOA

adsorption is highly dependent upon the presence of salt,103,296–299 as the 0.47 M NaCl

solution exhibits decreased surface tension across all bulk PFOA concentrations, rel-

ative to H2O. To quantify the differences in PFOA surface excess induced by the

aqueous subphase, the Langmuir-Szyszkowski equation (Eq. 2.7) was used to com-

65



pute the surface excess, Γ.103,107 Fitted parameters a and b from Eq. 2.5 were used

in Eq. 2.7 to obtain the calculated surface excess in Fig. 4.1d. The aqueous NaCl

solution supports an order of magnitude larger PFOA surface excess than H2O, with

10–12× the surface excess of H2O for solutions containing 2 mM PFOA and 2 µM

PFOA, respectively.

Second harmonic generation (SHG) spectroscopic measurements of the interfacial

electric field (Fig. 4.2) also confirm enhanced PFOA surface activity in the NaCl

solution, consistent with Hofmeister series “salting-out.” Unlike hydrogenated alkyl

surfactants, perfluorinated alkyl surfactants decrease the interfacial electric field rela-

tive to that of water.300,301 Thus, as the PFOA interfacial concentration increases, the

SHG electric field decreases. Aqueous NaCl enhances the surface activity of PFOA,

leading to SHG electric field and surface tension depression as a function of PFOA

bulk concentration. The interfacial electric field of PFOA in ultrapure water decreases

minimally at 2 and 20 µM, matching the minimal decrease in surface tension shown in

Fig. 4.1c. PFOA adsorption at the surface of both ultrapure water and 0.47 M NaCl

aqueous solution converge upon a minimum SHG electric field value near 0.4 AU,

suggesting PFOA saturation within the SHG probe region. However, the SHG signal

also nears the limit of detection within this high PFOA concentration regime, mak-

ing the full adsorption isotherm difficult to measure. Surface tension and infrared

reflection-absorption spectroscopy (IRRAS) have deeper probe depths than SHG, so

it is plausible that the SHG measurements are only sensitive to the first interfacial

monolayer of PFOA. IRRAS interfacial probe depth corresponds to the IR penetra-

tion depth in water at the wavelengths of interest (Eq. 2.24), so the IR penetration

depth is ∼ 19 µm in the C–F vibrational mode region.302 Consequently, the IRRAS

probe depth more closely matches that of the surface tension measurements than the

SHG measurements, and the surface tension and IRRAS measurements likely detect

multiple layers of PFOA interfacial adsorption.
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Figure 4.2: Second harmonic generation (SHG) spectroscopic measurements of perflu-
orooctanoic acid (PFOA) adsorption at the air-aqueous interface of ultrapure water and
0.47 M NaCl solution. Error bars represent one standard deviation from the mean.

While IRRAS is sensitive to changes in PFOA adsorption due to variable surfac-

tant concentration and aqueous subphase composition, the spectroscopic measure-

ments produce opposite trends relative to the surface tension measurements at con-

centrations of PFOA exceeding 200 µM. Surface tensiometry indicates that the NaCl

subphase enhances PFOA surface adsorption relative to H2O across all PFOA concen-

trations, whereas the IRRAS integrated C–F peak area implies that NaCl provides an

initial enhancement of PFOA surface adsorption, followed by an anomalous decline in

surface adsorption at PFOA concentrations > 200 µM. Aggregation of PFOA could

result in C–F vibrational coupling, explaining the surfactant concentration-dependent

discrepancies between the IRRAS and surface tension data. The 0.47 M NaCl sub-

phase also enhances shoulder features in the IRRAS spectra at 1133 cm−1 and 1105

cm−1, which could be a signature of energy splittings characteristic of vibrational

excitons.

The same anomaly was observed for IRRAS and surface tension measurements

of PFOA interfacial adsorption to a 10 mM CaCl2 subphase (Fig. 4.3). The PFOA
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C–F modes are plotted in Fig. 4.3a, and the integrated peak area (Fig. 4.3b) is

compared with that of PFOA in ultrapure water. As PFOA bulk concentration

increases from 2 µM to 2000 µM, the C–F peak intensities increase. Additionally,

the C–F peaks broaden and red-shift with increasing concentration, indicative of

increased intermolecular interactions between interfacial PFOA molecules. Similar

to the spectroscopic observations of PFOA adsorption to the 0.47 M NaCl aqueous

solution interface, the Ca2+ cations salt-out the PFOA surfactants and increase PFOA

surface activity at low concentrations, as shown by the greater integrated C–F peak

areas for the aqueous CaCl2 subphase at [PFOA] < 1000 µM. At 1000 µM PFOA, the

water and 10 mM CaCl2 subphase integrated peak areas are approximately the same,

and the integrated peak area of PFOA in water is greater than that of the aqueous

CaCl2 subphase at 2000 µM PFOA. The same trend reversal in the integrated C–F

peak areas was observed between the water and 0.47 M NaCl (aq) subphases at PFOA

concentrations exceeding 200 µM (Fig. 4.1b), indicating that the phenomenon is not

specific to a particular salt or concentration.

68



1260 1230 1200 1170 1140 1110
-0.0035

-0.0030

-0.0025

-0.0020

-0.0015

-0.0010

-0.0005

0.0000

1 10 100 1000

0.00

0.05

0.10

0.15

0.20

0.25

1 10 100 1000
20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

Re
fle

ct
an

ce
-A

bs
or

ba
nc

e
(A

U)

Wavenumber (cm-1)

2 M
20 M
200 M
1000 M
2000 M

H2O
10 mM CaCl 2

In
te

gr
at

ed
C-

F
Pe

ak
Ar

ea
(A

U)

[PFOA] ( M)µ

H2O
10 mM CaCl 2

Su
rfa

ce
Te

ns
io

n
(m

N/
m

)

[PFOA] ( M)

H2O
10 mM CaCl 2

Su
rfa

ce
Ex

ce
ss

(
m

ol
/m

2 )

[PFOA] (mM)µ

µ

µ
µ

µ
µ
µ

a

c

b

d

Figure 4.3: Perfluorooctanoic acid (PFOA) adsorption to the ultrapure water and 10 mM
CaCl2 aqueous solution interface. (a) Infrared reflection-absorption spectroscopy (IRRAS)
of the C–F vibrational mode region as a function of PFOA bulk concentration. (b) Inte-
grated peak area corresponding to the C–F vibrational modes as a function of the PFOA
bulk concentration. Lines connecting the data points are drawn to guide the eye. (c) Surface
tension measurements as a function of PFOA bulk concentration. The curved lines connect-
ing the data points are fits to the Szyszkowski equation (Eq. 2.5). (d) Calculated PFOA
surface excess from Eq. 2.7 as a function of bulk concentration. All error bars correspond
to one standard deviation from the mean.

Surface tension measurements were conducted to further investigate the anoma-

lous IRRAS measurements. Lowered surface tension values of the PFOA solutions rel-

ative to that of the aqueous subphase alone indicate surfactant interfacial adsorption.

The surface tension of PFOA in 10 mM CaCl2 aqueous solution was lower across all

PFOA concentrations (2-2000 µM) relative to that of PFOA in water (Fig. 4.3c), indi-

cating enhanced surface activity in the presence of salt. To better quantify PFOA ad-
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sorption, surface excess was calculated from the Langmuir-Szyszkowski equation; the

surface tension measurements of each aqueous subphase were fit to the Szyszkowski

equation (Eq. 2.5), and the fitted parameters were used in Eq. 2.7 to obtain PFOA

surface excess (Fig. 4.3d). PFOA surface excess in 10 mM CaCl2 was approximately

5× greater than PFOA surface excess in H2O. The PFOA surface excess in 0.47 M

NaCl was approximately twice as large as the 10 mM CaCl2 subphase surface excess,

indicating that the Ca2+ ion has a significant effect on PFOA partitioning at the

air/water interface despite the ionic strength of the NaCl solution subphase being

over 15× greater than the CaCl2 solution subphase ionic strength.

The surface tension measurements of PFOA in 10 mM CaCl2 are in agreement

with the IRRAS measurements at PFOA concentrations less than 1000 µM; however,

the trends diverge at PFOA concentrations greater than 1000 µM. This discrepancy

in the surface tension and IRRAS measurements at high PFOA concentrations was

also observed between the 0.47 M NaCl and water subphases. Thus, the disagree-

ment between surface tension and IRRAS measurements cannot be attributed solely

to the ionic composition, concentration, or ionic strength of the aqueous solution.

Instead, ions impact the intermolecular spacings between PFOA molecules, thereby

modulating the extent of vibrational coupling between surfactants and the magnitude

of IRRAS signal reduction in the C–F vibrational mode region.

The infrared cross section is examined to prominently exemplify deviations from

the Beer-Lambert law (Fig. 4.4). In the absence of vibrational coupling, the integrated

peak area would increase linearly with surface excess, allowing for the extraction of

an effective infrared cross section from a linear fit of the data. The integrated peak

area of PFOA in water is nearly linear with surface excess, suggesting nearly ideal

“gas-phase” absorption behavior. However, even in neat water there are deviations

from ideal absorption at higher concentrations, suggesting that this phenomenon is

concentration dependent. This concentration dependence is amplified in the presence
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of electrolytes, which induce significant nonlinearity in the C–F peak area as a function

of PFOA surface excess. Concentration dependence could suggest that the deviations

from ideal absorption are caused by PFOA· · ·PFOA interactions. The origin of these

strong deviations from Beer-Lambert absorption is investigated in the context of the

exciton hypothesis in the next section.
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Figure 4.4: Integrated C–F peak area of infrared reflection-absorption spectroscopic
(IRRAS) measurements of perfluorooctanoic acid (PFOA) surface excess at the air-aqueous
interface of ultrapure water, 0.47 M NaCl, and 10 mM CaCl2. Error bars represent one
standard deviation from the mean.

4.3.2 Molecular Dynamics Simulations

In collaboration with the Herbert group, we begin the theoretical investigation by ob-

taining reliable structures of PFOA at the air/water interface using classical MD sim-

ulations based on the AMOEBA polarizable force field.303 The equilibration timescale

for aqueous PFOA is on the order of minutes (as implied by the measured surface

tension equilibration time), well beyond the timescales accessible to simulation. In

view of this, we allowed simulations of the neat water and NaCl (aq) interfaces to

equilibrate for as long as computationally feasible (2.5 ns) to minimize deviations
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from equilibrium.

The radial distribution function (RDF) between the terminal (CF3) carbon atoms

in PFOA is shown in Fig. 4.5. The initial peak at 7.5 Å is larger in the NaCl solution,

implying that the PFOA tails are more structured in NaCl solution than in water.

Neither the experiments nor simulations show any evidence of micellization; however

a higher propensity for soluble surfactants to form micelles in saline solution is well

documented,87 supporting the notion that PFOA molecules aggregate more closely

in the presence of NaCl. While we are not expressly concerned with micellization,

the propensity for molecules to self-aggregate has important consequences for delo-

calization of the vibrational wavefunctions, as the vibrational couplings decay rapidly

(∼ R−3) with distance.
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Figure 4.5: Radial distribution functions for the terminal (CF3) carbon atoms in PFOA.

4.3.3 Vibrational Exciton Model Spectrum

We modeled vibrational excitons following the theoretical groundwork laid by oth-

ers,125,268,304 parameterizing our model with ab initio harmonic vibrational frequencies

for PFOA, taken from 25 snapshots spanning 250 ps of MD simulation. We couple

every vibrational mode of all 200 PFOA molecules at each snapshot via the ab initio-

derived transition dipole moments. Non-interacting vibrational modes of each PFOA
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Figure 4.6: Exciton model spectra (opaque) overlaid with experimental spectra of 1 mM
PFOA (transparent). Each band in the exciton spectra is plotted as a Gaussian lineshape,
the width of which is set to the 2σ standard deviation in wavenumbers across 25 MD
snapshots.

molecule are computed in vacuum and the couplings are computed without dielec-

tric screening, yielding a final spectrum that reflects the intermolecular coupling of

gas-phase PFOA monomers within a solution-phase distribution of positions. Solvent

effects are omitted for simplicity, computational efficiency, and to gauge whether

they are needed to reproduce the experimental spectrum. Vibrational coupling to the

solvent is frequently invoked in cases of odd or difficult-to-explain spectral features,

and use of a minimalist model allows us to probe whether coupling to the solvent is

actually important.

