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Abstract

Sea spray aerosol (SSA) constitutes one of the largest fractions of aerosol emissions on

the planet, and it impacts Earth’s radiative budget by regulating cloud albedo, cloud

formation, and ice nucleation in the troposphere. Organic matter from the ocean is

enriched in SSA with surfactants comprising one of the most surface active classes of

compounds. Saturated fatty acids are particularly abundant and readily form thin

films at the air-water interface. In this study, a proxy SSA mixture was used to

examine interfacial amphiphile organization and dynamics as a function of aqueous

subphase composition. The goal was to understand how soluble fatty acids impact film

phase behavior at various SSA-relevant pH values. To do this, surface pressure-area

isotherms were conducted at nascent SSA and at acidified SSA conditions. Soluble

surfactants contribute to SSA proxy phase behavior regardless of the pH, but their

overall impact on surface organization increases with decreasing pH. Thus, as SSA

acidifies in the marine boundary layer, the surface activity of soluble fatty acids

dramatically increases. This work highlights the necessity of including parameters

for soluble surfactants in global climate models.
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Chapter 1

Introduction

1.1 Aerosol Impacts on Climate

Earth’s surface temperature has risen precipitously since 1850 due to increased an-

thropogenic greenhouse gas (GHG) emissions, and the 30-year period between 1983

and 2012 was likely the warmest in 1400 years.1 Oceans store a majority of the ra-

diative energy in the climate system; approximately 90% of the energy accumulated

from 1971-2010 was stored via ocean warming. Consequently, climate models project

that Earth’s oceans will warm by 0.6°C to 2.0°C throughout the 21st century, and this

warming will likely continue to generate global change for hundreds to thousands of

years even after global surface temperature stabilization.2 Higher atmospheric con-

centrations of CO2 also increased CO2 dissolution into seawater, leading to a 0.1

decrease in ocean pH. Earth System Models predict a decrease in surface ocean pH

of 0.06-0.07 at minimum and 0.30-0.32 at maximum by the end of the century.1 Thus

global change is inevitable and ongoing, so understanding its impacts on atmospheric

and marine environments will be imperative to mitigate the effects of climate change.

It is uncertain how rising ocean temperatures and ocean acidification will impact

aerosol production at the air-sea interface and oxidative reactions in the troposphere.
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Significant uncertainty in the representation of cloud and aerosol processes remains

in climate models, and the net impact of aerosols on the global radiative budget is

unclear (Figure 1.1).2 Aerosols can directly impact climate by absorbing and scat-

tering solar radiation. Additionally, aerosols can indirectly affect the global radiative

budget via cloud seeding and ice nucleation in the atmosphere.3 Indirect radiative

forcing from natural emissions of volcanic sulfur dioxide, marine dimethylsulfide, bio-

genic volatile organic carbon, biomass burning, and sea spray constituted 45% of the

variance in models of aerosol forcing since 1750. Anthropogenic emissions contributed

34% of the variance in the model.4 Hence, characterizing the composition, transfor-

mations, and climate impacts of natural aerosols will be crucial for determining the

forcing from anthropogenic aerosols with greater certainty.4,5

Figure 1.1: Global radiative forcing components. Figure reproduced from the IPCC
Climate Change 2007: Synthesis Report, Figure 2.4.6

2



1.2 Sea Spray Aerosol

Marine aerosols, also known as sea spray aerosols (SSA), are one of the largest sources

of aerosol emissions which contribute approximately 3.5×1012 kg yr−1.7 SSA is formed

when air is entrained into the sea surface via breaking waves, and these bubbles burst

upon reaching the air-sea interface.8 While traversing through the water column, the

bubbles scavenge surface active organic material which becomes incorporated into the

SSA.9 Upon bubble bursting, hundreds of film drops are generated from the bubble

film cap, and a smaller number of jet drops are produced by the cavity at the base of

the bubble destabilizing and releasing a jet of surface seawater.10,11 The composition

of each type of drop is a consequence of the source of material from the bubble.

Film caps of bubbles are highly enriched in surface active organic material, such

as fatty acids. Bubble rupturing is caused by the film cap thinning to the point of

collapse, so the film droplets produced are also submicron in diameter. Jet drops tend

to be larger than 1 µm, and their composition more closely reflects that of surface

seawater. Hence, jet drops are enriched in organic material, but they tend to contain

more soluble and particulate organic matter.11–15

1.2.1 Modeling Marine Aerosol

Aerosols are able to influence cloud areal extent, dynamics, and lifetime; and these

cloud physical properties consequently affect albedo, defined as the fraction of light

scattered from a particle.16 Additionally, aerosols can act as cloud condensation nuclei

(CCN) by promoting water condensation on their surfaces.17 Surface-active organic

compounds in aerosol particles enhance cloud formation, as predicted by a modified

Köhler theory.18 Aerosol surface tension depression due to surface-active organics

decreases critical supersaturation and increases critical wet diameter, which are pa-

rameters that define the point at which an aerosol is considered to be an activated

3



CCN. As such, the barrier to cloud formation is reduced. In order to accurately pre-

dict aerosol contributions to atmospheric processes, appropriate climate models must

be developed and parameterized.

Submicron SSA organic enrichment is particularly pronounced in oceanic regions

downwind of phytoplankton blooms.19–24 Organic enrichment has also been measured

in laboratory-generated SSA.14,25–31 The composition and flux of organic matter is

especially important in global climate models. Various models have used empirical

relationships to chlorophyll a concentrations in the ocean as a way to parameter-

ize the organic content in nascent SSA, but it is only moderately predictive.12,32–34

Therefore, a model incorporating a two-layer competitive Langmuir adsorption equi-

librium, called OCEANFILMS-2, has been developed in which the surface activity of

particular classes of ocean-relevant compounds are parameterized using experimental

data.35–38 Cooperative adsorption of soluble organics, such as polysaccharides, to an

insoluble monolayer is included; this improves the alkane : hydroxyl ratio determined

from spectroscopic measurements of ambient SSA.38 While OCEANFILMS-2 more

closely predicts the alkane : hydroxyl ratio of 0.24–0.38 from ship campaigns,21,39,40

the model produces an alkane contribution that is erroneously high with a ratio value

of 0.41–0.69. Consequently, the components contributing to the alkane signatures,

primarily surface active fatty acids, need to be better parameterized to account for

this descrepancy.

1.3 The Sea Surface Microlayer

Oceans cover approximately 71% (362 million km2) of Earth’s surface, providing one

of the largest environmental interfaces on the planet. This interface, known as the sea

surface microlayer (SSML), occupies 1 - 1,000 µm of the uppermost layer of the ocean.

The SSML is chemically distinct from underlying seawater. Molecular adsorption and

4



aggregation at the surface yield organic matter and trace metal enrichment. This

enrichment is thought to dictate the composition of sea spray aerosol formed by

breaking waves. Chemical composition and transformation of sea spray aerosols is

only beginning to become more thoroughly characterized, and its impact on climate

is poorly understood.11

1.3.1 Surfactant Enrichment

The chemical composition of the SSML is complex, and this chemical complexity is

transferred to SSA upon wave breaking. However, the enrichment of surfactants in

SSA is of particular interest due to their high surface activity. Aliphatic moieties

tend to form a film on the outside of aerosol particles, thus acting as a barrier to any

photochemical or atmospheric processes. To better characterize the transfer of anionic

surfactants into sea spray aerosol, a laboratory mesocosm experiment was conducted

in which a phytoplankton bloom was grown in a large wave flume.28 Aerosol was then

collected from the flume and analyzed with liquid chromatography in tandem with

high-resolution mass spectrometry. Saturated fatty acids between 8 and 24 carbons

in length were the most abundant species measured in the SSML and in all sizes of

aerosol. More specifically, palmitic acid (C16) and stearic acid (C18) constituted about

two-thirds of the saturated fatty acids. Shorter-chain saturated fatty acids such as

myristic acid (C14) and lauric acid (C12) were also abundant. In SSA with a diameter

≤ 2.5 µm, the most prevalent fatty acid was palmitic acid, followed by stearic acid,

myristic acid, and lauric acid (Figure 1.2).
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Figure 1.2: Normalized fatty acid signal responses from the SSML and SSA with
particle diameters ≤ 2.5 µm. Figure adapted from reference.28

1.4 Objectives

This study aims to examine the interfacial organization and dynamics of proxy sea

spray aerosol films. A surfactant mixture of 1 lauric acid : 2 myristic acid : 4

palmitic acid : 3 stearic acid (Figure 1.3) was chosen based on the fatty acid enrich-

ment data presented in Figure 1.2. Phase dynamics of this proxy SSA monolayer were

measured using surface pressure-area isotherms on a variety of aqueous subphases.

The subphase compositions were chosen to mimic the transformations of the aqueous

component of SSA throughout its lifetime in the atmosphere. The aqueous portion

of nascent SSA closely mimics that of bulk seawater with a sodium chloride concen-

tration around 0.4 M and a pH of 8.2,41 and the aerosols acidify over time in the

marine boundary layer.42 A discussion of the theory guiding the surface chemistry

and instrumentation is presented in Chapter 2, and the experimental details are de-

tailed in Chapter 3. An analysis of the surface pressure-area isotherm data and its

implications on climate modeling are discussed in Chapter 4.
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Figure 1.3: Structures of the four most abundant fatty acids in SSA.
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Chapter 2

Theory and Instrumentation

2.1 The Liquid-Vapor Interface

The liquid-vapor interface is a chaotic region in which multiple competing processes

contribute to its unique chemical and physical properties. Molecules can evaporate

from the liquid phase, condensate from the vapor phase, diffuse into the bulk, and

diffuse to the surface. The interface is not a discontinuous barrier separating the

two phases; rather, the density decreases continuously from the bulk liquid to that

of its vapor.43 Additionally, the interface contains orientational anisotropy in which

molecules arrange in particular conformations. This preferential molecular arrange-

ment decreases with increasing distance from the interface such that the bulk is

orientationally isotropic.44

2.1.1 Surface Tension

Molecules in a liquid phase are surrounded by other molecules in each direction, and

these intermolecular interactions lower the overall potential energy of the system.