The aiVEM spectra in Fig. 4.6 show exceptionally good agreement with experi-

ment. All center wavelengths are in quantitative agreement (Table 4.1). Aside from

the overestimate of the intensity of the high-energy band, the exciton model spectrum

does a remarkable job of reproducing the fine details of the experimental spectrum, in-

cluding asymmetry of the central band and the appearance of shoulders at 1180, 1130,

and 1105 cm−1 that are all more pronounced in NaCl than in water. Importantly, the

loss of intensity upon introduction of NaCl that is observed in the integrated peak

areas is reproduced in the exciton model spectrum.
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Table 4.1: Center Wavenumbers (in cm−1) of Major Features in IRRAS Spectra of PFOA.

Subphase ω1 ω2 ω3
aiVEM Expt. ∆a aiVEM Expt. ∆a aiVEM Expt. ∆a

H2O 1254.0 1241.7 12.3 1214.0 1209.5 4.5 1153.0 1150.5 2.5
NaCl 1254.0 1242.0 12.0 1216.0 1208.0 8.0 1153.0 1149.7 3.3
aAbsolute difference with respect to experiment (∆ = |ω aiVEM − ωexpt|).

Omission of solvent effects in the aiVEM allows us to isolate the origins of several

important factors that influence the IRRAS spectra of PFOA. First, the appearance of

shoulders in the NaCl spectrum is characteristic of exciton splitting and emerges due

to vibrational coupling between C–F modes. These shoulders reflect a smearing out

of the vibrational density of states by virtue of delocalization of the vibrational wave-

function. This means that vibrational bands with nearby shoulders (e.g., the center

band at ∼ 1210 cm−1 and the low-energy band at ∼ 1150 cm−1) couple most strongly,

as indicated also by their more dramatic changes in intensity between subphases. The

intensity of the high-energy band changes the least between subphases, and does not

appear to split or give rise to shoulders. This implies that the high-energy modes are

spectators to the exciton delocalization. Emergence of shoulders and signal depletion

in the experimental NaCl spectrum can both be attributed directly to vibrational

excitons.

Combining the structural insights from MD simulations, experimental surface ten-

sion measurements, and the agreement of the aiVEM with experiment, the vibrational

exciton hypothesis appears to be more likely than desorption of PFOA back into the

aqueous subphase. This hypothesis explains the anomalous phenomena that are ob-

served in IRRAS measurements of other soluble surfactants such as sodium dodecyl

sulfate, where similar intensity decreases have been noted in the spectra of the C–H

tails.168 An important question remains as to whether vibrational excitons are unique

to soluble surfactants, or if this phenomenon is generalizable to insoluble monolayers.

This is addressed below.
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The impressive agreement of the aiVEM with the PFOA experiments suggests that

it is a useful tool with predictive capacity, but the C–F bonds in PFOA are rather

exotic, making them poor surrogates for general trends in self-aggregating lipids at

interfaces. As a model of the latter, we applied the aiVEM to a 2D sheet of 24

uniformly spaced octanoic acid (C8H16O2) molecules, in an effort to hypothesize about

the role of vibrational coupling in the 1D spectroscopy of C–H modes in an ordered

monolayer at the air/water interface. The results (not shown) feature a lowering in

the local intensity of the C–H vibrational modes upon compression from a diffuse

monolayer to one corresponding to 5 Å mean molecular area. The prediction that

vibrational coupling can induce distance-dependent signal reduction for an insoluble

monolayer is next examined experimentally.

4.3.4 Arachidic Acid Monolayer Measurements

To determine if vibrational excitons can be observed in 1D vibrational spectroscopy

of surfactants more generally, an insoluble arachidic acid (AA, C20H40O2) monolayer

was probed with IRRAS and surface tensiometry. AA forms a stable monolayer at the

air/water interface (Fig. 4.9), even when over 95% of the carboxylic acid headgroups

are deprotonated at pH∼ 12,305 making it an excellent insoluble surfactant to contrast

with PFOA. IRRAS spectra of an AA monolayer on water and on 0.47 M NaCl at

pH 12.5 were collected at constant mean molecular area, and a plot of the C–H

vibrational modes is shown in Fig. 4.7a. To prevent trace metal binding to the

AA monolayer, 4 µM ethylenediaminetetraacetic acid (EDTA) was added to both

subphase solutions.306

Mean molecular area (MMA) values were chosen based on the surface pressure-

area isotherms in Fig. 4.7b. At 55.5 Å2/molecule, the AA monolayer is in a liq-

uid expanded (LE) phase in which the surfactants are fluid and not yet aggregated.

Monolayer compression yields a plateau region (37 Å2/molecule) corresponding to a
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Figure 4.7: Deprotonated arachidic acid (AA) monolayers on water and 0.47 M NaCl
at pH 12.5. Both aqueous subphase solutions contain 4 µM ethylenediaminetetraacetic
acid. (a) Infrared reflection-absorption spectroscopy (IRRAS) of the AA monolayer C–H
stretching region as a function of mean molecular area, expressed in units of Å2/molecule.
(b) Surface pressure-area isotherms of AA monolayers. Shading represents one standard
deviation from the mean. (c) Integrated peak area corresponding to C–H vibrational modes
as a function of AA monolayer mean molecular area. Lines connecting the data points are
drawn to guide the eye, and error bars represent one standard deviation from the mean.

first-order phase transition between the LE and tilted condensed (TC) phases, known

as the LE-TC coexistence region.306,307 AA surfactants aggregate into 2D domains

at the air/water interface and increase in size with compression.308 (Brewster an-

gle microscopy images of the AA domain morphologies are shown in Fig. 4.8.) The

monolayer begins to transition to the TC phase starting at 25 Å2/molecule and the

transition is complete by 20 Å2/molecule, characterized by a condensed sheet of sur-

factant. The AA monolayer has a higher surface pressure at mean molecular areas

. 35 Å2/molecule on the NaCl solution subphase, indicating that NaCl expands the
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monolayer. The chloride counterion is likely to blame for this monolayer expansion,

as it has a greater propensity to partition to the air/water interface than sodium,

whereupon it intercalates between the carboxylic acid head groups of AA, amplifying

electrostatic repulsion.65,309

To affirm the AA monolayer two-dimensional phase assignments and stability at

low MMA, Brewster angle microscope (BAM) images of the monolayer were collected

throughout the surface pressure-area isotherms. Representative images of the AA

monolayer at the MMA values probed spectroscopically are shown in Fig. 4.8 with

the H2O subphase on the top row and the 0.47 M NaCl subphase on the bottom

row. Dark regions of the image correspond to the aqueous subphase, and bright

regions correspond to domains, or two dimensional aggregates, of the AA surfac-

tants. In the liquid expanded (LE) phase at 55.5 Å2/molecule, the AA surfactants

have not yet aggregated into domains; thus the images are dark on both subphase

solutions. Surfactant domains form in the LE - tilted condensed (TC) coexistence

region, and the domain shapes differ significantly between the aqueous subphases

at 37.0 Å2/molecule. AA on the H2O subphase forms vine-like domains, whereas

the NaCl solution induces small, asymmetrical AA domains. Further compression to

25.0 Å2/molecule causes the domains to merge. AA on H2O forms brighter merged

domain structures and larger dark regions than AA on 0.47 M NaCl, suggesting that

the surfactants aggregate more closely to one another on H2O. The trend is still ap-

parent in the TC phase at 20 Å2/molecule, although the AA domains have largely

merged into one sheet. The brighter domain structures and greater dark space within

the BAM images of AA on H2O suggest that AA surfactants aggregate more tightly

together, meaning that vibrational excitons between the surfactants are more signif-

icant for AA on H2O than for AA on the NaCl solution subphase.

The three peaks in the IRRAS spectra of AA (Fig. 4.7a) correspond to the vAS-

CH3 stretch at 2959 cm−1, the vAS-CH2 stretch at 2918 cm−1, and the vS-CH2 stretch

77



Figure 4.8: Brewster angle microscopy (BAM) images of arachidic acid (AA) monolayers
on H2O (top row) and on 0.47 M NaCl (bottom row). The aqueous subphase solutions
were adjusted to pH 12.5, and 4 µM ethylenediaminetetraacetic acid (EDTA) was added to
prevent trace metal binding to the AA carboxylate moieties.

at 2850.5 cm−1.66 A mutual feature of these spectra (regardless of subphase identity)

is that the region between the two high-energy bands becomes more intense as a

function of monolayer compression. This feature is indicative of delocalization of the

vibrational wavefunction across a new region in the vibrational manifold, hinting at

exciton splitting. At smaller mean molecular area (25.0 and 20.0 Å2/molecule), the

C–H peak intensity is greater on 0.47 M NaCl than on H2O, as shown in the integrated

C–H peak areas in Fig. 4.7d. As the AA monolayer is compressed to smaller mean

molecular area, the C–H peak area of AA on the NaCl solution subphase becomes

larger relative to the water subphase. AA surfactants are closer together on the water

subphase and therefore subject to stronger vibrational couplings, which decay with

distance as R−3. As a result, excitonic behavior is observable in insoluble surfactant

monolayers via IRRAS signal intensity depletion in the C–H stretching region.

To ensure that differences in AA C–H peak intensities are due to vibrational

excitons and not desorption into the aqueous subphase, AA monolayer surface pres-

sure was tracked throughout the IRRAS measurements. The AA surface pressure
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relative to the initial surface pressure (SP/SP0) is plotted as a function of time in

Fig. 4.9, and one standard deviation from the mean is represented by shading. At

37.0 Å2/molecule, the AA surface pressure changes minimally throughout an IRRAS

measurement, and the magnitude of change is nearly identical between the water and

0.47 M NaCl aqueous subphase solutions. The decrease in surface pressure becomes

slightly greater at 25.0 Å2/molecule such that the relative surface pressure drops to

0.94 ± 0.02 and 0.92 ± 0.01 for the H2O and NaCl subphase solutions, respectively.

If the larger decrease in surface pressure on the 0.47 M NaCl subphase was indicative

of AA desorption, then the C–H peak intensity would be smaller in magnitude on the

NaCl solution subphase in comparison to the water subphase. However, the opposite

is true in that the C–H peak intensity is greater for AA on the NaCl solution sub-

phase, indicating that the peak intensity differences between the aqueous subphase

solutions can be attributed to vibrational excitons and not AA desorption. The rel-

ative surface pressure measurements for AA at 20.0 Å2/molecule also support this

conclusion. While the surface pressure decrease is the largest in magnitude at this

particular MMA, the differences in relative surface pressure are insignificant between

the two aqueous subphase solutions (0.75 ± 0.06 on H2O versus 0.76 ± 0.03 on 0.47

M NaCl).

Figure 4.9: Surface pressure stability of arachidic acid (AA) monolayers on H2O and
0.47 M NaCl aqueous subphase solutions throughout the time span of an infrared reflection-
absorption spectroscopy (IRRAS) experiment. The subphase pH was adjusted to pH 12.5,
and 4 µM ethylenediaminetetraacetic acid (EDTA) was added to prevent trace metal binding
to the AA carboxylate moieties. Shading represents one standard deviation from the mean.
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The observable impact of vibrational excitons on the IRRAS spectra of AA mono-

layers is smaller in magnitude than that of PFOA. Our calculations imply that, on

average, transition dipole moments of C–F moieties are 3× larger than those of C–H

moieties in fatty acids of commensurate chain length, contributing to the observed

differences in vibrational coupling. Soluble surfactants are able to access an extra

degree of freedom (in comparison to insoluble surfactants that are restricted to the

interfacial plane), which could also influence the vibrational mode coupling by allow-

ing for three-dimensional aggregation.