However, molecules positioned at the interface are surrounded by fewer molecules

due to the lower molecular density in the adjacent vapor phase (Figure 2.1). Con-
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sequently, these interfacial molecules have higher potential energies, and the system

must perform work W to move a molecule from the bulk to the surface. Surface

energy γ must be spent in order to increase the interfacial area A. This is described

the relationship:

dW = γdA (2.1)

The surface energy can also be defined in terms of the force f opposing the displace-

ment dx of the interface.

fdx = γdA (2.2)

When both the bulk and interface reach equilibrium, the surface energy is equal to

the surface tension.44–46

Figure 2.1: Model of a liquid-vapor interface.
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2.2 Thermodynamics at the Air-Water Interface

2.2.1 Gibbs Adsorption Equation

Figure 2.2: Models of an interface between two bulk media.

The interface of two bulk phases of matter yields a region with thermodynamic

characteristics distinct from its bulk counterparts. Guggenheim described a model

in which an estimated interfacial region volume V σ is taken into account (Figure

2.2).47 However, the interfacial region is inhomogeneous and poorly defined. Depth

of interfacial anisotropy is highly dependent upon the molecular components of the

system, and composition of the interfacial region is nonuniform such that the molar

composition of a particular component i as a function of interfacial depth will likely

differ from that of another species present in the system. Therefore, the ideal Gibbs

model of an infinitesimally thin boundary layer separating two bulk phases α and β,

known as the Gibbs dividing surface (GDS), provides a simple yet generally sufficient

model for describing thermodynamics at the interface (Figure 2.2).44

The ideal Gibbs model can be used to derive an expression relating surface ten-

sion and excess interfacial concentrations, known as the Gibbs Adsorption Equation.

According to the First Law of Thermodynamics, a variation of the internal energy of

10



a closed system can be expressed as

dU = δQ+ δW (2.3)

in which U is internal energy, Q is heat, andW is work. For multicomponent systems,

U is function of the extensive variables entropy S, volume V , and number of species

Ni:

dU = TdS − pdV +
∑
i

µidNi (2.4)

The total internal energy for a system containing two bulk phases α and β and an

interfacial plane σ is the sum of the internal energy from each component.

U = Uα + Uβ + Uσ (2.5)

The extensive variables S, V , and Ni are described equivalently:

S = Sα + Sβ + Sσ (2.6)

V = V α + V β + V σ (2.7)

Ni = Nα
i +Nβ

i +Nσ
i (2.8)

In the ideal Gibbs model, the GDS is a mathematical plane positioned arbitrarily

between α and β. Consequently, its interfacial volume V σ is zero, so the volume of

the system can be simplified to

V = V α + V β (2.9)

Thus, the work done by the system dW for the change in volume dV α and dV β and
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the change in interfacial area dA is expressed as

dW = pαdV α + pβdV β − γdA (2.10)

Because the system of interest is planar, then pα = pβ. As a result, the expression

for expansion work simplifies:

pαdV α + pβdV β = pdV (2.11)

To isolate the interfacial internal energy, Equation 2.5 can be rearranged.

dUσ = dU − dUα − dUβ (2.12)

Finally, expressions from Equations 2.6 and 2.8 - 2.11 can be plugged into Equation

2.12 to produce

dUσ = T (dS − dSα − dSβ) + γdA+
∑
i

µidNi −
∑
i

µαi dN
α
i −

∑
i

µβi dN
β
i (2.13)

Equation 2.13 then condenses into the expression

dUσ = TdSσ + γdA+
∑
i

µidN
σ
i (2.14)

An integrated equation for internal energy can be obtained by integrating Equation

2.14 while keeping the intensive variables T , γ, and µi constant.

Uσ = TSσ + γA+
∑
i

µiN
σ
i (2.15)

Next, a second differential form of interfacial internal energy can be calculated by
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differentiating Equation 2.15.

dUσ = TdSσ + SσdT + γdA+ Adγ +
∑
i

µidN
σ
i +

∑
i

Nσ
i dµi (2.16)

Combining Equations 2.14 and 2.16 and cancelling like terms yields the following

relationship:

− Adγ = SσdT +
∑
i

Nσ
i dµi (2.17)

Using the definitions of surface excess entropy S(1)
σ and surface excess concentration

Γσi ,

S(1)
σ = Sσ

A
(2.18)

Γσi = Nσ
i

A
(2.19)

Equation 2.17 can be divided by A to produce the form of the Gibbs Adsorption

Equation.

− dγ = S(1)
σ dT +

∑
i

Γσi dµi (2.20)

Magnitudes and signs of the surface excess are dependent upon the position of the

GDS. However, fixing the GDS such that N1 = Nα
1 + Nβ

1 , where i = 1 denotes the

solvent, causes Nσ
1 to equal zero. Therefore, Γσ1 is also equal to zero. This redefines

the surface such that the interfacial excesses of all other components are relative to

the solvent, so Equation 2.20 can be rewritten as

− dγ = S(1)
σ dT +

i∑
i=1

Γ1
i dµi (2.21)

A simple example of the application of the Gibbs Adsorption Equation is a two-

component system containing a solvent, i = 1, and a solute, i = 2. Assuming constant
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temperature, the Gibbs adsorption isotherm is described as

dγ = −Γ1dµ1 − Γ2dµ2 (2.22)

Because the GDS is positioned such that Γ1 = 0, then Equation 2.22 can be simplified

to

dγ = −Γ(1)
2 dµ2 (2.23)

The chemical potential of the solute can be expressed as

µ2 = µ0
2 +RT ln a

a0
(2.24)

in which a is its activity and a0 is the standard activity. Differentiating Equation

2.24 with respect to a/a0 at constant temperature yields the relationship

dµ2 = RT
d(a/a0)
a/a0

= RT
da

a
(2.25)

Substituting the expression in Equation 2.25 into 2.23 produces

Γ(1)
2 = − a

RT

δγ

δa

∣∣∣∣
T

(2.26)

This equation is significant because it describes the magnitude of solute enrichment

at the surface as a function of the experimentally measurable parameters solute con-

centration and changes in surface tension. When Γ(1)
2 > 0, meaning that the solute

is enriched at the interface, then the surface tension will decrease with increasing

solute concentration. Alternatively, when the solute is depleted from the interface

(Γ(1)
2 < 0), then the surface tension increases with increasing solute concentration.
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2.2.2 Relative Surface Excess

While the surface excess relationship (Eq. 2.26) defined in the previous section is

useful, the requirement of the arbitrary placement of the GDS decreases its utility.

A relative surface excess quantity independent of GDS position can be derived from

the Gibbs-Duhem equations for bulk phases α and β, respectively

− V αdp+ SαdT +
∑
i

Nα
i dµi = 0 (2.27)

− V βdp+ SβdT +
∑
i

Nβ
i dµi = 0 (2.28)

At equilibrium, the intensive variables T , p, and µi must be the same for α and β.

Consequently, Equations 2.27 and 2.28 can be rewritten as

V αdp = SαdT +
∑
i

Nα
i dµi (2.29)

V βdp = SβdT +
∑
i

Nβ
i dµi (2.30)

Dividing Equations 2.29 and 2.30 by their respective volumes yields expressions for

dp that can be equated.

Sα

V α
dT +

∑
i

Nα
i

V α
dµi = Sβ

V β
dT +

∑
i

Nβ
i

V β
dµi (2.31)

Quantities of entropy per unit volume and number of species i per unit volume can

be defined as entropy density s and concentration c, respectively.

s = S

V
(2.32)

c = ni
V

(2.33)
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Plugging Equations 2.32 and 2.33 into Equation 2.31, expanding the sums, and reor-

ganizing the expressions algebraically leads to

− dµ1 = sα − sβ

cα1 − cβ1
dT + · · · + cαi − cβi

cα1 − cβ1
dµi (2.34)

Then, plugging 2.34 into the expanded Gibbs adsorption equation (Eq. 2.20) yields

− dγ = S(1)
σ dT − Γσ1

sα − sβ

cα1 − cβ1
dT + · · · + cαi − cβi

cα1 − cβ1
dµi

+ · · · + Γσi dµi (2.35)

Rearranging Equation eq:32a produces a form of the Gibbs adsorption equation ex-

actly similar to the form of Equation 2.20.

− dγ =
S(1)

σ − Γσ1
sα − sβ

cα1 − cβ1

dT + · · · +
− Γσ1

cαi − cβi

cα1 − cβ1
+ Γσi

dµi (2.36)

This equation is significant because it does not require the GDS to be fixed at Γσ1 = 0.

As such, the relative excess functions for entropy and concentration are as follows:

S1
σ = S(1)

σ − Γσ1
sα − sβ

cα1 − cβ1
(2.37)

Γ1
i = Γσi − Γσ1

cαi − cβi

cα1 − cβ1
(2.38)

Furthermore, Equation 2.38 can be transformed to include only terms that are

meaningful in a real air-water interfacial system. An isotropic composition in α and

β is assumed up until the GDS at which point the composition changes, so the number

of ith molecules at the surface Nσ
i can be expressed as

Nσ
i = Ni −Nα

i −Nβ
i (2.39)

The mass balance equation representing the number of i molecules at the interface
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can be described using concentrations of the bulk phases, cαi and cβi , multiplied by

their volumes V α
i and V β

i , respectively to yield the number of i molecules in each bulk

phase.

Nσ
i = Ni − cαi V

α
i − cβi V

β
i (2.40)

For a multicomponent system, such as a liquid with dissolved solutes, the relationship

V α = V −V β can be substituted into the mass balance equation for the solvent i = 1.

Nσ
1 = N1 − cα1V + (cα1 − cβ1 )V β (2.41)

All other components are treated analogously:

Nσ
i = Ni − cαi V + (cαi − cβi )V β (2.42)

Only V β depends on the position of the GDS, so the GDS position dependence can

be removed by solving for V β in Equation 2.41.