4.4 Conclusions

We observed the signature of vibrational excitons in surfactants at the air/water

interface via alkyl and fluoroalkyl vibrational mode signal reduction in 1D surface-

sensitive infrared reflection-absorption spectroscopy (IRRAS). Surface tensiometry,

molecular dynamics simulations, and ab initio calculations confirm the existence of

significant vibrational coupling in both soluble fluoroalkyl and insoluble alkyl sur-

factants. Intentionally excluding solvent effects from the theoretical model reveals

that coupling with the solvent is unimportant in obtaining the most pertinent fea-

tures of the IRRAS spectrum. Instead, model IRRAS spectra of perfluorooctanoic

acid obtained from molecular dynamics simulations and vibrational exciton calcula-

tions agree nearly quantitatively with experiment, despite exclusion of solvent effects,

indicating that surfactant intermolecular coupling dominates the observed spectral

features. While solvent effects are minimal, the ionic composition of the aqueous

phase plays a significant role in modulating vibrational coupling via the strong R−3

distance dependence of transition-dipole interactions. Salts modulate intermolecular

distances (and therefore vibrational couplings) between surfactants, depleting infrared

intensity of 1D surface-sensitive spectra. In light of this new interpretation, 1D vi-
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brational spectroscopic studies of surfactants at surfaces of varying aqueous phase

compositions should be carefully scrutinized.

The results described above present both challenges and opportunities for the

surface science community. Quantitative analyses involving vibrational mode peak

intensities must be approached with caution to avoid misinterpretation of vibrational

spectra due to vibrational coupling. The molecular environment has a profound

impact on the organization of self-aggregating molecules, making fluid interfaces par-

ticularly susceptible to the influence of vibrational excitons. The emergence of vibra-

tional excitons in 1D spectra offers a new, highly-sensitive spectroscopic handle for

probing molecular organization at interfaces. Further study of the spectral perturba-

tions induced by vibrational excitons is needed for the development of improved 1D

surface-sensitive vibrational spectroscopic analyses. More broadly, the influence of vi-

brational excitons should be investigated in systems beyond the air/water interface,

particularly in confined environments like aerosols.
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Chapter 5

Calcium Bridging Drives Polysaccharide

Co-Adsorption to a Proxy Sea Surface

Microlayer

5.1 Introduction

Saccharides constitute one of the most abundant classes of organic carbon in sea spray

aerosol (SSA);79,80,227 but the mechanisms through which these compounds are selec-

tively transferred from bulk seawater to the ocean surface, known as the sea surface

microlayer (SSML), and finally to SSA, are not fully understood.83 Compared with

seawater concentrations, saccharides are enriched 1.2 – 12.1-fold in the SSML,78,310,311

38 – 3700-fold in super-micron SSA,312 and 100 – 930,000-fold in sub-micron SSA.32,312

It is thought that soluble saccharides co-adsorb to insoluble organic films at the

SSML and transfer into SSA via bubble bursting at the ocean surface.38,39,313–315

Chemical composition is a significant driver of SSA particle radiative properties, so

climate models require predictive representations of marine aerosol composition to

accurately model climate processes in the marine boundary layer.5,30,37,38,47 SSA con-

taining polysaccharides, especially polysaccharides within marine microgels, comprise

a significant fraction of cloud condensation nuclei (CCN)10,316–318 and ice nucleating
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particles (INPs),17,204,319–324 thereby affecting cloud formation and albedo. Thus,

characterization of polysaccharide enrichment mechanisms in SSA is imperative for

improving aerosol representation in global climate models.

Recent work by Hasenecz et al. has shown that the polysaccharide alginate is

enriched in laboratory-generated marine aerosol, and alginate enrichment can be en-

hanced upon adding protein and additional CaCl2 salt to the model seawater so-

lution.325 Alginate is a type of exopolymeric substance derived from marine brown

algae and bacteria;326,327 it is composed of (1→4)-linked α-l-guluronic (G) and β-d-

mannuronic (M) monomers that form a block copolymer with random sequences of

M-, G-, and MG-blocks.328–333 Alginate polymers undergo ionic cross-linking to form

hydrophilic gels via metal ion coordination primarily to the G residue carboxylic acid

moieties.330,333,334 The rigidity and stability of the hydrogels are largely driven by the

M/G residue ratio and the molecular weight of the polymers,333,335,336 but the ionic

cross-linker identities and concentrations also play a crucial role.337–342 Multivalent

cations readily induce gelation, and the cation solvation free energies dictate the local

interaction configurations with G residues.342 Of the abundant seawater cations, Ca2+

is the most efficient gelling agent.337,338,342 Mg2+ only induces gelation at high alginate

concentrations (> 3 wt% alginate and [Mg2+] > 50 mM) because of its high affinity for

water such that the G residue carboxylate moieties cannot readily dehydrate Mg2+ for

coordination.339–342 Extensive experimental and computational studies70,72,73,75,343,344

have investigated polysaccharide aggregation into surface-active marine gels via ionic

coordination, but less is known about polysaccharide complexation to other surface-

active organic molecules derived from marine biota. Enhanced saccharide enrichment

in laboratory-generated SSA in the presence of divalent cations and other surface-

active organic material strongly suggests a co-adsorption mechanism mediated by

divalent cationic bridging.39,325

A divalent cation mediated co-adsorption mechanism was also postulated by Schill
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et al. to explain enrichment of the monosaccharide glucuronic acid in laboratory-

generated SSA.39 Glucuronic acid likely co-adsorbs to an insoluble palmitic acid (hex-

adecanoic acid, CH3(CH2)14COOH) monolayer via seawater divalent cation bridg-

ing interactions. Palmitic acid is one of the most abundant lipids in the SSML52,53

and in nascent SSA,49,50,53 making it a good model for insoluble organic matter in

an SSML proxy film.27,67,68,252 Cooperative adsorption (co-adsorption) to insoluble

lipid monolayers has been indirectly observed for other saccharides and polysaccha-

rides as well.38,313,314,345 Electrostatic interactions between charged saccharides and

either charged or zwitterionic lipid headgroups have been the predominant mode of

co-adsorption proposed. For example, the cationic polysaccharide chitosan primar-

ily interacts with negatively charged and zwitterionic phospholipids through elec-

trostatic interactions between the chitosan ammonium and phospholipid phosphate

moieties.346–351 Chitosan co-adsorption expands the monolayer,352 and chitosan likely

intercalates into the monolayer at low monolayer mean molecular area through dis-

persion interactions.350,351 Divalent cationic bridging between the anionic polysaccha-

ride dextran sulfate and the zwitterionic phospholipids 1,2-dipalmitoyl-phosphatidyl-

ethanolamine (DPPE) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) has

also been observed.353–355 Ca2+ bridges the sulfate and phosphate moieties, whereas

Na+ does not.354 Strength of dextran sulfate co-adsorption increases with the number

of calcium bridges formed, and unlike chitosan, dextran sulfate does not intercalate

into the monolayer; instead, the authors argued that strong bridging interactions

tether the polysaccharide to the underside of the phosphate headgroups.355 Thus,

divalent cationic bridging interactions could promote saccharide co-adsorption to the

SSML and enrichment in SSA.

In this study, we examine the cationic bridging mechanism responsible for algi-

nate co-adsorption to a deprotonated palmitic acid monolayer using surface-sensitive

infrared reflection-absorption spectroscopy (IRRAS), surface tensiometry, and har-
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monic vibrational frequency calculations. To the best of our knowledge, we present

the first observations of polyelectrolyte adsorption to an insoluble monolayer of the

same charge state bridged by an ion of opposite charge. Ca2+ induces the greatest

degree of alginate co-adsorption to the monolayer, but the divalent cationic bridges

break apart upon monolayer protonation. Mg2+ also promotes co-adsorption to the

deprotonated monolayer, but the interaction is much weaker due to the strong hy-

dration of Mg2+. Na+ alone does not facilitate alginate co-adsorption. Our detailed

analysis of the alginate co-adsorption mechanism to an SSML proxy film suggest that

the Ca2+ bridge to surface-active marine organic matter is an important driver of

polysaccharide enrichment in the SSML, and thus, in SSA.

5.2 Materials & Methods

5.2.1 Materials

Calcium chloride dihydrate (Certified ACS, Fisher Chemical), magnesium chloride

hexahydrate (Crystalline/Certified ACS, Fisher Chemical), d31-palmitic acid (98%,

Cambridge Isotope Laboratories, Inc.), and d33-cetyl alcohol (d33-hexadecanol, 98%,

Cambridge Isotope Laboratories, Inc.) were used as received. Sodium chloride

(99.5%, for biochemistry, ACROS Organics™) was baked for at least 10 hours in

a furnace at 650◦ C to remove residual organic impurities.251,284 Alginic acid (sodium

salt, ACROS Organics™, Lot: A0406891) was also used as received from the same

batch to maximize homogeneity in molecular weight and composition. All aqueous

solutions were prepared with ultrapure water (18.2 MΩ·cm, Milli-Q Advantage A10,

EMD Millipore) in glassware cleaned in a piranha acid bath. Acidification by at-

mospheric CO2 causes the ultrapure water pH to be 5.8 ± 0.1; hence, the pH 5.8

aqueous solutions were not pH adjusted. Atmospheric CO2 acidifies the solutions at

seawater pH too, so the solutions were initially pH adjusted with sodium hydroxide
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pellets (98%, extra pure, ACROS Organics™) to 8.6 ± 0.1 to ensure that the pH

would be 8.2 ± 0.1 throughout spectral acquisition. Lipids were dissolved in chloro-

form (Reagent ACS, 99.8+%, ACROS Organics™) to prepare ∼1.25 mM solutions

for spreading onto the aqueous surface.

5.2.2 Surface Tensiometry

Surface pressure – area isotherms were performed using the Wilhelmy plate method

in a Teflon Langmuir trough with Delrin barriers (Biolin Scientific). The platinum

Wilhelmy plate, trough, and barriers were cleaned thoroughly with ultrapure water

and ethanol, and the Wilhelmy plate was fired with a Bunsen burner until red hot.

Surface cleanliness of the aqueous subphase was assessed by sweeping the barriers

at maximum compression speed (270 mm/min/barrier) to ensure that the surface

pressure did not rise above 0.20 mN/m. d31-Palmitic acid dissolved in chloroform

was spread dropwise onto the aqueous surface using a glass syringe (Hamilton), and

the chloroform solvent was allowed to evaporate over 10 minutes. The barriers were

symmetrically compressed at a rate of 5 mm/min/barrier, and constant surface pres-

sure was maintained during spectroscopic measurements via slow barrier position

fluctuations (1 mm/min/barrier).

5.2.3 Infrared Reflection-Absorption Spectroscopy

Infrared-reflection absorption spectroscopy was conducted using a custom-built opti-

cal setup. Two planar gold mirrors positioned at 48◦ relative to surface normal were

placed inside a Fourier transform infrared spectrometer (Spectrum 100, PerkinElmer)

to direct the incident beam towards the aqueous surface and to direct the reflected

light towards the liquid nitrogen-cooled HgCdTe (MCT) detector. Spectra were col-

lected with unpolarized light as an average of 400 scans in the single-beam mode,

and the spectral resolution was set to 4 cm−1. Energy values were recorded be-
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tween 450 and 4000 cm−1 in 0.5 cm−1 increments. Experiments were repeated in at

least triplicate, and each spectrum was reported as the average of all trials. Spec-

tral background subtraction and peak integration were performed using OriginPro

9.0. The O-H stretching region was analyzed by fitting a line between endpoints

2985 and 3000 cm−1 for baseline subtraction, and the area under the curve was inte-

grated between these endpoints. The IRRAS spectra and integrated peak areas were

numerically corrected to account for differences in monolayer mean molecular area

(MMA) between experiments. The average MMA value of the subphase containing

alginate was divided by the corresponding average MMA value of the salt water sub-

phase. This ratio was then multiplied into the reflectance-absorbance values of the

spectra containing alginate. Similar spectral analyses were performed in the COOH

stretching (1150-1850 cm−1) and CD2 scissoring mode (1070-1110 cm−1) regions, and

descriptions of the peak fitting procedures can be found in Appendix B. All spectra

and data points represent averages of at least three measurements, and error bars

represent one standard deviation from the mean.

5.3 Results & Discussion

The mechanism of alginate co-adsorption to a d31-palmitic acid (CD3(CD2)14COOH)

monolayer was investigated as a function of solution ionic composition, d31-palmitic

acid protonation state, and surface pressure. We will use the terms “monolayer” to

refer to the monomolecular layer of d31-palmitic acid alone and “film” to describe

alginate complexed to the d31-palmitic acid monolayer. Deuterated palmitic acid was

used to spectrally isolate the CD2 scissoring mode from the carboxylate stretching

region. The ionic composition was selected to model concentrations of the most

abundant cations in seawater: 0.47 M NaCl, 10 mM CaCl2, and 53 mM MgCl2.1,254

As a direct comparison to the 10 mM CaCl2 solution, alginate co-adsorption in 10 mM
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MgCl2 aqueous solution was also measured. All aqueous solutions have a background

of 0.47 M NaCl to maintain high ionic strength as in seawater.

The carboxylic acid protonation state was varied through the solution pH values of

8.2 and 5.8. Palmitic acid has a reported surface pKa between 8.34 and 8.7,67,241,356,357

and the pKa values of alginate G and M residues are 3.7 and 3.4, respectively.358 Thus

at pH 8.2, the pH of seawater,359 palmitic acid is partially deprotonated and alginate

is fully deprotonated. At pH 5.8, palmitic acid is mostly protonated, and alginate

carboxylate groups remain deprotonated. Salts can deprotonate carboxylic acids at

pH values significantly below the pKa,68,179,360 however, so a d33-cetyl alcohol (d33-

hexadecanol, (CH3(CH2)15OH) monolayer was used as a control to study alginate

co-adsorption to a fully protonated monolayer. Alginic acid is insoluble in water, so

a lower pH value was not tested instead to avoid significant changes in solubility.

Alginate hydrolysis kinetics are also enhanced in acidic solution, thereby changing

the alginate molecular weight distribution in solution over time.361,362 Deprotonated

palmitate molecules are slightly more soluble in water,68,242 so IRRAS spectra were

maintained and collected at constant surface pressure to minimize any interpretation

impacts from dissolution. The surface pressure values of 5 mN/m and 25 mN/m were

chosen to represent the tilted condensed (TC) and untilted condensed (UC) two-

dimensional monolayer phases, respectively.97 Both phases exhibit long-range lateral

order in the alkyl tails, but the d31-palmitic acid molecules in the UC phase are closer

together on average (more tightly packed) and less tilted relative to surface normal.87

To measure co-adsorption of alginate to the d31-palmitic acid monolayer, IRRAS

spectra were analyzed in the OH-stretching region (2985-3800 cm−1), the COOH

stretching region (1150-1850 cm−1), and the CD2 scissoring mode region (1070-1110

cm−1). IRRAS spectra are plotted as reflectance-absorbance (RA),

RA = − log
Rf

R0

 , (5.1)
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where Rf corresponds to the film reflectance and R0 corresponds to the reflectance

of the bare aqueous solution. Hence, the signal from the interfacial film is cap-

tured, whereas the signal from the bulk aqueous phase is subtracted. When the

film reflectance is greater than the solution reflectance (Rf/R0 > 1), the reflectance-

absorbance values are negative. Conversely, if the reflected signal from the solution

is greater than that of the film (Rf/R0 < 1), then the reflectance-absorbance values

are positive. To isolate the signal from alginate co-adsorption due to the presence of

the d31-palmitic acid monolayer, alginate was also included in the aqueous solution

spectrum (R0). Yet, the contribution of alginate adsorbed to the air-water interface

due to surface activity alone is small and below our spectroscopic limit of detection.

The OH stretching region provides sensitive detection of the aqueous solution re-

flectance, making the spectra useful for quantifying changes in interfacial coverage as

a function of alginate co-adsorption. As shown in Figs. 5.1a and 5.1c, the IRRAS

OH-stretching modes are positive in sign, indicating that the OH region reflectance

decreases upon spreading d31-palmitic acid onto the aqueous solution. The magni-

tude of the reflectance-absorbance signal intensity also increases with compression of

the monolayer to higher surface pressure. Thus, increasing organic surface coverage

decreases reflectance from the underlying aqueous solution. Consequently, alginate

co-adsorption to d31-palmitic acid molecules increases surface coverage, and the OH

stretching region reflectance-absorbance values increase with alginate co-adsorption

to the film. If there is no alginate co-adsorption, then the film spectrum with alginate

in the solution directly overlaps the monolayer spectrum without alginate.
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Figure 5.1: IRRAS spectra of the OH stretching region and the corresponding relative
changes in integrated peak area of the film indicate that CaCl2 induces significant alginate
co-adsorption to the d31-palmitic acid monolayer. Data points and error bars are color-coded
to indicate differences in solution composition. Surface pressure was held constant in the
(a) tilted condensed (5 mN/m) and (c) untilted condensed (25 mN/m) phases throughout
spectral acquisition. The relative changes in integrated peak area between the solutions with
and without alginate are quantified in the (b) tilted condensed and (d) untilted condensed
phases. Positive relative change indicates alginate co-adsorption to the monolayer, and 0%
relative change indicates no co-adsorption.

Figs. 5.1a and 5.1c illustrate changes in the OH stretching region spectra caused

by increasing organic surface coverage due to alginate co-adsorption. The spectrum of

d31-palmitic acid spread onto an aqueous solution containing 50 ppm alginate, 0.47 M

NaCl, and 10 mM CaCl2 is significantly enhanced relative to d31-palmitic acid spread

onto the salt water solution. IRRAS signal corresponding to the NaCl and alginate

solution is slightly greater relative to the NaCl solution alone, but the differences are

much smaller in the absence of CaCl2. The IRRAS film spectrum corresponding to
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alginate co-adsorption closely follows the shape of the monolayer spectrum on salt wa-

ter solution, and the greatest OH stretching region signal enhancement occurs around

∼3580 cm−1 which has been assigned to surface water molecules hydrogen bonded

to a carboxylic acid group.356,363,364 Therefore, alginate co-adsorption enhances the

signal around 3580 cm−1 due to the alginate carboxylate hydration.

To better quantify organic surface coverage as a function of alginate co-adsorption,

the MMA-corrected OH region was integrated between 2985 and 3800 cm−1. The

relative change in the integrated peak areas between the spectra with and without

alginate was calculated using the following formula:

Relative Change = AAlginate − ASW

ASW
× 100% . (5.2)

In this equation, AAlginate represents the integrated peak area of the spectrum with

alginate in the solution, and ASW represents the integrated peak area of the spectrum

containing only salt water (no alginate) in the solution. Alginate co-adsorption corre-

sponds to a positive relative change in surface coverage, and no adsorption results in

a 0% relative change. While the 0.47 M NaCl solution might induce some alginate co-

adsorption to the TC monolayer, as shown by the small but positive relative change

value in Fig. 5.1b, the value is not statistically significant given that the error (repre-

sented as one standard deviation from the mean) is larger than the average relative

change value. Addition of 10 mM CaCl2 to the solution containing alginate induces

a significant increase in the integrated peak area and consequently a 27% relative

change in surface coverage. This increase suggests an alginate co-adsorption mecha-

nism of divalent cationic bridging between alginate and d31-palmitic acid carboxylate

moieties.

The differences between the TC and UC spectra and associated relative changes

in surface coverage provide insights into the co-adsorption mechanism. The UC film
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spectrum corresponding to the 50 ppm alginate and 0.47 M NaCl solution nearly

overlaps with the UC monolayer spectrum corresponding to the 0.47 M NaCl solu-

tion (Fig. 5.1c), suggesting little to no alginate co-adsorption. The average relative

difference in integrated peak area of the UC monolayer and film spectra is approxi-

mately 0% (Fig. 5.1d), indicating a lack of alginate co-adsorption. Additionally, the

smaller relative change in surface coverage in comparison to the TC spectrum sug-

gests that alginate is being “squeezed out” of the compressed film. This hypothesis is

further supported by greater MMA expansion with alginate in the solution for the TC

film relative to the UC film (see Table B.1). It is possible that alginate intercalates

into the TC film via weaker electrostatic interactions induced by Na+ cations and

via hydrogen bonding interactions between palmitic acid headgroups and alginate

hydroxyl moieties. However, in the UC phase, alginate is pushed out of the interface

due to exchange repulsion. Higher surface pressure increases alginate co-adsorption

for the solution containing 10 mM CaCl2 to a 32% relative change in surface coverage,

and film expansion in the presence of alginate is not significantly different between

the TC and UC phases. Thus, alginate likely does not intercalate between the d31-

palmitic acid molecules with CaCl2 in the solution, and the UC film possibly provides

more ideally spaced sites for the Ca2+ bridges.

Palmitic acid protonation state significantly impacts the extent of alginate co-

adsorption. For the d31-palmitic acid monolayer at pH 5.8, there is a reduced degree

of alginate co-adsorption to the film in comparison to the chemical system at pH 8.2.

The d31-palmitic acid TC and UC spectra corresponding to the solution containing

alginate have higher reflectance-absorbance values across the entire OH stretching

region (Figs. 5.2a and 5.2c), indicative of alginate co-adsorption. The relative changes

in surface coverage presented in Figs. 5.2b and 5.2d quantify this observation, in which

alginate co-adsorption at pH 5.8 results in a 14% and 9% increase in the integrated

peak area for the TC and UC phase spectra, respectively. At pH 8.2, alginate co-
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adsorption results in a 27% and 32% integrated peak area increase for the TC and

UC phase spectra, respectively. Therefore, increased d31-palmitic acid protonation

decreases the extent of alginate co-adsorption. Unlike the interfacial film at pH 8.2,

monolayer compression decreases the magnitude of alginate co-adsorption for the

solution at pH 5.8. Alginate might be intercalating into the TC film similarly to the

mechanism proposed for the solution containing only 0.47 M NaCl.