V β = Nσ
1 −N1 + cα1V

cα1 − cβ1
(2.43)

Next, plugging Equation 2.43 into 2.42 and reorganizing algebraically produces

Nσ
i −Nσ

1
cαi − cβi

cα1 − cβ1
=
Ni −N1

cαi − cβi

cα1 − cβ1

− V

cαi − cα1
cαi − cβi

cα1 − cβ1

 (2.44)

Using the definition of surface excess concentration (Eq. 2.19), Equation 2.44 can

be divided by A to obtain the relative adsorption of component i with respect to

component 1:

Γ1
i = 1

A

Ni −N1
cαi − cβi

cα1 − cβ1

− V

cαi − cα1
cαi − cβi

cα1 − cβ1

 (2.45)

17



All terms on the right side of the equation can refer to a real air-water interface. Sub-

sequently, the relative surface excess concentration can be determined experimentally

by measuring the surface tension as a function of solute concentration.

2.3 Experimental Tensiometry Methods

The Langmuir-Wilhelmy balance method is the most common tensiometry technique,

and it was the method used in this particular study (Figure 2.3). Generally, a

Langmuir trough coated in a hydrophobic substance, such as polytetrafluoroethylene

(PTFE), is filled with an aqueous solution, known as the subphase. Two hydrophilic

barriers are placed on top of the trough, and their compression rate can be carefully

controlled. A Langmuir film is deposited on the subphase by dissolving the sample in

a volatile organic solvent and spreading it dropwise on the aqueous surface. Following

solvent evaporation, a single-molecule-thick film remains. The barriers compress the

monolayer, and the changes in film surface pressure are measured with a Wilhelmy

plate tensiometer. Surface pressure is related to surface tension by the relationship

π = γ0 − γf (2.46)

in which γ0 is the surface tension of the bare subphase and γf is the surface tension

of the film-covered subphase. There is also a force from barrier compression that

contributes to the monolayer surface pressure; this term is often neglected.44–46

The Wilhelmy plate is used as a probe to measure the air-liquid surface tension.

It is a thin plate normally a few square centimeters in area, and the material used

for the Wilhelmy plate is unimportant as long as it can be completely wetted by the

subphase. Normally, platinum is used because of its low reactivity, ease of cleaning,

and durability. Filter paper can also be cut into a Wilhelmy plate and thrown away

after an experiment. The plate is then attached to the tensiometer via a thin wire,
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Figure 2.3: Wilhelmy plate method on a Langmuir trough.

and it is placed on the liquid such that it only makes contact with the subphase

surface. The sum of the forces acting upon the Wilhelmy plate include gravity Fg,

buoyancy Fb, and surface tension γ which can be expressed as

Fnet = Fg + Fb + γ

= ρplwt+ 2γ(t+ w) cos θ − ρ0gtwh

(2.47)

In the above equation, ρp is the density of the Wilhelmy plate, l is the length of the

plate, w is the width of the plate, t is the thickness of the plate, γ is the surface

tension, θ is the contact angle between the subphase and the plate, ρ0 is the density

of the subphase, and h is the depth of plate immersion into the subphase. Assum-

ing complete wetting where θ = 0, the net downward force from a subphase and a

monolayer-covered subphase can be measured and plugged into Equation 2.46.45

The Wilhelmy plate is a particularly appealing probe for force tensiometry because

it is accurate and can be used for both static and dynamic surface tension measure-

ments. Other probes can also be used, such as the Du Noüy ring and a platinum

rod, but they have particular limitations. The Du Noüy ring is a platinum ring that

is submerged into the interface by translating the stage supporting the liquid sub-
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phase container. The ring is then pulled up from the subphase, pulling the meniscus

along with it. Before the meniscus separates from the ring, the force exerted on the

meniscus reaches a maximum value which is used to calculate static surface tension.

Empirical correction factors must be applied to account for the finite diameter of the

ring, and the density of the liquid must be known in order to implement the correction

factors.45,46,48,49 Unlike the Wilhelmy plate and the Du Noüy ring, a platinum rod can

be used to measure static and dynamic surface tension of small volumes. However,

the accuracy of a force tensiometry method is dependent upon the probe geometry

accuracy, so a small probe is prone to larger percent error values.50

2.4 Thin Films on Liquid Surfaces

Organic compounds with the formula CnH2n+1X, in which X corresponds to a polar

functional group, are surface active compounds that adsorb to the air-water interface

from the aqueous subphase to form a Gibbs monolayer. Increasing the alkyl chain

length decreases solubility in water such that non-ionized amphiphiles consisting of

greater than 12 carbon atoms are nearly insoluble in aqueous solutions. These insol-

uble molecules can spread across the air-water interface and form a monolayer when

the interactions between the organic compounds and the water are stronger than

the interactions between the organic compounds themselves. Thus, a single-molecule

thick film, called a Langmuir monolayer, is formed when the interfacial area is large

enough for all of the molecules spread onto the aqueous surface.45,46,51

2.4.1 Monolayer Phases

Molecular confinement at the air-water interface due to slow desorption or evaporation

yields two-dimensional phase behavior analogous to three-dimensional phase behav-

ior in bulk matter. Monolayers can undergo transitions between gaseous, liquid, and
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solid phases upon changes in temperature and interfacial area. Like in bulk media,

the phase behavior is dictated by the strength of intermolecular interactions. Reduc-

tion of mean molecular area (MMA) at the surface increases the surface pressure of

the monolayer until steric repulsion between amphiphiles overcomes their attractive

interactions, causing monolayer collapse (Figure 2.4). The change in surface pres-

sure as a function of MMA provides information on the nature of the intermolecular

interactions between the amphiphiles themselves and their interactions with the aque-

ous subphase. Surface pressure-area isotherms also describe monolayer packing and

stability.44–46

Figure 2.4: States and phase transitions of a palmitic acid monolayer at the air-water
interface.

Gaseous films consist of amphiphilic molecules that have minimal van der Waals

interactions between the aliphatic tails due to the large intermolecular distances. The

aliphatic tilt angle relative to surface normal is the largest in this phase.52–55 However,

the interactions between the polar lipid headgroups and polar water subphase are

strong enough to prevent film vaporization, and the aliphatic chains are generally
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sufficiently hydrophobic to prevent desorption into the bulk aqueous subphase. At the

interface, film molecules have two translational degrees of freedom, and the average

kinetic energy for each degree of freedom is 1
2kBT . Thus, an ideal film in the gaseous

phase behaves according to the two-dimensional ideal gas equation in which π is the

surface pressure and A is the area/molecule.

πA = kBT (2.48)

Because A is very large in this phase, π < 0.50 mN/m.45,46

As the thin film is compressed further to smaller mean molecular area (MMA)

values, the surface pressure begins to rise at the gas-liquid phase transition, referred

to as the lift-off point. The liquid phase is characterized by increased lateral inter-

actions between amphiphiles. For more fluid monolayers, the film can experience

an additional transition from a liquid-expanded (LE) phase to a liquid-condensed

(LC) phase. The LE phase occurs at MMA values much larger than the size of the

molecule itself, so the headgroups are well hydrated. Lateral interactions between

aliphatic chains are minimal due to low packing order. This phase can be described

by a two-dimensional van der Waals equation of state that takes both the finite size

of molecules and their attractive potentials into account.

π + av
A2

(A− b) = kBT (2.49)

In Equation 2.49 av and b are constants, kB is the Boltzmann constant, and T is

temperature. More specifically, these constants can be mathematically defined as

av = πCN2
0

4σ4
d

(2.50)

b = 1
2πN0σ

2
d (2.51)
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in which C is the London dispersion force coefficient, N0 is the number of molecules,

and σd is the diameter of the molecule modeled as a hard sphere. Thus, av is the van

der Waals constant that parameterizes the strength of the attractive potential, and b

represents the excluded or unavailable area per mole of molecules.56

Compression induces the subsequent first-order phase transition into the LC phase

in which long-range molecular order is observed. Both alkyl chain tilt angles and

headgroup hydration decrease to accommodate for tighter packing at the interface.

The final transition into the solid phase leads to a precipitous increase in surface

pressure with decreasing MMA caused by the steric repulsion between the headgroups.

The alkyl chains are arranged in their tightest conformation, and the headgroups are

largely dehydrated. Extrapolation of the isotherm slope in the solid phase to a surface

pressure of 0 mN/m yields an MMA that corresponds to the molecular cross-section

in the solid phase.44–46

The point at which the monolayer can no longer be compressed is known as the

collapse. Eventually steric repulsion between molecules in the monolayer destabilizes

the two-dimensional nature of the film such that three-dimensional structures are

produced. The maximum surface pressure (or minimal surface tension) at which

a film can exist is determined by its rigidity. Fluid monolayers have low collapse

pressures and often lose material by desorption into the aqueous subphase. Rigid or

highly ordered monolayers generally have higher collapse pressures, and these films

tend to collapse via fracturing in which material is lost either by forming multilayer

aggregates in the air phase or by desorption into the aqueous phase. The third

collapse mechanism, known as folding, requires an intermediate rigidity to allow the

monolayer to buckle and form protrusions into the subphase. These protrusions occur

at random defects in the monolayer which act as folding nucleation sites, and the

protrusions coexist with the monolayer. Continuous compression after protrusion

formation increases the fraction of monolayer in the folds relative to the flat regions
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so that constant collapse surface pressure is maintained. The monolayer integrity

remains intact such that the process is reversible upon increase in interfacial area,

unlike film desorption and fracturing which are irreversible processes.57–59

2.4.2 Mixed Monolayers

Both Gibbs and Langmuir monolayers can consist of one or multiple species of am-

phiphiles. The intermolecular interactions between the different molecules in the

monolayer are of particular interest due to their role in determining interfacial orga-

nization and behavior. Monolayer mixtures produce different surface behavior than

their individual counterparts. The interactions between the amphiphile headgroups

cause the molecules to attract or repulse one another, depending upon their charge.

As a result, deviations from ideality are largely from the headgroup interactions rather

than the aliphatic chain interactions.51

Interactions between molecules in a Langmuir film can be examined via their

miscibility and stability within the monolayer. The amphiphiles can be completely

miscible, partially miscible, or immiscible (Figure 2.5).45,51 Immiscible mixtures can

be thought of as separate monolayers in equilibrium with one another because the

individual components will form segregated domains. The total area per molecule

of an immiscible mixed film A12 measured at a particular surface pressure can be

expressed as a function of its monolayer components:

A12 = X1A1 +X2A2 (2.52)

Variables X1 and X2 are the mole fractions of each type of amphiphile, and A1 and

A2 are the corresponding mean molecular area values for the single components at

the same surface pressure as the mixture. Equation 2.52 is also obeyed when the

components form an ideal mixture. Positive deviations from a linear fit are indicative
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Figure 2.5: Possible molecular arrangements in a mixed monolayer. (a) Miscible,
homogeneous mixed monolayer; (b) immiscible, non-homogeneous mixed monolayer;
(c) immiscible, complete separation of monolayer components.

of repulsive interactions between the amphiphiles, and negative deviations suggest

attractive interactions which facilitate monolayer compression. A combination of

regions of linear fits and deviations from Equation 2.52 indicate partial film miscibil-

ity.51

A similar additivity relationship exists for the mixture surface pressure π12 mea-

sured at a particular mean molecular area

π12 = X1π1 +X2π2 (2.53)

in which π1 and π2 are the surface pressures of the single components. A linear fit

to this relationship indicates either an ideal two-dimensional mixture or monolayer

immiscibility, and deviations from linearity suggest interactions between the different
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amphiphiles. Additionally, immiscible monolayers have multiple collapse points cor-

responding to each component in the mixture. Miscible monolayers have a collapse

pressure that is dependent upon the molar fraction of each component in the mix-

ture; thus, the monolayer mixture collapse occurs at a pressure between that of its

individual components.45,51

Mixed Langmuir films can also be described by excess thermodynamic functions.

The Gibbs excess free energy of mixing ∆Gexc can be used to quantify film stability.

In the case of nonideal mixing, Equation 2.52 can be rewritten in terms of the excess

area of mixing Aexc:

Aexc = A12 − (X1A1 +X2A2) (2.54)

Aexc is positive when the monolayer expands upon mixing, Aexc is negative when

the monolayer contracts, and Aexc = 0 when the components are immiscible or mix

ideally. Then ∆Gexc can be determined directly from surface pressure-area isotherms

using the calculated Aexc value.

∆Gexc =
∫ π

0
Aexcdπ (2.55)

A negative ∆Gexc is indicative of monolayer stability, and a positive value suggests

plane separation in the monolayer. Finally, the total free energy of mixing ∆GM can

be determined from the sum

∆GM = ∆Gexc + ∆Gid (2.56)

in which ∆Gid is the ideal Gibbs free energy of mixing, described by the relationship

∆Gid = RT (X1 lnX1 +X2 lnX2) (2.57)

The mixed monolayer is more thermodynamically stable than its individual counter-
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parts if ∆GM is negative.51
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Chapter 3

Experimental

3.1 Aqueous Subphase Preparation

Ultrapure water obtained from a Milli-Q Advantage A10 system (18.2 MΩ·cm) was

used for all surface pressure-area isotherm aqueous subphases. To create the model

seawater solution, NaCl (Sodium chloride, 99+%, ACS reagent, Acrōs Organics) was

baked at 650◦ C in a furnace (Fisher Scientific Isotemp® Muffle Furnace) for at least

10 hours to remove any residual organics. Both pure water and 0.4 M NaCl solutions

had a pH of 5.6 due to acidification by atmospheric CO2. Acidic subphases were

prepared at pH 2.0 via the addition of HCl (Hydrochloride Acid, TraceMetal Grade,

Fisher Scientific). Only the 0.4 M NaCl solution could be adjusted to pH 8.2 via

NaOH (Sodium Hydroxide Pellets, Mallinckrodt Analytical Reagent) addition. A

basic water subphase rapidly acidified when exposed to laboratory air. The 0.4 M

NaCl solution acidified more slowly over time; therefore, the solution was initially

prepared at pH 8.5 so that the pH would drop to 8.2 when the tensiometer was

recording data. All pH measurements were collected using an Orion VersaStar Pro

Advanced Electrochemistry Meter (Thermo Scientific) and an Orion ROSS Ultra

pH/ATC triode (Thermo Scientific) with an error of ±0.1 pH units.
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3.2 Lipid Solution Preparation

Stearic acid (≥ 99%, Sigma), palmitic acid (≥ 99%, Sigma), myristic acid (≥ 99%,

Sigma), and lauric acid (99%, Acrōs Organics) were used without any further purifi-

cation. Each lipid was dissolved in chloroform (HPLC Grade, Fisher Chemical) at

a concentration of 3 mM. The concentrations of palmitic acid and stearic acid were

calibrated by performing surface pressure-area isotherms on water at pH 5.6 and ad-

justing the concentrations until the lift-off points occurred at 26 and 24 Å2/molecule,

respectively. The myristic acid concentration was calibrated via a surface pressure-

area isotherm on water at pH 2.0 to minimize desorption into the subphase; its

concentration was adjusted such that the lift-off point occurred at 55 Å2/molecule.

Lauric acid could not be calibrated with a surface pressure-area isotherm because

of its solubility, so its concentration was determined using the mass (Mettler Toledo

XS104 Analytical Balance) added to the chloroform.

The fatty acid mixtures were prepared using the individual fatty acid solutions

described above. All mixtures consisted of molar ratios of their respective components

(1 lauric acid : 2 myristic acid : 4 palmitic acid : 3 stearic acid, 2 myristic acid : 4

palmitic acid : 3 stearic acid, and 1 lauric acid : 9 stearic acid). The individual fatty

acid concentrations were used to calculate the volume required to make approximately

15 mL of the mixture solution, and all mixtures were created in duplicate. Aliquots

of the individual lipid solutions were transferred using a micropipette (FisherBrand®

Elite).

3.3 Surface Pressure-Area Isotherms

Surface pressure-area isotherms were measured on a Teflon Langmuir trough (KSV

NIMA) with an attached tensiometer and Delrin® barriers (KSV NIMA). Both the

trough and barriers were thoroughly cleaned with reagent alcohol (Histological Grade,
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Fisher Chemical) and ultrapure water. Surface pressure was measured as a function

of mean molecular area (MMA) using a filter paper plate (Ashless, Whatman™) to

serve as the Wilhelmy plate, and the paper plate was fully wetted before running

an isotherm. To check for surface cleanliness prior to beginning an experiment, the

trough was filled with its aqueous subphase and compressed at the maximum compres-

sion speed (270 mm/min/barrier) to check for any significant rise in surface pressure

(≤ 0.20 mN/m). A microsyringe (50 µL, Hamilton®) was used to spread the lipid so-

lution dropwise onto the aqueous subphase, and 10 minutes were allowed for the chlo-

roform to evaporate after spreading. The monolayer was symmetrically compressed

at a rate of 10 mm/minute (5 mm/minute per barrier). All surface pressure-area

isotherms were completed in triplicate and were conducted at 21.6◦ C (± 1.0◦ C).

30



Chapter 4

Results and Discussion

The goal of this project is to study a sea spray aerosol (SSA) surface proxy in order

to understand how the presence of soluble organic surfactants impacts the monolayer

organization and behavior. It is hypothesized that the long-chain fatty acids will

stabilize the soluble short-chain fatty acids at the air-water interface via increased

dispersion interactions between the alkyl chains. Therefore, surface pressure-area

isotherms (Π-A) of the 1 lauric acid (C12) : 2 myristic acid (C14) : 4 palmitic acid

(C16) : 3 stearic acid (C18) SSA proxy mixture were conducted on pure water and

0.4 M NaCl aqueous subphases. The solution pH was adjusted to mimic nascent SSA

and acidified SSA in the marine boundary layer.

4.1 Surface Pressure-Area Isotherms

4.1.1 Individual Fatty Acid Surface Pressure-Area Isotherms

Surface pressure-area isotherms of the individual saturated fatty acids were measured

in order to understand their phase behavior on various aqueous subphases (Figures

4.1 - 4.10). The interfacial behavior of myristic acid,60–65 palmitic acid,66–71 and

stearic acid72–76 have been extensively documented in the literature. Lauric acid is
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partially soluble such that it does not form a stable Langmuir monolayer at the air-

water interface.77 Therefore, a full lauric acid isotherm could not be obtained due to

desorption into the subphase (Figures A.1 and A.2).

Myristic acid is also partially soluble in water, and the desorption kinetics of

lauric and myristic acid were thoroughly described by Ter Minassian-Saraga77 and

Cornwell.78 During the first few minutes after spreading into the gaseous phase, there

was rapid film loss into the subphase. Later desorption could be described by the

relationship

logNt = −kt+ c (4.1)

in which Nt is the number of molecules in the film at time t, and c is a constant.

The desorption rate of surface active amphiphiles is dependent upon their size, func-

tional groups, protonation state, and strength of intermolecular interactions between

other amphiphiles in the monolayer.45 Therefore, the film desorption rate is ex-

pected to be greatest in the gaseous phase due to weaker dispersion interactions

between the aliphatic moieties. Charged films have increased solubility in aqueous

subphases, thereby increasing their rates of desorption. Ionized amphiphiles inter-

act more strongly with the underlying water molecules, and the free energy decrease

caused by removal of the charged molecules from the surface region of high electrical

potential yields more energetically favorable dissolution. Additionally, electrostatic

repulsion between the ionized headgroups yields a more expanded monolayer, further

increasing the rate of desorption.