0.000

0.005

0.010

0.015

0.020

3000 3200 3400 3600 3800
0.000

0.005

0.010

0.015

0.020
-10

0

10

20

30

40

d31-PA, pH 5.8
d33-CA, pH 8.2

-10

0

10

20

30

Re
fle

ct
an

ce
-A

bs
or

ba
nc

e
(A

U)

d31-PA, pH 5.8
d31-PA, Alginate, pH 5.8
d33-CA, pH 8.2
d33-CA, Alginate, pH 8.2

Re
fle

ct
an

ce
-A

bs
or

ba
nc

e
(A

U)

Wavenumber (cm-1)

d31-PA, pH 5.8
d31-PA, Alginate, pH 5.8
d33-CA, pH 8.2
d33-CA, Alginate, pH 8.2

Re
la

tiv
e

Ch
an

ge
(%

)
Re

la
tiv

e
Ch

an
ge

(%
)

(a)

(c)

(b)

(d)

TC; 0.47 M NaCl, 10 mM CaCl2

UC; 0.47 M NaCl, 10 mM CaCl2

TC; Alginate

UC; Alginate

Figure 5.2: IRRAS spectra of the OH stretching region and the corresponding relative
changes in integrated peak area of d31-palmitic acid (d31-PA) and d33-cetyl alcohol (d33-CA)
monolayers show that headgroup protonation prevents alginate co-adsorption. Data points
and error bars are color-coded to indicate differences in monolayer and solution composition.
Surface pressure was held constant in the (a) tilted condensed (5 mN/m) and (c) untilted
condensed (25 mN/m) phases throughout spectral acquisition. (Note that the light purple
and dark brown data curves overlap in (c).) The relative changes in integrated peak area
between the solutions with and without alginate are quantified in the (b) tilted condensed
and (d) untilted condensed phases. Positive relative change indicates alginate co-adsorption
to the monolayer, and 0% relative change indicates no co-adsorption.
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A fully protonated d33-cetyl alcohol monolayer was examined as a control be-

cause it does not become partially deprotonated in the presence of salts at any of

the pH values tested. Trends in the IRRAS spectra of d33-cetyl alcohol alone are less

clear (Figs. 5.2a and 5.2c). In both monolayer phases, the alginate solution enhances

IRRAS signal at ∼3580 cm−1 and decreases the signal between ∼3050 and 3440 cm−1

relative to the salt water solution. The region around 3050 cm−1 has been attributed

to cyclic carboxylic acid dimers observed in polyacrylic acid solutions,364,365 and the

region from ∼3200 cm−1 to ∼3400 cm−1 corresponds to a more ordered hydrogen

bonding structure to a less-ordered water structure.363,366,367 Further analysis reveals

no significant differences between the OH region integrated peak areas for the so-

lutions with and without alginate in both the TC and UC phases, resulting in a

0% relative change in surface coverage (Figs. 5.2b and 5.2d). It is likely that algi-

nate perturbs the interfacial hydration structure but does not co-adsorb to the cetyl

alcohol monolayer. Thus, a protonated monolayer blocks alginate co-adsorption, in-

dicating the importance of electrostatic interactions in polysaccharide co-adsorption

to an SSML proxy film.

The carboxylic acid spectral region (1150-1850 cm−1) provides further insight

into the d31-palmitic acid protonation state and the extent of alginate co-adsorption.

Harmonic vibrational frequency calculations were performed to predict the relative

frequency shifts between the d31-palmitic acid carboxylate and carboxylic acid modes

and the alginate carboxylate modes (see Appendix Section B.2). Additionally, peaks

were fitted to Gaussian functions to resolve the center wavelengths and full width

at half maximum (FWHM) values; the fitting procedure and summary of the Gaus-

sian fits for each spectrum are summarized in Appendix Section B.3. Spectra of a

d31-palmitic acid TC (Fig. 5.3a) and UC (Fig. 5.3c) monolayer exhibit four nega-

tive peaks corresponding to the lipid carboxylic acid moieties and one positive band

at ∼1660 cm−1 corresponding to the water bending mode (δ H-O-H). The proto-
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nated carboxylic acid moiety is characterized by the C-OH stretching mode (ν C-OH,

∼1270 cm−1) and the C=O stretching mode (ν C=O, ∼1720 cm−1). Deprotonation

of the carboxylic acid leads to the appearance of the COO− symmetric (νS COO−,

∼1410 cm−1) and asymmetric (νAS COO−, ∼1540 cm−1) stretching modes (negative

bands).
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Figure 5.3: IRRAS spectra of the COOH stretching region provide direct evidence of
alginate co-adsorption via Ca2+ bridging interactions to the d31-palmitic acid monolayer
at pH 8.2. Spectral lines are color-coded to indicate differences in solution composition.
Surface pressure was held constant in the (a), (b) tilted condensed (5 mN/m) and (c),
(d) untilted condensed (25 mN/m) phases throughout spectral acquisition. Spectra corre-
sponding to the salt water solutions are shown in (a) and (c), and spectra corresponding
to the salt water solutions containing 50 ppm alginate are shown in (b) and (d).

As anticipated, d31-palmitic acid spread onto a 0.47 M NaCl solution at pH 8.2

is partially deprotonated, demonstrated by the presence of all four carboxylic acid
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and carboxylate stretching modes (Figs. 5.3a and 5.3c). Addition of 10 mM CaCl2

further deprotonates the headgroups, as shown by the increase in COO− stretching

intensities and by the disappearance of the C=O stretching mode in both TC and

UC phases (Tables B.6 and B.8). Decreasing the pH to 5.8 increases the extent of

d31-palmitic acid protonation; the C-OH and C=O stretching modes are most intense

at this pH (Table B.10). However, the presence of the COO− stretching modes in the

TC and UC phase spectra indicates that Ca2+ induces some deprotonation which has

been shown previously.68,176,368,369

Direct measurement of alginate co-adsorption to the d31-palmitic acid monolayer

is observed in Figs. 5.3b and 5.3d. There is a large increase in the negative COO−

stretching peak intensities and breadth for d31-palmitic acid spread onto the 0.47 M

NaCl, 10 mM CaCl2, and 50 ppm alginate solution at pH 8.2. The asymmetric and

symmetric stretches appear to split into higher and lower frequency bands, so an addi-

tional Gaussian function was used to fit both peaks (Fig. B.5). Vibrational frequency

calculations predict a 47 cm−1 blue shift and a 20 cm−1 blue shift for the alginate

asymmetric and symmetric COO− stretching modes, respectively, relative to the cor-

responding d31-palmitic acid modes (Tables B.3 and B.5). The theoretical predictions

quite closely match the experimental ∼55 cm−1 blue shift for the second νAS COO−

peak and the ∼37 cm−1 blue shift for the second νS COO− peak (Table B.9). Hence,

the higher frequency COO− stretching bands indicate alginate co-adsorption to the

largely deprotonated monolayer in the presence of CaCl2.

The carboxylate region also provides evidence for Ca2+ ionic bridges driving al-

ginate co-adsorption to the d31-palmitic acid monolayer. Alginate co-adsorption in-

duces d31-palmitic acid deprotonation, as shown by increased COO− stretching in-

tensities and decreased C-OH stretching intensity for the pH 8.2 solution containing

10 mM CaCl2 (Fig. 5.3). Similar peak broadening and intensity enhancement was ob-

served for the phosphate headgroup vibrational modes of 1,2-dipalmitoyl-sn-glycero-
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3-phosphatidic acid (DPPA) upon arginine and guanidinium binding.192 Palmitic

acid deprotonation likely facilitates the formation of energetically favorable ionic

complexes between alginate, Ca2+, and palmitate. Furthermore, the νAS COO−,

νS COO−, and ν C-OH modes blue shift upon addition of alginate to the solution

(Table B.9). The νAS COO− mode blue shifts ∼2.5 cm−1 in the TC phase but does

not shift in the UC phase, the νS COO− mode blue shifts 7 cm−1 in the TC phase

and ∼6 cm−1 in the UC phase, and the ν C-OH mode blue shifts ∼13 cm−1 in the TC

phase and ∼15 cm−1 in the UC phase. It is possible that the alginate carboxylate in-

teracting with the Ca2+ ion complexed to the d31-palmitate headgroup weakens ionic

interactions between the monolayer carboxylate and the Ca2+ ion alone, thereby lead-

ing to an increased palmitic acid COO− force constant and blue shifts in the palmitate

carboxylate vibrational modes.

Spectra of d31-palmitic acid spread onto the 0.47 M NaCl solution at pH 8.2 and

the 0.47 M NaCl and 10 mM CaCl2 solution at pH 5.8 do not exhibit any higher

frequency COO− stretching peaks upon alginate addition to the solution, suggesting

minimal to no alginate co-adsorption (Fig. 5.3). Secondly, the νAS COO−, νS COO-,

and ν C-OH mode peak areas are insignificantly different between the solutions with

and without alginate, meaning that alginate co-adsorption to the monolayer is unlikely

(Tables B.6 and B.7; Tables B.10 and B.11). Smaller blue shifts in the νAS COO−,

νS COO-, and ν C-OH modes are observed for the solutions containing 10 mM CaCl2

and alginate at pH 5.8 as compared to the identical solution at pH 8.2 (Table B.11).

While these spectral shifts are not direct evidence of alginate co-adsorption to the

monolayer, it is likely that alginate perturbs the d31-palmitic acid headgroup hydra-

tion structure via electrostatic interactions with the headgroups. The less numerous

d31-palmitate headgroups may facilitate Ca2+ bridging interactions with alginate car-

boxylate moieties at various points across the monolayer, as also indicated by the

small relative change in surface coverage (Figs. 5.2b and 5.2d). However, having
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fewer Ca2+ bridging sites hinders concerted alginate co-adsorption. For the d33-cetyl

alcohol monolayer (Fig. B.12), there are no detectable peaks corresponding to algi-

nate carboxylate modes, further supporting the lack of alginate co-adsorption to the

fully protonated monolayer.

To determine if alginate co-adsorption perturbs d31-palmitic acid interfacial orga-

nization, the CD2 scissoring mode was analyzed as a function of solution composition,

pH, and surface pressure (Fig. 5.4). All conditions yield a CD2 scissoring mode cen-

ter wavelength of 1089 cm−1 (see Table B.16), indicative of hexagonal lattice packing

structure.154 CD2 scissoring mode spectra corresponding to the salt water and algi-

nate solutions directly overlap for the 0.47 M NaCl solution at pH 8.2 (Figs. 5.4a

and 5.4d) and for the 0.47 M NaCl and 10 mM CaCl2 solution at pH 5.8 (Figs. 5.4c

and 5.4f), further indicating no alginate co-adsorption. However, the CD2 scissoring

mode reflectance-absorbance signal magnitude in the TC and UC phase is signifi-

cantly enhanced for d31-palmitic acid spread onto the 0.47 M NaCl, 10 mM CaCl2,

and 50 ppm alginate solutions at pH 8.2 (Figs. 5.4b and 5.4e). Signal enhancement

is most apparent in the high frequency regime, and a smaller extent of signal en-

hancement occurs in the lower frequency region of the spectra. From the harmonic

frequency analysis results (Tables B.3-B.5), the signal enhancement can be attributed

to alginate C-OH stretching and bending and CH stretching. The CD2 shoulder fea-

tures overlap in frequency with the CD2 scissoring modes, and particularly intense

alginate vibrational transitions occur ∼10 cm−1 lower than and ∼20 cm−1 higher than

the center frequency of the d31-palmitate CD2 scissoring mode. As a result, the signal

enhancement surrounding the CD2 scissoring peak can be confidently attributed to

alginate co-adsorption to the monolayer via Ca2+ bridging interactions.
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Figure 5.4: IRRAS spectra of the CD2 scissoring mode region demonstrate alginate co-
adsorption to the d31-palmitic acid monolayer in the presence of 10 mM CaCl2 at pH 8.2,
and the spectra indicate no changes in d31-palmitic acid lattice packing upon adsorption.
Spectral lines are color-coded to indicate differences in solution composition. Surface pres-
sure was held constant in the (a), (b), (c) tilted condensed (5 mN/m) and (d), (e), (f)
untilted condensed (25 mN/m) phases throughout spectral acquisition.

With insights gained into the divalent cationic bridging mechanism, the same

alginate co-adsorption experiments were performed with MgCl2, the most abundant

divalent cation in seawater (∼53 mM).1,254 Mg2+ has such a strong hydration shell

that the fully hydrated Mg2+ only weakly interacts with the alginate and palmitic acid

carboxylate moieties.339–342,363,369 Both 10 mM and 53 mM MgCl2 solutions increase

IRRAS reflectance-absorbance for the alginate-containing spectra at∼3580 cm−1, and

the magnitude of the signal increase is similar (Figs. 5.5a and 5.5c). Calculation of the

relative change reveals that the higher MgCl2 concentration causes a marginal increase

in alginate co-adsorbed to the d31-palmitic acid monolayer (Figs. 5.5b and 5.5d). With
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increasing MgCl2 concentration, the relative change in integrated peak area increases

from 8% to 10% and from 3% to 9% in the TC and UC phases, respectively. The

reduction in OH region relative change with film compression (TC to UC phase)

further suggests weak binding. The Mg2+ bridges are likely weaker than the sum of

the other electrostatic, hydrogen bonding, and dispersion interactions between the

alginate and d31-palmitic acid molecules, facilitating alginate intercalation into the

TC film. Compression of the film then pushes alginate out of the interface, reducing

the extent of intermolecular interactions between alginate and d31-palmitic acid in

the UC phase. Despite Mg2+ being ∼5 times more abundant than Ca2+ in seawater,

alginate co-adsorption mediated by Mg2+ is ∼3 times weaker in comparison to Ca2+

when comparing seawater relative concentrations of 10 mM Ca2+ and 53 mM Mg2+.