The different phase behaviors in Figures 4.1 - 4.4 are a consequence of that des-

orption into the bulk aqueous phase. Myristic acid is fully protonated at pH 2.0

based on the surface pKa value of 7.88 at 20◦ C,79 so its solubility is minimized in

Figure 4.2. As a result, its desorption kinetics are slow, so myristic acid is most

surface active at pH 2.0. For this reason, myristic acid spread on water at pH 2.0 has

the highest lift-off point at 55 Å2/molecule.80 At pH 5.6, myristic acid is partially
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Figure 4.1: Π-A isotherm of myristic acid on ultrapure water at pH 5.6.

deprotonated, meaning that more of the fatty acid desorbs into the subphase over

the course of the isotherm experiment.81 Because there are fewer amphiphiles present

at the surface, the lift-off points in Figures 4.1 and 4.4 are lower at 41 Å2/molecule.

Myristic acid is largely deprotonated at pH 8.2, so its rate of desorption increases

such that a stable monolayer cannot be obtained for the model seawater subphase in

Figure 4.3. Increasing the amount of fatty acid spread onto the air-water interface

helps to overcome the diffusion-mediated desorption, but the lateral barrier compres-

sion during the experiment promotes desorption due to mechanical forcing. Hence,

monolayer collapse cannot be reached.

The shorter aliphatic chain length in myristic acid yields a smaller sum of disper-

sion interactions between the lipids, meaning that myristic acid films at the air-water

interface are more disordered and pack less tightly.45,82,83 Thus, the films are highly
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Figure 4.2: Π-A isotherm of myristic acid on ultrapure water at pH 2.0

compressible, as demonstrated by the smooth phase transitions and the gradual rise

in surface pressure throughout the isotherms. Further evidence for high compress-

ibility is found in the liquid-expanded (LE) phase which persists for a large range in

mean molecular area (MMA). In Figure 4.1, the LE phase occurs between 24 and 41

Å2/molecule; addition of NaCl at the same pH (Figure 4.4) slightly changes the LE

phase range to 26 - 41 Å2/molecule. Thus, the salt either helps to organize the lipids

into a more compact arrangement or reduces the lipid solubility via interactions with

the carboxyl headgroups. Myristic acid at pH 2.0 (Figure 4.2) has an even wider

LE phase range between 29 and 55 Å2/molecule which is a likely consequence of the

decreased solubility at large MMA values.

Myristic acid does not exhibit a direct LE to liquid-condensed (LC) phase change;

rather, an LE/LC coexistence region84,85 is observed as a surface pressure plateau
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Figure 4.3: Π-A isotherms of myristic acid on aqueous 0.4 M NaCl at pH 8.2.

at 15 mN/m in Figures 4.1 and 4.4 and at 17 mN/m in Figure 4.2. The LE/LC

phase occurs between 18 and 24 Å2/molecule for myristic acid on water at pH 5.6

(Figure 4.1) and between 20 and 26 Å2/molecule for an NaCl solution at the same pH

(Figure 4.4). While the presence of salt affects the MMA at which this coexistence

phase occurs, it does not change the phase MMA range. At pH 2.0 (Figure 4.2), the

LE/LC phase is measured from 24 - 29 Å2/molecule. Therefore, it appears as though

the LE/LC MMA range is dependent upon myristic acid solubility on each aqueous

subphase, with decreasing solubility corresponding to higher MMA values.

A distinct LC - solid (S) phase transition is observed in myristic acid isotherms

conducted on water. At pH 5.6 (Figure 4.1), the transition occurs at 16 Å2/molecule;

at pH 2.0 (Figure 4.2), the transition occurs at 21.5 Å2/molecule. Both transitions

are measured at 21.5 mN/m. The S phase is particularly short-lived because both
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Figure 4.4: Π-A isotherms of myristic acid on aqueous 0.4 M NaCl at pH 5.6.

isotherms collapse at 28.5 mN/m. The MMA at collapse is 16.5 Å2/molecule at pH

5.6 and 20 Å2/molecule at pH 2.0; a greater MMA at lower pH is caused by decreased

desorption kinetics. NaCl changes the condensed phase behavior such that a LC-S

phase transition is not measured. Instead, the surface pressure increases linearly

between 20 and 16.5 Å2/molecule. The collapse pressure is measured at 47.5 mN/m,

so NaCl significantly stabilizes the condensed monolayer at higher surface pressures.

Palmitic acid is highly surface active because of the strong dispersion interactions

between the aliphatic chains, and its desorption kinetics into the bulk aqueous phase

are slow when fully protonated. The surface pKa of palmitic acid is 8.34 at 20◦ C,

so the thin film is fully protonated at pH 5.6. At the pH of seawater, palmitic acid

is partially deprotonated, meaning that some of the film is expected to desorb into

the subphase throughout the course of an isotherm experiment. However, Na+ ions
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Figure 4.5: Π-A isotherm of palmitic acid on ultrapure water at pH 5.6.

have been shown to form contact ion pairs with palmitate at the air-water interface;

hence, Na+ ions compete with solvating water molecules around the headgroup which

decrease the headgroup hydration and lead to increased palmitate stability at the

interface.70 Consequently, palmitate desorption into the subphase is slowed.

The palmitic acid isotherms in Figures 4.5 - 4.7 demonstrate how the phase behav-

ior changes as a function of pH and NaCl presence in the subphase. On water at pH

5.6 (Figure 4.5), the monolayer undergoes a phase transition from the gaseous (G) to

LC phase at 26 Å2/molecule. The LC-S phase transition occurs at 20.5 Å2/molecule

(25 mN/m), and the monolayer collapses at 20 Å2/molecule (47 mN/m). The nearly

vertical rise in surface pressure in the S phase and the sharp collapse indicate a highly

compact and rigid monolayer. This observation is supported by tilt angle measure-

ments in which the aliphatic chain angle from surface normal was 5.3◦ at 30 mN/m.86
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Figure 4.6: Π-A isotherm of palmitic acid on aqueous 0.4 M NaCl at pH 8.2.

At the LC-S phase transition, the measured tilt angle was 28.6◦, further supporting

the hypothesis of a phase transition from an ordered, tilted phase to a compact, nearly

untilted phase.70

Addition of NaCl alters the mean molecular area (MMA) and surface pressure

at which phase transitions occur in palmitic acid monolayers. The lift-off point is

the same at pH 5.6 regardless of the presence of NaCl. At pH 8.2 (Figure 4.6),

the lift-off point is shifted to a smaller MMA (25.5 Å2/molecule) likely caused by

palmitate desorption in the gaseous phase. The LC-S phase transition occurs at 21.5

Å2/molecule and 22.0 Å2/molecule at 20 mN/m for 0.4 M NaCl subphases at pH

8.2 and 5.6, respectively. The ions simultaneously increase the MMA and decrease

the surface pressure at the phase transition. Thus, the NaCl renders the monolayer

more compressible and less rigid. Na+ ions likely intercalate between the palmitic
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Figure 4.7: Π-A isotherm of palmitic acid on aqueous 0.4 M NaCl at pH 5.6.

acid molecules and screen electrostatic repulsion between the carboxyl groups which

decreases the transition surface pressure.44

The largest difference between the three palmitic acid isotherms lies in their col-

lapse structures. Palmitic acid on water at pH 5.6 (Figure 4.5) forms a rigid mono-

layer, as suggested by the sharp increase and subsequent decrease in surface pressure

around the surface pressure maximum. This collapse behavior is indicative of a frac-

turing mechanism. The presence of 0.4 M NaCl at the same pH (Figure 4.7) decreases

the rigidity of the monolayer and broadens the collapse shape. Further compression

beyond the surface pressure maximum causes a decrease in surface pressure, but it

only decreases to 50 mN/m which is near the collapse pressure of palmitic acid on

water at pH 5.6. Increasing the pH of the NaCl solution (Figure 4.6) eliminates the

drop in surface pressure altogether such that additional compression produces a sur-
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face pressure plateau at 66 mN/m. This surface pressure plateau is likely caused by

a folding collapse mechanism.59 Thus, the constant collapse pressure suggests that a

palmitic acid monolayer on model seawater achieves the "Goldilocks" rigidity regime

in which it is neither too rigid nor too fluid to fold.

Figure 4.8: Π-A isotherm of stearic acid on ultrapure water at pH 5.6.

Stearic acid exhibits similar phase behavior to that of palmitic acid (Figures 4.8 -

4.10). Because stearic acid has two more carbons in its aliphatic chain than palmitic

acid, it forms a more rigid monolayer due to the stronger dispersion interactions. As

a result, the lift-off point on water at pH 5.6 (Figure 4.8) occurs at 24 Å2/molecule.

The G-LC phase transition on 0.4 M NaCl at pH 8.2 (Figure 4.9) occurs at a slightly

smaller MMA due to stearate desorption into the bulk aqueous phase. Stearic acid

undergoes the LC-S phase transition at 19.5 Å2/molecule and 27 mN/m on water and

at 19.5 Å2/molecule and 23 mN/m on 0.4 M NaCl at pH 5.6. At pH 8.2, the LC-S
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Figure 4.9: Π-A isotherm of stearic acid on aqueous 0.4 M NaCl at pH 8.2.

transition occurs at 20.5 Å2/molecule and 20 mN/m. Like palmitic acid, the NaCl

ions fluidize the stearic acid monolayer. Additionally, the collapse mechanisms are

the same as those for palmitic acid on all three subphase compositions. Stearic acid

fractures on water due to its highly rigid interfacial packing and exhibits a broadened,

high pressure collapse at the same pH on 0.4 M NaCl. Lastly, the model seawater

subphase likely causes the stearic acid monolayer to fold.59
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Figure 4.10: Π-A isotherm of stearic acid on aqueous 0.4 M NaCl at pH 5.6.

4.1.2 SSA Proxy Surface Pressure-Area Isotherms

The goal of this study was to understand how the composition of the aqueous subphase

impacts the interfacial organization of a sea spray aerosol (SSA) proxy mixture of fatty

acids at the air-water interface. In order to answer this question, surface pressure-

area isotherms were conducted to measure the interfacial phase behavior of the film.

Normally for mixed monolayers, one of the first questions to evaluate relates to the

miscibility of the system. However, due to the solubility of lauric acid, Equation

2.52 cannot be used to investigate the ideality of amphiphile mixing. Lauric acid

desorption also causes the isotherms to be shifted to lower MMA values, so the mean

molecular area is denoted as "Apparent MMA" to indicate that the values are based

on the SSA proxy mixture concentration initially spread onto the interface. Because

each isotherm in Figure 4.11 has only one collapse, then it is very likely that the SSA
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proxy mixture is miscible.

Figure 4.11: Π-A isotherms of the SSA proxy mixture on ultrapure water and aqueous
0.4 M NaCl at various pH values.

Palmitic acid and stearic acid are expected to dominate the phase behavior char-

acteristics of the monolayer due to their large molar ratios within the mixture and

their slow desorption kinetics. This is reflected in isotherms measured on subphases

at pH 5.6 and 8.2 due to their steep increases in surface pressure and low MMA val-

ues at lift-off. At pH 2.0, the LE phase of the isotherms are broadened, indicating

the increased contribution of myristic acid to the monolayer due to decreased des-

orption into the subphase. The isotherms conducted on water and 0.4 M NaCl at

pH 2.0 are virtually the same; both lift-off at 34 Å2/molecule and undergo a LE-LC

phase transition at 20 Å2/molecule. However, the collapse structures of the two sub-

phases differ. The isotherm on water exhibits a sharp collapse at 18 Å2/molecule

and 39 mN/m. The NaCl solution enhances the condensed monolayer stability by
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increasing the collapse pressure to 45 mN/m and decreasing the collapse MMA to 17

Å2/molecule.

Although MMA values of phase transitions in the SSA proxy monolayer at pH 5.6

and 8.2 cannot be definitively assigned due to lauric acid and myristic acid desorp-

tion, the MMA values at a phase transition can be compared between the monolayer

mixture isotherms on the various aqueous subphases. Unlike the individual surface

pressure-area isotherms, the MMA differences between the monolayer phase transi-

tions on water and 0.4 M NaCl are significantly different. Interestingly, isotherms

on water at pH 5.6 and on 0.4 NaCl at pH 8.2 have a high degree of overlap in the

solid phase. The mixture on water has a lift-off MMA 2 Å2/molecule greater than on

the seawater model subphase. Both undergo the LC-S phase transition at nearly the

same MMA, but the mixture on water has a surface pressure 4 mN/m higher than

the aqueous NaCl subphase. This indicates that the SSA proxy monolayer on water

is more compressible and more stable in the LC phase. Additionally, the collapse

structures differ between the two subphases; the mixture on 0.4 M NaCl at pH 8.2

approaches a surface pressure plateau, similar to that of stearic acid and palmitic

acid on the same subphase (Figures 4.6 and 4.9). It appears as though the mixture

still preserves the ideal rigidity necessary for a folding collapse mechanism.

Perhaps the most curious result is the SSA proxy mixture isotherm on 0.4 M NaCl

at pH 5.6. It is significantly contracted compared to the isotherm on water at the

same pH. The lift-off point on aqueous NaCl is 3.5 Å2/molecule lower in MMA, and

the LC-S phase transition is shifted by 1.5 Å2/molecule. Secondly, there is a brief LE

phase. Lastly, the mixture reaches a constant pressure collapse around 60 mN/m, un-

like palmitic acid and stearic acid which fully collapse on the same subphase (Figures

4.7 and 4.10). It is possible that the sodium cations are facilitating deprotonation of

the lipids which increases their solubility. The single component isotherms may not

deprotonate as readily due to their tighter packing and higher dispersion interactions.
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However, the addition of myristic acid and lauric acid disorders the packing, increas-

ing the amount of space between the lipids and allowing for greater Na+ : headgroup

interactions. The amount of deprotonation is not enough to cause significant electro-

static repulsion, which could explain why the isotherm on pH 8.2 is more expanded.

Additionally, the increased amount of carboxylate : Na+ interactions may provide

just the right amount of monolayer fluidity to yield a folding collapse mechanism.

4.1.3 Control SSA Proxy Surface Pressure-Area Isotherms

Because lauric acid is too soluble to obtain a surface pressure-area isotherm, it is

difficult to determine its impact on the phase behavior of the SSA proxy mixtures.

While lauric acid demonstrates some surface activity (Figure A.1), it is still possible

for the longer chain fatty acids to push lauric acid out of the monolayer throughout

compression due to the competition for space at the air-water interface. Thus, a

control SSA proxy mixture was created, consisting of 2 myristic acid : 4 palmitic acid

: 3 stearic acid. Then, surface pressure-area isotherms were conducted on the same

set of subphases as before, except for water at pH 2.0 (Figure 4.12). This subphase

was excluded due to the similar SSA proxy mixture phase behavior on 0.4 M NaCl

at the same pH.

The SSA proxy mixtures spread on 0.4 M NaCl at pH 8.2 and on water at pH 5.6

nearly overlap, like the phase behavior observed in Figure 4.11. A constant pressure

collapse is also obtained at approximately the same surface pressure as the four-part

mixture at pH 8.2, suggesting that lauric acid does not dramatically change interfacial

behavior in nascent SSA conditions. This is as expected since the basic pH would

favor lauric acid deprotonation and subsequent desorption into the subphase. While

a fatty acid monolayer is expected to be more compressed at basic pH because of en-

hanced desorption, it is possible that electrostatic repulsion between the carboxylate

headgroups counteract some of the monolayer contraction.
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Figure 4.12: Π-A isotherms of the control SSA proxy mixtures on ultrapure water
and aqueous 0.4 M NaCl at various pH values.

Similar to the SSA proxy mixture, the control mixture on an aqueous sodium

chloride subphase at pH 2.0 is expanded in the LC phase relative to the isotherms

on all of the other subphases; this is likely because of decreased myristic acid desorp-

tion. Specifically, the control mixture lifts off at 27.5 Å2/molecule. Surprisingly, the

isotherm at pH 2.0 is more compressed in the solid phase than the isotherm on aque-

ous sodium chloride at pH 5.6, which is the exact opposite trend of the one observed

in the four-part SSA proxy mixture (Figure 4.11). The control mixture LC-S phase

transition on 0.4 M NaCl at pH 5.6 occurs at an MMA 1 Å2/molecule more than the

mixture on aqueous NaCl at pH 2.0 and 1.5 Å2/molecule greater than the mixture

on water at pH 5.6. Like before, the mixture on the 0.4 M NaCl subphase at pH

5.6 exhibits a constant collapse pressure around 60 mN/m, in this case the average

plateau pressure occurring at 63 mN/m. While the monolayer maintains its interme-
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diate rigidity regardless of the presense of lauric acid, its phase dyanamics are altered

by the absence of lauric acid. It is possible that the other fatty acids are able to pack

more tightly and interact more strongly via increased dispersion interactions, hence

decreasing the amount of lipid desorption into the subphase. The control mixture

at pH 2.0 is less compressible than the corresponding SSA proxy mixture, meaning

that lauric acid increases monolayer fluidity at low pH. This suggests that interfacial

organization and behavior is significantly changed as the SSA pH decreases in the

marine boundary layer.

4.2 Isotherm Surface Pressure Analysis

In order to better elucidate trends in the surface pressure-area isotherms, apparent

MMA at constant pressure was plotted as a function of subphase pH. The surface

pressures 10 mN/m and 30 mN/m were chosen as representative pressures in the

liquid and solid phases, respectively. Isotherms of the individual fatty acids were

compared to qualitatively evaluate their packing and stability on each subphase. The

mixture isotherms were evaluated in the same manner. Similar plots at constant

MMA values in the liquid and solid phases, rather than at constant surface pressures,

were generated as well. The plots yielded equivalent trends, as shown in Figures D.1

and D.2.

4.2.1 Individual Fatty Acids Analysis

In the liquid phase (Figure 4.13), myristic acid (C14) has the largest MMA which is

indicative of an expanded monolayer. The shorter alkyl chains yield weaker dispersion

interactions, so the amphiphiles pack less tightly. However, as the pH increases from

2.0 to 5.6, the myristic acid MMA precipitously drops due to increased desorption

into the subphase. The MMA of myristic acid on water at pH 5.6 is smaller than
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that of myristic acid on 0.4 M NaCl at pH 5.6, suggesting that NaCl stabilizes the

monolayer. Palmitic acid (C16) and stearic acid (C18) have lower MMA values at

pH 5.6 than myristic acid, but their MMA values remain stable with increasing pH.

Hence, desorption into the subphase is minimal. Stearic acid has the smallest MMA

because of its strong dispersion interactions and tight packing, and palmitic acid has a

slightly larger MMA. Palmitic acid is expected to have weaker dispersion interactions

than stearic acid because the stearic acid alkyl chain is longer by two carbon atoms.

Although isotherms of palmitic acid and stearic acid were not measured at pH 2.0,

their MMA values are expected to be the same as those at pH 5.6 and 8.2.

Figure 4.13: Constant pressure analysis of the individual fatty acid isotherms. The
mean molecular area at a surface pressure of 10 mN/m is plotted as a function of
subphase pH.

The solid phase (Figure 4.14) exhibits different interfacial behavior, but many of

the trends remain the same as in the liquid phase. Myristic acid has the smallest
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MMA at pH 2.0 and 5.6 because of desorption into the subphase. Stearic acid has a

smaller MMA than palmitic acid at pH 5.6 and 8.2 because of its increased dispersion

interactions and tighter packing. The MMA of stearic acid increases from pH 5.6

to 8.2, likely due to greater electrostatic repulsion between the negatively charged

carboxylate headgroups. Palmitic acid has the largest MMA, and it forms a stable

monolayer because its MMA does not change significantly from pH 5.6 to 8.2. At

pH 5.6, palmitic acid on water has a lower MMA than palmitic acid on 0.4 M NaCl;

Na+ could expand the monolayer by intercalating between the carboxyl headgroups,

and it could enhance palmitic acid stability at the air-water interface. Like in the

liquid phase, the MMA values of palmitic acid and stearic acid are expected to remain

approximately unchanged from pH 2.0 to 5.6.