At 10 mM concentrations for both cations, calcium outperforms magnesium by a

factor of ∼3 in the TC phase and by a factor of ∼10 in the UC phase (Figs. 5.1 and

5.5).
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Figure 5.5: IRRAS spectra of the OH stretching region and the corresponding relative
changes in integrated peak area indicate that Mg2+ induces weak alginate co-adsorption
to the d31-palmitic acid monolayer. Data points and error bars are color-coded to indicate
differences in solution composition. Surface pressure was held constant in the (a) tilted
condensed (5 mN/m) and (c) untilted condensed (25 mN/m) phases throughout spectral
acquisition. The relative changes in integrated peak area between the solutions with and
without alginate are quantified in the (b) tilted condensed and (d) untilted condensed
phases. Positive relative change indicates alginate co-adsorption to the monolayer, and 0%
relative change indicates no co-adsorption.

The carboxylate region provides additional support for this weak Mg2+ bridging

co-adsorption mechanism (Fig. 5.6). For d31-palmitic acid spread onto the solution

containing 10 mM MgCl2, the νS COO− mode is blue-shifted by 1 cm−1 in the TC

phase and ∼2.5 cm−1 in the UC phase, and the νAS COO− mode is red-shifted by

1 cm−1 in the TC phase and ∼3 cm−1 in the UC phase (Tables B.8 and B.9). These

small spectral shifts suggest that the d31-palmitate carboxylate headgroup becomes
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dehydrated with the addition of alginate to the solution,360 perhaps via complexation

of Mg2+ to the d31-palmitate carboxylate moiety. The integrated carboxylate peak

areas do not change significantly between the salt water solution and alginate solution

(Tables B.12 and B.13), suggesting no alginate co-adsorption.
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Figure 5.6: IRRAS spectra of the COOH stretching region indicate weak alginate co-
adsorption to the d31-palmitic acid monolayer via Mg2+ bridging interactions. Spectral
lines are color-coded to indicate differences in solution composition. Surface pressure was
held constant in the (a), (b) tilted condensed (5 mN/m) and (c), (d) untilted condensed
(25 mN/m) phases throughout spectral acquisition. Spectra corresponding to the salt water
solutions are shown in (a) and (c), and spectra corresponding to the salt water solutions
containing 50 ppm alginate are shown in (b) and (d).

Increasing the solution MgCl2 concentration to 53 mM leads to some features of

alginate co-adsorption to the monolayer (Fig. 5.6). The d31-palmitic acid νAS COO−,

νS COO−, and ν C-OH modes blue shift upon alginate addition to the solution (Ta-
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bles B.14 and B.15), similarly to the spectra corresponding to the solutions containing

10 mM CaCl2. The νAS COO− blue shifts ∼0.5 cm−1 in the TC phase and ∼3 cm−1

in the UC phase, the νS COO− blue shifts ∼4 cm−1 in the TC phase and ∼5 cm−1 in

the UC phase, and the ν C-OH blue shifts ∼9 cm−1 in the TC phase and ∼12 cm−1

in the UC phase. The blue shifts are smaller than those observed with the 10 mM

CaCl2 solution at pH 8.2, either an indication of fewer Mg2+ bridging interactions or

weaker bridging interactions. Secondly, the ν C-OH peak area decreases while the

νAS COO− and νS COO− peak areas increase with alginate present in the solution,

further supporting the hypothesis of alginate co-adsorption.

The CD2 scissoring modes of d31-palmitic acid spread onto the MgCl2 solutions

corroborate the findings from the OH stretching and COOH stretching regions. At

10 mMMgCl2, the salt water and alginate spectra nearly overlap (Figs. 5.7a and 5.7c).

There is a small increase in peak intensity of the TC spectrum corresponding to the

alginate solution which could be attributed to alginate weakly co-adsorbed to the TC

monolayer. Then the alginate is squeezed out upon film compression, causing the peak

intensity difference to disappear in the UC phase. The solution containing 53 mM

MgCl2 and alginate induces increased peak intensities in the d31-palmitic acid CD2

scissoring mode and the higher frequency regime relative to the spectra corresponding

to the salt water solution (Figs. 5.7b and 5.7d). The signal enhancement is smaller

in comparison to the system containing 10 mM CaCl2 and alginate at pH 8.2, but

the spectral trends match. Hence, the higher concentration of MgCl2 facilitates some

alginate co-adsorption to the monolayer through Mg2+ bridging interactions.
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Figure 5.7: IRRAS spectra of the CD2 scissoring mode region demonstrate weak algi-
nate co-adsorption to the d31-palmitic acid monolayer in the presence of 53 mM MgCl2 at
pH 8.2, and the spectra indicate no changes in the d31-palmitic acid lattice packing upon
adsorption. Spectral lines are color-coded to indicate differences in solution composition.
Surface pressure was held constant in the (a), (b) tilted condensed (5 mN/m) and (c), (d)
untilted condensed (25 mN/m) phases throughout spectral acquisition.

5.4 Conclusions

We directly observe alginate co-adsorption to an insoluble d31-palmitic acid monolayer

via divalent cationic bridging interactions using surface-sensitive infrared reflection-

absorption spectroscopy (IRRAS), and the co-adsorption mechanism is summarized

in Fig. 5.8. Ca2+ facilitates the greatest extent of alginate co-adsorption, as shown by

the appearance of alginate vibrational modes in the IRRAS spectra and by the ∼27%
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and ∼32% increase in surface coverage in the TC and UC phases, respectively. Algi-

nate co-adsorption is dependent upon d31-palmitic acid protonation state, however;

d31-palmitate promotes alginate co-adsorption in the presence of divalent cations,

whereas protonation inhibits co-adsorption. Na+ cations alone are insufficient in fa-

cilitating co-adsorption. Mg2+ induces ∼3 times weaker alginate co-adsorption at a

seawater concentration of 53 mM in comparison to 10 mM Ca2+, and Mg2+ induces

minimal co-adsorption when matching the Ca2+ seawater concentration (10 mM).

The hydration free energy of Mg2+ is much higher than that of Ca2+, meaning that

Mg2+ cannot shed its hydration shell as readily to facilitate bridging interactions be-

tween the d31-palmitate and alginate carboxylate moieties. The presence of alginate

perturbs the hydration structure and dehydrates the d31-palmitic acid carboxylic acid

headgroups, but alginate co-adsorption does not change the d31-palmitic acid lattice

packing structure. Alginate co-adsorption is largely confined to the subsurface re-

gion of the film. Consequently, surface pressure plays a minimal role in the extent of

alginate co-adsorption.
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Figure 5.8: Schematic summarizing the alginate co-adsorption mechanism to a partially
deprotonated d31-palmitic acid monolayer via divalent cationic bridging.

Our detailed experimental and computational characterization of the divalent
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cationic bridging interactions driving alginate co-adsorption to a sea surface micro-

layer (SSML) proxy film provides important physical and chemical insights into the

potential mechanisms responsible for polysaccharide enrichment in sea spray aerosol

(SSA). Ca2+ drives this bridging motif between the alginate and palmitic acid car-

boxylate moieties and outcompetes Mg2+ despite higher Mg2+ concentrations in sea-

water. Quantification of organic surface coverage via the OH stretching region inte-

grated peak areas also provides a potentially useful parameter for aerosol represen-

tation in climate models. We demonstrate that soluble polysaccharides can inter-

act electrostatically with other surface-active organic matter through seawater ionic

bridging interactions, leading to polysaccharide surface enrichment in the SSML, and

therefore, in SSA.
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Chapter 6

Conclusions

The work described herein primarily concerns the physicochemical properties of sur-

factant films coating the aqueous surfaces of the sea surface microlayer (SSML) and

of sea spray aerosol (SSA). The ocean covers the majority of Earth’s surface, and

SSA constitutes one of the most abundant sources of natural aerosol on the planet.

Consequently, these marine interfaces play a significant role in global climate and

require further characterization for improved Earth system model parameterization.

The structure and organization of proxy marine surfactant films are studied through

a combination of surface tensiometry, surface-sensitive spectroscopy, and computa-

tional chemistry. Additionally, the spectroscopic tools themselves are analyzed for

their reliability in quantitative interpretation. Lastly, the cooperative adsorption of

polysaccharides to a surfactant monolayer is studied to better understand the mech-

anisms driving saccharide enrichment in SSA.

It is known that fatty acids and other organic compounds form a film on SSA

surfaces, and SSA particle surface-area-to-volume ratios are altered during aging in

the marine boundary layer (MBL). To understand SSA surface organization and its

role during dynamic atmospheric conditions, an SSA proxy fatty acid film and its

individual components stearic acid (SA), palmitic acid (PA), and myristic acid (MA)

were studied separately using surface pressure – area (Π−A) isotherms and Brewster
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angle microscopy (BAM). The films were spread on an aqueous NaCl subphase at

pH 8.2, 5.6, and 2.0 to mimic nascent to aged SSA aqueous core composition in the

MBL, respectively. The individual fatty acid behavior differs from that of the SSA

proxy film, and at nascent SSA pH the mixture yields a monolayer with intermediate

rigidity that folds upon film compression to the collapse state. Acidification causes

the SSA proxy film to become more rigid and form 3D nuclei. The results reveal film

morphology alterations, which are related to SSA reflectivity, throughout various

stages of SSA aging and provide a better understanding of SSA impacts on climate.

Surface-sensitive vibrational spectroscopy is a common tool for measuring molec-

ular organization and intermolecular interactions at interfaces, such as proxy marine

aqueous interfaces. Peak intensity ratios are typically used to extract molecular in-

formation from one-dimensional spectra, but vibrational coupling between surfactant

molecules can manifest as signal depletion in one-dimensional spectra. Through a

combination of experiment and theory, the emergence of vibrational exciton delocal-

ization in infrared reflection-absorption spectra of soluble and insoluble surfactants at

the air/water interface is observed. Vibrational coupling causes a significant decrease

in peak intensities corresponding to C–F vibrational modes of perfluorooctanoic acid

molecules. Vibrational excitons also form between arachidic acid surfactants within

a compressed monolayer, manifesting as signal reduction of C–H stretching modes.

Ionic composition of the aqueous phase impacts surfactant intermolecular distance,

thereby modulating vibrational coupling strength between surfactants. The results

serve as a cautionary tale against employing alkyl and fluoroalkyl vibrational peak in-

tensities as proxies for concentration, although such analysis is ubiquitous in interface

science.