Figure 4.14: Constant pressure analysis of the individual fatty acid isotherms. The
mean molecular area at a surface pressure of 30 mN/m is plotted as a function of
subphase pH.
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Finally, the monolayer collapse pressures are an indication of the individual fatty

acid film stability (Figure 4.15). Myristic acid collapses at the lowest surface pressure,

indicating that it forms the least stable film. Palmitic acid has a significantly higher

collapse pressure, suggesting that the monolayer is able to decrease surface tension

by a greater degree because of its tighter packing and higher stability at the air-

water interface. Stearic acid has the highest collapse pressure, meaning that it forms

a highly compact and stable monolayer. NaCl increases the collapse pressure for

all three fatty acids. The Na+ cation likely screens the carboxyl headgroups and

enhances film stability at small MMA.

Figure 4.15: Collapse pressures of the individual fatty acid isotherms as a function of
subphase pH.
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4.2.2 Fatty Acids Mixture Analysis

Lauric acid desorption is significant at both low and high pH, so the MMA values are

denoted as "apparent" to signify that they do not represent absolute mean molecular

area. Rather, the apparent MMA will be shifted to smaller values with increasing

lauric acid desorption. This can be seen in Figure 4.16 in which the SSA proxy MMA

values in the liquid phase at 10 mN/m decrease from pH 2.0 to pH 5.6; higher pH

facilitates lauric acid deprotonation which consequently increases lauric acid solubility

and desorption into the subphase. The MMA values of the three-component control

mixture on 0.4 M NaCl also decrease from pH 2.0 to pH 8.2, but to a lesser extent.

This is most likely caused by myristic acid desorption at higher pH values.

Figure 4.16: Constant pressure analysis of the fatty acid mixture isotherms. The
mean molecular area at a surface pressure of 10 mN/m is plotted as a function of
subphase pH.

While the mixtures largely behave similarly to their individual fatty acid compo-
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nents, the phase behavior of the SSA proxy mixture deviates substantially at pH 5.6

(Figure 4.16). The apparent MMA of the SSA proxy monolayer on 0.4 M NaCl drops

below that of the film on water. Normally, NaCl enhances fatty acid stability at the

air-water interface. The control mixture behaves as expected at pH 5.6 in which the

film on 0.4 M NaCl has a higher MMA than the film on water. Upon addition of

lauric acid in the SSA proxy mixture, the apparent MMA of the monolayer on 0.4 M

NaCl drops significantly below that of the film on water. Thus, it is possible that the

increase in monolayer fluidity due to lauric acid decreases the dispersion interactions

between the aliphatic molecules, and the Na+ cation facilitates fatty acid deprotona-

tion such that myristic acid and lauric acid desorption is increased. An increase in

the SSA proxy MMA on 0.4 M NaCl from pH 5.6 to 8.2 is most likely the result of

electrostatic repulsion between the carboxylate headgroups which expands the film.

The phase behavior in the solid phase at 30 mN/m is similar to that of the liquid

phase, but the differences in apparent MMA at each pH are smaller in magnitude

(Figure 4.17). The control films have larger MMA values than the SSA proxy films

because of lauric acid desorption. At pH 2.0, the SSA proxy monolayers on water

and 0.4 M NaCl have the same MMA; this is expected since the lipids are fully

protonated, so Na+ interacts with the carboxyl headgroups minimally. As in Figure

4.16, the apparent MMA of the SSA proxy monolayer on 0.4 M NaCl is smaller than

the film MMA on water. However, the difference between the two MMA values is

smaller in the solid phase than in the liquid phase, suggesting that the impact of

lauric acid on the SSA proxy film reorganization is decreased upon compression. The

MMA of the control monolayer on 0.4 M NaCl increases slightly from pH 2.0 to pH

5.6 which could be caused by electrostatic repulsion, but the difference is so small

that the error bars partially overlap. SSA proxy mixture apparent MMA on 0.4 M

NaCl rises from pH 5.6 to pH 8.2, likely because of electrostatic repulsion between

the carboxylate headgroups.
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Figure 4.17: Constant pressure analysis of the fatty acid mixture isotherms. The
mean molecular area at a surface pressure of 30 mN/m is plotted as a function of
subphase pH.

At collapse, the fatty acid mixtures follow a clearer set of trends. Collapse

pressure increases with increasing pH, and high collapse pressures are indicative of

rigid, tightly-packed monolayers.59 Electrostatic interactions between the negatively-

charged carboxylate headgroups and Na+ cations are expected to yield rigid ordering

within the monolayer, and the magnitude of these interactions increases at higher pH

due to greater lipid deprotonation. This is observed in the higher collapse pressures

on 0.4 M NaCl than on water. Additionally, the collapse pressures of the control

monolayers are greater than the collapse pressures of the SSA proxy films on their

corresponding subphases. Lauric acid increases monolayer fluidity due to weaker dis-

persion interactions between the aliphatic chains, so the SSA proxy monolayers have

lower collapse pressures. The disordering effect from lauric acid decreases at higher
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pH due to desorption into the subphase.

Figure 4.18: Collapse pressures of the fatty acid mixture isotherms as a function of
subphase pH.

4.3 Lauric Acid Retention in the Mixed Monolayer

Complex desorption equilibria of lauric acid makes evaluation of the lauric acid con-

tribution to the overall mean molecular area of the mixture isotherms particularly

challenging. Shifts in the MMA are not specific to lauric acid alone; all four fatty

acids are susceptible to some desorption over time, and the MMA is highly dependent

upon molecular organization and packing at the air-water interface. While the dis-

solution of stearic acid and palmitic acid is quite minimal at the pH values studied,

the desorption of myristic acid is significant at pH 5.6 and 8.2. Thus, in order to

isolate the effects from lauric acid, the four-part SSA proxy mixture isotherms are
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compared to the three-part control SSA proxy mixture isotherms. However, the cal-

culated concentration of the four-part mixture is altered to remove the mole fraction

contribution of lauric acid artificially:

[Mixture]c = 2nmyristic + 4npalmitic + 3nstearic
Vlauric + Vmyristic + Vpalmitic + Vstearic

(4.2)

[Mixture]c is the corrected mixture concentration, n is the number of moles of each

fatty acid, and V is the volume of each fatty acid aliquot added to the mixture. Surface

pressure-area isotherms are inherently a surface-specific technique, so removing the

mole fraction contribution of lauric acid from the mixture concentration will shift the

MMA such that the isotherm will perfectly align with the three-part control mixture

isotherm if lauric acid is entirely absent from the interface.

Once the apparent MMA values of the corrected SSA proxy monolayer are known,

they can be used to quantify lauric acid retention in the film. The equation

MMAcorrected − MMAcontrol

MMAcorrected − MMAuncorrected
× 100% = % C12 Retained (4.3)

describes the percentage of lauric acid retained in the SSA proxy monolayer. All re-

tention percentage values were calculated in the solid phase at a surface pressure of 30

mN/m to minimize monolayer organization effects on the phase behavior, which are

significant in the liquid phase. The numerator corresponds to the MMA contribution

from lauric acid retention, and the denominator corresponds to the MMA contribu-

tion from the total amount of lauric acid originally spread onto the surface. When

0% of lauric acid is retained, the corrected SSA proxy MMA will be equal to the

control MMA at some constant surface pressure (Figure 4.19). Conversely, if 100% of

lauric acid is retained, the uncorrected SSA proxy MMA will overlap with the control

MMA. Retention percentages between the two extremes will cause the uncorrected

and corrected MMA values to translate by the same magnitude. However, their posi-
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tioning around the control MMA indicates how much lauric acid is retained. Greater

desorption is indicated by a larger difference in MMA between the control and the

uncorrected SSA proxy than the control and the corrected SSA proxy.

Figure 4.19: Schematic illustrating how the uncorrected and corrected MMA values
of the SSA proxy mixtures will be shifted relative to that of the control mixture at
0% and 100% lauric acid retention. The red block represents the uncorrected SSA
proxy MMA, the blue block represents the corrected SSA proxy MMA, and the black
oval represents the control MMA.

Despite the fast desorption kinetics into the bulk aqueous phase at pH 8.2, lauric

acid is still surface active (Figure 4.20). All three phase transitions (G-LC, LC-S, and

collapse) are shifted to MMA values 1 Å2/molecule higher in the corrected SSA proxy

mixture isotherm. The shapes of the two isotherms are largely the same, suggesting

that the molecular organization is similar between the two mixtures. Additionally,

the slopes of the isotherms are very close to one another, meaning that the monolayer

compressibility is approximately equal. Lauric acid retention at pH 8.2 is 30%, im-

plying that soluble surfactants do play an important role in the interfacial behavior

of nascent SSA.

The impact of lauric acid on the SSA proxy isotherms on aqueous subphases at pH

5.6 is more complicated (Figure 4.21). On water, the corrected SSA proxy mixture

isotherm is expanded relative to the control mixture isotherm. More specifically, the
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Figure 4.20: Π-A isotherms of the control and SSA proxy mixtures on aqueous 0.4 M
NaCl at pH 8.2. Lauric acid retention is 30%.

lift-off point is increased by 5 Å2/molecule, the LC - S phase transition is increased

by 0.5 Å2/molecule, and the collapse occurs at nearly the same MMA and surface

pressure. The SSA proxy monolayer is more compressible than the control mixture,

as evidenced by the expanded LC phase and smaller rate of surface pressure increase

in the liquid phases. Thus, lauric acid increases the fluidity of the monolayer on

water which is most likely caused by more disordered packing from weaker dispersion

interactions between the alkyl chains. This is supported by the gradual decrease

in monolayer expansion as surface pressure increases; compressing the fatty acids

together increases the dispersion interactions, so the SSA proxy mixture packing

begins to approach that of the control mixture interfacial organization. A lauric acid

retention value of 26% is slightly less than that of the SSA proxy monolayer on 0.4

M NaCl at pH 8.2, suggesting that NaCl plays a significant role in stabilizing lauric

acid in the SSA proxy film.
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Figure 4.21: Π-A isotherms of the control and SSA proxy mixtures on ultrapure water
at pH 5.6. Lauric acid retention is 26%.