In addition to surfactants, saccharides comprise a significant mass fraction of or-

ganic carbon in sea spray aerosol (SSA), but the mechanisms through which sol-

uble saccharides are transferred from seawater to the ocean surface and eventu-
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ally into SSA are not fully understood. Using a combination of surface-sensitive

infrared reflection-absorption spectroscopy and surface tensiometry, it was demon-

strated that the marine-relevant, anionic polysaccharide alginate co-adsorbs to an

insoluble palmitic acid monolayer via divalent cationic bridging interactions. Ca2+

induces the greatest extent of alginate co-adsorption to the monolayer, evidenced by

the 30% increase in surface coverage, whereas Mg2+ only facilitates one-third the

extent of co-adsorption at seawater-relevant cation concentrations due to its strong

hydration propensity. Na+ cations alone do not facilitate alginate co-adsorption, and

palmitic acid protonation hinders the formation of divalent cationic bridges between

the palmitate and alginate carboxylate moieties. Alginate co-adsorption is largely

confined to the interfacial region beneath the monolayer headgroups, so surface pres-

sure, and thus monolayer surface coverage, only changes the amount of alginate co-

adsorption by less than 5%. These results provide physical and molecular insights

into a potentially significant polysaccharide enrichment mechanism within the SSML.
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Appendix A

Perfluorooctanoic Acid C–F Peak

Assignments

A.1 Perfluorooctanoic Acid C–F Peak Assignments

Vibrational mode peak assignments of deprotonated perfluorooctanoic acid (perfluo-

rooctanoate, PFO) were performed via geometry optimization and harmonic vibra-

tional frequency analysis using Q-Chem v. 5.3.1.290 Density functional theory (DFT)

at the EDF2/6-31G(d) level of theory was used,289 and a scaling factor of 0.9805 was

applied to the harmonic frequencies.291 Vibrational frequencies, intensities, and peak

assignments corresponding to the C–F vibrational modes are tabulated in Table A.1.
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Table A.1: Peak Assignments Corresponding to the C–F Vibrational Modes of PFO.

Wavenumber Intensity Vibrational Mode Assignments(cm−1) (km/mol)
1095.72 36.734 CF2 and CF3 Wagging
1104.99 70.264 CF2 Asymmetric Stretching
1125.64 23.161 CF2 Symmetric Stretching and Wagging
1130.98 61.766 CF2 Symmetric Stretching and Wagging, CF3 Wagging
1153.29 194.923 CF2 Symmetric and Asymmetric Stretching
1173.79 15.306 CF2 Asymmetric Stretching
1177.81 77.910 CF2 Asymmetric Stretching
1188.97 27.910 CF2 and CF3 Asymmetric Stretching
1197.64 93.936 CF2 Asymmetric Stretching
1206.15 94.093 CF3 Asymmetric Stretching and C–C Stretching

CF2 Asymmetric Stretching
1214.10 245.849 CF3 Asymmetric Stretching

C–C Stretching
1219.89 243.765 CF2 and CF3 Asymmetric Stretching
1245.74 59.383 CF3 Asymmetric Stretching and C–C Stretching
1254.89 533.145 CF3 Asymmetric Stretching
1271.12 36.907 C–C Stretching, CF3 Wagging
1284.95 40.870 C–C Stretching, CF3 Wagging
1310.55 25.624 C–C Stretching, CF3 Wagging
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Appendix B

Supplementary Information for “Calcium

Bridging Drives Polysaccharide

Co-Adsorption to a Proxy Sea Surface

Microlayer”

B.1 Mean Molecular Area Data

Mean molecular area (MMA) data of the d31-palmitic acid and d33-hexadecanol mono-

layers measured at constant surface pressure are tabulated below. Alginate consis-

tently expands the monolayer relative to the salt water subphase, and the magnitude

of monolayer expansion is greater at 5 mN/m than at 25 mN/m. Enhanced dispersion

interactions between the lipid alkyl chains and increased exchange interactions likely

push alginate out of the plane of the compressed monolayer.
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Table B.1: Average mean molecular area values (Å2/molecule) and one standard deviation
from the mean (σ, Å2/molecule) of d31-palmitic acid (d31-PA) and d33-cetyl alcohol (d33-
CA) monolayers measured at constant surface pressures 5 mN/m and 25 mN/m.

Monolayer & Subphase 5 mN/m 25 mN/m
MMA σ MMA σ

d31-PA, 0.47 M NaCl, pH 8.2 22.66 0.29 20.57 0.33
d31-PA, Alga, 0.47 M NaCl, pH 8.2 25.48 0.44 21.50 0.44
d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 22.36 0.16 20.92 0.11
d31-PA, Alga, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 23.27 0.65 21.56 0.32
d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 5.8 25.21 0.24 22.67 0.20
d31-PA, Alga, 0.47 M NaCl, 10 mM CaCl2, pH 5.8 27.29 0.48 22.99 0.92
d33-CA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 20.62 0.15 17.85 0.09
d33-CA, Alga, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 21.91 0.08 18.72 0.05
d31-PA, 0.47 M NaCl, 10 mM MgCl2, pH 8.2 24.27 0.04 21.40 0.14
d31-PA, Alga, 0.47 M NaCl, 10 mM MgCl2, pH 8.2 26.51 0.13 22.08 0.17
d31-PA, 0.47 M NaCl, 53 mM MgCl2, pH 8.2 24.17 0.10 21.80 0.09
d31-PA, Alga, 0.47 M NaCl, 53 mM MgCl2, pH 8.2 27.06 0.43 22.86 0.27
a50 ppm Alginate

Table B.2: The ratio of d31-palmitic acid (d31-PA) and d33-cetyl alcohol (d33-CA) MMA
values (RAlg/SW) and propagated error (σE) corresponding to the 50 ppm alginate subphase
MMA divided by the seawater subphase MMA.

Monolayer & Subphase 5 mN/m 25 mN/m
RAlg/SW σE RAlg/SW σE

d31-PA, 0.47 M NaCl, pH 8.2 1.124 0.022 1.045 0.026
d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1.041 0.029 1.030 0.016
d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 5.8 1.083 0.020 1.014 0.041
d33-CA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1.062 0.008 1.049 0.005
d31-PA, 0.47 M NaCl, 10 mM MgCl2, pH 8.2 1.092 0.005 1.032 0.010
d31-PA, 0.47 M NaCl, 53 mM MgCl2, pH 8.2 1.120 0.017 1.048 0.012
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B.2 Vibrational Frequency Calculations

To distinguish between peaks corresponding to the d31-palmitic acid monolayer or the

co-adsorbed alginate, harmonic vibrational frequency calculations were performed

using Q-Chem v. 5.3.1.290 D-guluronic acid, an alginate monomer primarily re-

sponsible for cation binding, was selected to model the alginate vibrational modes

(Fig. B.1a).330,333,334 Both protonated d31-palmitic acid (Fig. B.1b) and deprotonated

d31-palmitate (Fig. B.1c) were modeled, and the atomic mass of 2.01410 was used

for the deuterium atoms.370 Geometry optimization and harmonic frequency analysis

were performed at the EDF2/6-31+G* level of theory.289 Frequencies, intensities, and

vibrational mode assignments within the frequency region of the carboxylic acid head-

group and the C–D bending modes (1090-1850 cm−1) are tabulated in Tables B.3-B.5.

(a)

(b)

(c)

Figure B.1: Geometry optimized structures of (a) D-guluronate, (b) d31-palmitic acid,
and (c) d31-palmitate.
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Table B.3: Harmonic vibrational frequencies (ω), intensities, and vibrational mode assign-
ments of D-guluronate.

ω
(cm−1)

Intensity
(km/mol)

Mode Assignments

1094.24 111.741 C-O-H Bending, C-O-C Stretching
1100.50 145.998 C-OH Stretching
1116.31 80.623 C-O-C Stretching, C-O-H Bending
1148.48 211.874 C-O-H Stretching, C-H Wagging
1154.90 2.637 C-O-H Stretching and Bending
1206.32 34.863 C-O-H Bending, C-H Wagging
1242.62 32.793 C-H Wagging, C-O-H Bending
1264.93 32.675 C-H Wagging, C-O-H Bending
1297.55 18.810 C-H Wagging, C-O-H Bending
1317.06 32.035 C-H Wagging, C-O-H Bending
1325.07 15.798 C-H Wagging, C-O-H Bending
1340.30 18.708 C-H Wagging, C-O-H Bending
1352.16 121.662 C-H Wagging, C-O-H Bending, COO− Symmetric

Stretching
1356.34 27.790 C-H Wagging, C-O-H Bending, COO− Symmetric

Stretching
1391.73 127.213 COO− Symmetric Stretching, C-H Wagging
1400.35 16.914 C-H Wagging, C-O-H Bending
1411.78 25.561 C-O-H Bending, C-H Wagging
1439.87 44.051 C-O-H Bending, C-H Wagging
1474.40 2.861 C-O-H Bending, C-H Wagging
1547.29 384.253 C-O-H Bending, COO− Asymmetric Stretching
1725.18 423.674 COO− Asymmetric Stretching, C-O-H Bending
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Table B.4: Harmonic vibrational frequencies ω, intensities, and vibrational mode assign-
ments of d31-palmitic acid.

ω
(cm−1)

Intensity
(km/mol)

Mode Assignments

1092.09 0.403 CD3 Bending, CD2 Bending & Wagging
1093.01 4.856 CD3 Bending
1093.67 7.022 CD2 Bending
1108.35 13.932 CD2 Bending & Wagging, CD3 Bending
1116.04 2.674 CD2 Bending & Wagging
1117.22 0.663 CD2 Bending & Wagging
1119.12 0.914 CD2 Bending & Wagging
1121.34 0.634 CD2 Bending
1123.82 1.570 CD2 Bending
1125.90 0.640 CD2 Bending
1127.50 11.375 CD2 Bending
1128.73 8.575 CD2 Bending, CD3 Bending
1132.35 1.303 CD2 Bending & Wagging, CD3 Bending
1141.51 14.964 CD2 Bending, C-O-H Bending & Stretching
1150.56 15.657 CD2 Bending & Wagging, C-O-H Bending &

Stretching
1159.16 46.521 C-O-H Bending & Stretching, CD2 Bending &

Wagging
1167.89 4.210 CD2 Bending & Wagging, C-O-H Bending &

Stretching
1177.22 4.233 CD2 Bending, C-O-H Bending & Stretching
1189.07 65.964 C-O-H Bending & Stretching, CD2 Wagging
1216.54 59.856 C-O-H Bending & Stretching, CD2 Wagging
1241.05 15.368 CD2 Wagging, C-O-H Bending
1260.91 6.855 CD2 Wagging, C-O-H Bending
1274.81 0.569 CD2 Wagging, C-O-H Bending
1282.93 0.528 CD2 Wagging, C-O-H Bending
1286.54 0.032 CD2 Wagging, C-O-H Bending
1288.46 0.160 CD2 Wagging, C-O-H Bending
1369.64 120.711 C-O-H Bending & Stretching
1827.90 299.335 C=O Stretching, C-O-H Bending
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Table B.5: Harmonic vibrational frequencies (ω), intensities, and vibrational mode assign-
ments of d31-palmitate.

ω (cm−1) Intensity (km/mol) Mode Assignments
1091.89 7.209 CD3 Bending, CD2 Bending & Wagging
1092.92 4.719 CD3 Bending
1093.94 5.964 CD2 Bending & Wagging, CD3 Bending
1108.52 0.333 CD2 Bending & Wagging, CD3 Bending
1114.79 0.338 CD2 Bending & Wagging
1116.53 0.014 CD2 Bending & Wagging
1118.41 0.561 CD2 Bending & Wagging, CD3 Bending
1120.73 0.006 CD2 Bending & Wagging, CD3 Bending
1123.15 1.640 CD2 Bending, CD3 Bending
1125.37 0.002 CD2 Bending, CD3 Bending
1127.13 10.458 CD2 Bending
1127.55 0.296 CD2 Bending, CD3 Bending
1131.37 0.628 CD2 Bending & Wagging, CD3 Bending
1140.96 0.701 CD2 Bending & Wagging, CD3 Bending
1149.66 0.109 CD2 Bending & Wagging
1162.08 2.876 CD2 Bending & Wagging, CD3 Bending
1167.45 0.477 CD2 Bending & Wagging, CD3 Bending
1177.28 0.702 CD2 Bending, CD3 Bending
1198.48 0.953 CD2 Bending & Wagging, CD3 Bending
1228.77 0.582 CD2 Bending & Wagging, CD3 Bending
1250.96 1.753 CD2 Wagging, CD3 Bending
1265.36 0.348 CD2 Wagging, CD3 Bending
1275.19 0.701 CD2 Wagging, CD3 Bending
1281.76 0.054 CD2 Wagging
1285.41 0.085 CD2 Wagging
1371.58 328.038 COO− Symmetric Stretching
1678.00 637.505 COO− Asymmetric Stretching
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B.3 Carboxylate Region Spectral Fitting

Peaks within the COOH stretching region (1150-1850 cm−1) were fitted to Gaussian

functions using OriginPro 9.0. The software uses the Levenberg-Marquardt algorithm

to perform the nonlinear curve fitting routine. Eight points were placed along the

baseline, and a 4th-order polynomial function was fitted to those points and used to

define the spectral baseline. Peak fitting parameters were not fixed.
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Figure B.2: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
at pH 8.2.

Table B.6: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl at pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1263.5 -5.02E-4 0.0501 93.7 1256.7 -6.31E-4 0.06895 102.7
νS CO−

2 1406.3 -1.10E-4 0.00399 34.0 1429.7 -7.92E-5 0.00509 60.4
νAS CO−

2 1541.6 -4.49E-4 0.0261 54.5 1545.6 -4.23E-4 0.0263 58.4
δ H-O-H 1661.5 0.00137 0.0975 66.9 1662.0 0.00156 0.109 66.0
ν C=O 1719.6 -2.40E-4 0.00942 36.8 1725.1 -1.96E-4 0.00586 28.1
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Figure B.3: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
and 50 ppm alginate at pH 8.2.

Table B.7: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl and 50 ppm alginate at
pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1264.7 -6.42E-4 0.0643 94.1 1260.5 -7.46E-4 0.0789 99.3
νS CO−

2 1402.6 -1.50E-4 0.00458 28.7 1402.9 -1.53E-4 0.00461 28.3
νAS CO−

2 1537.8 -5.07E-4 0.0253 46.9 1537.3 -5.16E-4 0.0260 47.3
δ H-O-H 1658.9 0.00137 0.111 76.2 1659.6 0.00147 0.114 72.6
ν C=O 1715.4 -3.88E-4 0.0149 35.9 1718.3 -3.62E-4 0.0139 36.0
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Figure B.4: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
and 10 mM CaCl2 at pH 8.2.

Table B.8: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl and 10 mM CaCl2 at
pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1272.6 -4.42E-4 0.0401 85.0 1268.2 -4.81E-4 0.0497 97.1
νS CO−

2 1410.8 -2.03E-4 0.00908 41.9 1411.5 -2.12E-4 0.00933 41.3
νAS CO−

2 1540.6 -8.35E-4 0.0439 49.4 1539.9 -9.57E-4 0.0515 50.6
δ H-O-H 1658.0 0.00133 0.0946 67.0 1659.5 0.00145 0.0994 64.4
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Figure B.5: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl,
10 mM CaCl2, and 50 ppm alginate at pH 8.2.

Table B.9: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl, 10 mM CaCl2, and 50 ppm
alginate at pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1285.7 -3.58E-4 0.0291 76.3 1283.5 -3.77E-4 0.0318 79.2
νS CO−

2
(d31-PA)

1417.8 -7.45E-4 0.0293 36.9 1417.8 -8.07E-4 0.0314 36.5

νS CO−
2 (Alg) 1454.3 -2.16E-4 0.00415 18.0 1454.7 -2.54E-4 0.00558 20.7

νAS CO−
2

(d31-PA)
1543.0 9.58E-4 0.0432 42.3 1539.8 -8.34E-4 0.0336 37.9

νAS CO−
2 (Alg) 1595.4 0.00135 0.0768 53.6 1597.9 -0.00160 0.118 69.0

δ H-O-H 1671.3 0.00174 0.124 66.6 1667.3 0.00195 0.164 79.0
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Figure B.6: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
and 10 mM CaCl2 at pH 5.8.

Table B.10: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl and 10 mM CaCl2 at
pH 5.8.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1274.0 -4.67E-4 0.0377 75.8 1269.6 -5.11E-4 0.0448 82.4
νS CO−

2 1408.2 -1.27E-4 0.00570 42.0 1407.9 -1.36E-4 0.00563 38.9
νAS CO−

2 1536.9 -4.40E-4 0.0225 48.0 1538.0 -5.36E-4 0.0281 49.2
δ H-O-H 1661.6 0.00128 0.102 74.9 1664.1 0.00151 0.107 66.8
ν C=O 1715.2 -4.91E-4 0.0239 45.8 1719.7 -4.36E-4 0.0209 45.0
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Figure B.7: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl,
10 mM CaCl2, and 50 ppm alginate at pH 5.8.

Table B.11: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl, 10 mM CaCl2, and 50 ppm
alginate at pH 5.8.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω RA Int. Area FWHM

ν C-OH 1278.6 -4.18E-4 0.0264 59.2 1273.6 -4.86E-4 0.0363 70.1
νS CO−

2 1414.3 -1.67E-4 0.00834 46.8 1412.1 -1.65E-4 0.00689 39.2
νAS CO−

2 1536.8 -4.42E-4 0.0314 66.8 1540.6 -4.29E-4 0.0280 61.3
δ H-O-H 1654.9 0.00121 0.0829 64.6 1659.8 0.00142 0.0969 64.0
ν C=O 1722.6 -4.12E-4 0.0162 37.0 1724.1 -4.00E-4 0.0142 33.4
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Figure B.8: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
and 10 mM MgCl2 at pH 8.2.

Table B.12: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl and 10 mM MgCl2 at
pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1270.3 -4.53E-4 0.0398 82.6 1265.3 -5.08E-4 0.0484 89.4
νS CO−

2 1403.0 -2.15E-4 0.00888 38.8 1403.3 -2.36E-4 0.00911 36.3
νAS CO−

2 1538.4 -6.46E-4 0.0347 50.5 1538.2 -7.39E-4 0.0393 49.9
δ H-O-H 1662.6 0.00126 0.102 75.9 1668.1 0.00151 0.130 80.9
ν C=O 1712.6 -3.79E-4 0.0159 39.5 1710.1 -6.41E-4 0.0388 56.8
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Figure B.9: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl,
10 mM MgCl2, and 50 ppm alginate at pH 8.2.

Table B.13: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl, 10 mM MgCl2, and
50 ppm alginate at pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1272.1 -4.99E-4 0.0455 85.5 1271.4 -4.78E-4 0.0439 86.2
νS CO−

2 1404.0 -2.19E-4 0.00840 36.1 1405.7 -2.40E-4 0.0101 39.6
νAS CO−

2 1537.3 -8.85E-4 0.0512 54.4 1534.9 -8.45E-4 0.0478 53.2
δ H-O-H 1657.2 0.00123 0.126 96.2 1649.7 0.00129 0.0944 68.7
ν C=O 1707.7 -6.31E-4 0.0405 60.3 1726.2 -3.58E-4 0.0200 52.4
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Figure B.10: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl
and 53 mM MgCl2 at pH 8.2.

Table B.14: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl and 53 mM MgCl2 at
pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1268.6 -4.69E-4 0.0447 89.6 1264.1 -5.37E-4 0.0543 95.1
νS CO−

2 1406.0 -1.89E-4 0.00768 38.1 1406.8 -2.05E-4 0.00834 38.3
νAS CO−

2 1539.3 -7.13E-4 0.0381 50.1 1540.6 -8.13E-4 0.0445 51.4
δ H-O-H 1659.5 0.00125 0.100 75.6 1661.1 0.00133 0.107 75.4
ν C=O 1711.0 -2.77E-4 0.0119 40.4 1711.1 -3.01E-4 0.0154 48.2
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Figure B.11: IRRAS spectra and corresponding peak fits of a d31-palmitic acid monolayer
at 5 mN/m (left) and 25 mN/m (right) spread onto an aqueous subphase of 0.47 M NaCl,
53 mM MgCl2, and 50 ppm alginate at pH 8.2.

Table B.15: Center frequencies (ω, cm−1), reflectance-absorbance intensities (Int.), peak
areas, and full width at half maximum (FWHM, cm−1) values of Gaussian fits to IRRAS
spectra in the COOH vibrational mode region of a d31-palmitic acid monolayer (5 mN/m
and 25 mN/m) spread onto an aqueous subphase of 0.47 M NaCl, 53 mM MgCl2, and
50 ppm alginate at pH 8.2.

Mode 5 mN/m 25 mN/m
ω Int. Area FWHM ω Int. Area FWHM

ν C-OH 1277.5 -4.05E-4 0.0322 74.7 1276.1 -3.97E-4 0.0308 72.9
νS CO−

2 1410.3 -3.18E-4 0.0126 37.1 1412.1 -3.80E-4 0.0150 37.2
νAS CO−

2 1539.9 -7.59E-4 0.0453 56.0 1543.5 -7.94E-4 0.0540 63.8
δ H-O-H 1657.6 0.00132 0.0910 64.9 1657.4 0.00141 0.0916 60.9
ν C=O 1717.7 -1.35E-4 0.00451 31.3 1732.6 1.60E-4 7.92E-7 0.00464

B.4 d33-Cetyl Alcohol IRRAS Spectral Analysis

The carboxylic acid stretching region (1150-1850 cm−1) was analyzed for the d33-cetyl

alcohol spectra to further examine the extent of alginate co-adsorption to the mono-

layer (Fig. B.12). Cetyl alcohol only exhibits the C-OH stretching mode, so any car-

boxylic acid peaks can be attributed to alginate co-adsorption. Neither the νS CO−2 ,

νAS CO−2 , nor the ν C=O stretches appear at either surface pressure, indicating no al-
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ginate co-adsorption. The δ H-O-H mode red shifts in response to alginate within the

aqueous subphase, possibly caused by alginate hydration within the probing region

of IRRAS.
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Figure B.12: IRRAS spectra of d33-cetyl alcohol collected and analyzed within the COOH
stretching region at constant surface pressures of 5 mN/m (top) and 25 mN/m (bottom).
The light purple curves correspond to the monolayer spread onto a 0.47 M NaCl and 10 mM
CaCl2 subphase at pH 8.2. The dark purple curves correspond to the monolayer spread
onto a 0.47 M NaCl, 10 mM CaCl2, and 50 ppm alginate subphase. All spectra represent
averages of at least triplicate measurements.

B.5 CD2 Scissoring Mode Analysis

The CD2 scissoring mode region (1070-1110 cm−1) was analyzed using OriginPro 9.0.

A baseline was fitted to a line between the two endpoints of the region, and then

the baseline was subtracted from the spectrum. Following baseline subtraction, the
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center frequency of the CD2 scissoring mode was determined with the Peak Analyzer

tool in Origin.

Table B.16: Center frequencies (cm−1) of the IRRAS CD2 scissoring (δ) mode of
d31-palmitic acid (d31-PA) and d33-cetyl alcohol (d33-CA) monolayers measured at con-
stant surface pressures 5 mN/m and 25 mN/m.

Monolayer & Subphase δ CD2
5 mN/m 25 mN/m

d31-PA, 0.47 M NaCl, pH 8.2 1089.5 1089.0
d31-PA, Alg, 0.47 M NaCl, pH 8.2 1089.5 1089.0

d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1089.4 1089.4
d31-PA, Alg, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1089.4 1089.5

d31-PA, 0.47 M NaCl, 10 mM CaCl2, pH 5.8 1089.5 1089.5
d31-PA, Alg, 0.47 M NaCl, 10 mM CaCl2, pH 5.8 1089.5 1089.5

d33-CA, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1089.0 1089.0
d33-CA, Alg, 0.47 M NaCl, 10 mM CaCl2, pH 8.2 1089.0 1089.0

d31-PA, 0.47 M NaCl, 10 mM MgCl2, pH 8.2 1089.5 1089.0
d31-PA, Alg, 0.47 M NaCl, 10 mM MgCl2, pH 8.2 1089.5 1089.0

d31-PA, 0.47 M NaCl, 53 mM MgCl2, pH 8.2 1089.5 1089.0
d31-PA, Alg, 0.47 M NaCl, 53 mM MgCl2, pH 8.2 1089.5 1089.5
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