SSA proxy isotherms on 0.4 M NaCl at pH 5.6 exhibit particularly strange in-

terfacial behavior in comparison to the control SSA proxy isotherm (Figure 4.22).

The corrected SSA proxy isotherm is compressed by 1 Å2/molecule at lift-off, 1.5

Å2/molecule at the LC-S phase transition, and 1.5 Å2/molecule at collapse. Sec-

ondly, the SSA proxy monolayer briefly exists in a LE state. Therefore, lauric acid

dramatically changes lipid organization at the air-water interface. The SSA proxy

monolayer is more compressible than the three-component control as shown by the

distinct LE phase and the slightly lower rate of surface pressure rise with decreasing

MMA in the LC phase. Then the isotherm slopes become equivalent in the solid

phase. It would appear as though lauric acid facilitates desorption of other lipids in

the monolayer at this pH. Consequently, lauric acid retention could not be calculated

from the corrected and uncorrected MMA values. Further studies need to be con-
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ducted to confidently characterize the mechanism behind this anomalous interfacial

behavior.

Figure 4.22: Π-A isotherms of the control and SSA proxy mixtures on 0.4 M NaCl at
pH 5.6. Lauric acid retention is unknown.

Lastly, SSA proxy monolayers behave as expected at pH 2.0 (Figure 4.23). The

corrected four-component mixture isotherms on water and 0.4 M NaCl are both ex-

panded by 11 Å2/molecule compared to the control mixture isotherm. Their monolay-

ers are significantly more compressible too, as demonstrated by the gradual increase

in surface pressure with decreasing MMA. The LC-S phase transition is only ex-

panded by 1.5 Å2/molecule, suggesting that the films become more similarly ordered

at lower MMA. Monolayer collapse differs appreciably between the control and the

corrected SSA proxy isotherms. The three-component control isotherm collapses at

58 mN/m, and the four-component isotherms on water and aqueous NaCl collapse

at 40 mN/m and 45 mN/m, respectively. A higher collapse pressure is indicative of
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greater film rigidity in the condensed phase, so the lauric acid is likely disordering

the monolayer. NaCl minimally stabilizes the condensed phase for both mixtures,

as shown by the small decrease in collapse MMA. Thus, the interfacial behavior of

SSA proxy films is drastically different at low pH, and the surface activity of soluble

organics is much higher due to decreased desorption. More specifically, 50% of the

lauric acid is retained within the SSA proxy monolayer. As a result, organic matter

interfacial organization on nascent SSA is expected to be quite dissimilar from that

of SSA in the marine boundary layer.

Figure 4.23: Π-A isotherms of the control and SSA proxy mixtures on ultrapure water
and aqueous 0.4 M NaCl at pH 2.0. Lauric acid retention is 50%.
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4.4 Lipid Parameterization in Climate Models

Due to the large scale of climate modeling, organic constituents in marine aerosol are

classified into polysaccharides, proteins, lipids, humics, and processed compounds.

These classes of compounds are represented by one particular model molecule that

roughly encompasses the surface behavior and reactivity measured in real SSA. Stearic

acid serves as the model lipid compound due to its high abundance in SSA and

high surface activity.28 Experimental data is used to empirically parameterize the

model, such as half-saturation concentrations C1/2, Langmuir coefficients αi, molec-

ular weight, and MMA.35,87 The MMA chosen for stearic acid in the OCEANFILMS

model is 18 Å2/molecule,88,89 which is at or beyond its collapse on all subphases

tested in this study (Figures 4.8 - 4.10). Additionally, stearic acid forms a more

compact monolayer than the SSA proxy films examined above. Thus, overestimation

of the alkane : hydroxyl ratio in OCEANFILMS-238 could be partially explained by

the poor choice in MMA for the lipids component and by the exclusion of soluble

surfactants from the model.

Fatty acid organization at the air-water interface is highly dependent upon pH.

Nascent SSA has a pH near that of bulk seawater,42 so soluble surfactants will have

a smaller impact on surface molecular organization than insoluble, long-chain fatty

acids. Consequently, the SSA organic film will probably be more compressed. As the

SSA travels through the marine boundary layer, its pH will decrease from interactions

with gaseous acidic species.42,90 Amphiphile organization at the air-water interface

is dramatically different from pH 5.6 to pH 2.0, and these differences are largely

driven by soluble amphiphiles such as myristic acid and lauric acid. Decreasing pH

increases the surface activity and film fluidity of the fatty acid mixtures, so the surface

tension of aged SSA near monolayer collapse is likely to be higher than that of nascent

SSA. Competitive adsorption and cooperative adsorption mechanisms will also likely

become more significant at low pH due to the increased organic surface activity. As
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such, improved lipid parameterization within climate models should include changes

in surface activity and MMA as a function of aerosol pH to account for the impact

of labile surfactants.
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Chapter 5

Conclusions and Future Work

The aim of this study was to determine how the presence of soluble organics within a

sea spray aerosol (SSA) proxy fatty acid mixture altered interfacial film behavior as a

function of aqueous subphase composition. The subphase consisted of water and 0.4 M

NaCl solutions at various pH values to model the aqueous components of nascent SSA

and aged SSA in the marine boundary layer. Surface pressure-area isotherms were

used to measure the monolayer phase behavior. Soluble fatty acids impacted mixture

phase behavior at all subphase conditions, and their surface activities increased with

decreasing pH. Secondly, long-chain fatty acids increased interfacial retention of the

short-chain fatty acids, likely through enhanced dispersion interactions between the

alkyl chains. This work highlights the importance of incorporating soluble fatty acids

in lipid climate model parameters due to their variable and significant influence on

molecular organization at the air-water interface.

Fatty acids used in this project include lauric acid (C12), myristic acid (C14),

palmitic acid (C16), and stearic acid (C18). Lauric acid was too soluble to obtain

a complete isotherm, and myristic acid was also too soluble at pH 8.2 to obtain an

isotherm. Palmitic acid and stearic acid were both sufficiently insoluble, and they

formed rigid monolayers due to their strong dispersion interactions. When mixed
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together in a molar ratio of 1 lauric acid : 2 myristic acid : 4 palmitic acid : 3

stearic acid, the two-dimensional phase behavior dramatically changed depending

upon presence of NaCl and pH. NaCl increased film collapse pressure, and it exhibited

modest effects on mixture mean molecular area (MMA) due to interactions with the

carboxyl headgroups. A subphase at pH 8.2 (the pH of seawater) increased desorption

kinetics for the soluble fatty acids, so the mixture isotherm had more palmitic and

stearic acid character. Decreasing pH increased the surface activity of myristic acid

and lauric acid, so the monolayer became more compressible as a result of more

disordered film packing. This effect was especially evident at pH 2.0 in which the

SSA proxy monolayer was highly expanded and compressible in the liquid phase.

The contribution of lauric acid to film behavior was evaluated by subtracting

the lauric acid molar fraction from the SSA proxy mixture concentration, and the

isotherms were compared to control mixtures containing only 2 myristic acid : 4

palmitic acid : 3 stearic acid. These results showed that lauric acid was surface

active on all subphase compositions. At pH 8.2, the corrected SSA proxy monolayer

was expanded relative to the control mixture, and the shape of the isotherms were

similar; lauric acid exhibited 30% retention in the monolayer but had a smaller impact

on interfacial molecular organization due to subphase desorption. The corrected SSA

proxy mixture isotherm was also expanded on water at pH 5.6, but the 0.4 M NaCl

isotherm was contracted relative to the control mixture. Lauric acid appeared to

simultaneously increase mixture compressibility and enhance lipid desorption into

the subphase. Lauric acid retention could not be determined on 0.4 M NaCl, but it

had a retention value of 26% on water. Lastly, the corrected SSA proxy monolayer

at pH 2.0 was significantly expanded and more compressible relative to the control

mixture isotherm, and 50% of lauric acid was retained in the film. This demonstrated

that lauric acid had a large impact on molecular packing at the air-water interface

despite constituting a small mole fraction of the mixture. Consequently, these results
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reveal the importance of parameterizing soluble organic lipids as major contributors

to SSA interfacial organization throughout the marine boundary layer.

In future work, other techniques need to be applied to better characterize the

SSA proxy film phase behavior. Brewster angle microscopy (BAM) will be used

to take images of the mixtures in each phase state to visualize macroscopic film

organization at the air-water interface. Additionally, BAM images can reveal the

type of collapse mechanism observed in the isotherm experiments. Infrared reflection-

absorption spectroscopy (IRRAS) will be used to probe the protonation state of the

carboxyl headgroups as a function of subphase composition. While this method will

not be specific to any of the fatty acids in the mixture, the spectra could provide a

qualitative understanding of monolayer deprotonation that could then explain some of

the phase behavior measured in the surface pressure-area isotherms. Constant surface

pressure relaxation experiments of the SSA proxy mixture will be used to quantify

surface excess parameters that can be directly applied in climate models. Lastly, the

divalent cations Ca2+ and Mg2+ will be added to the aqueous subphase due to their

enrichment in SSA and their strong interactions with lipid headgroups.29,71,91 These

cations have been observed to compress monolayers at the air-water interface, so it

will be important to characterize how the cations affect labile surfactant activity on

SSA proxy surfaces.
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Appendix A

Lauric Acid

Figure A.1: Π-A isotherm of lauric acid on ultrapure water at pH 2.0.
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Figure A.2: Π-A isotherm of lauric acid on ultrapure water at pH 5.6.
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Appendix B

SSA Proxy Surface Pressure-Area

Isotherms

Figure B.1: Π-A isotherm of the SSA proxy mixture on ultrapure water at pH 5.6.
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Figure B.2: Π-A isotherm of the SSA proxy mixture on ultrapure water at pH 5.6.
The lauric acid mole fraction contribution has been subtracted from the total mean
molecular area.
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Figure B.3: Π-A isotherm of the SSA proxy mixture on ultrapure water at pH 2.0.
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Figure B.4: Π-A isotherm of the SSA proxy mixture on ultrapure water at pH 2.0.
The lauric acid mole fraction contribution has been subtracted from the total mean
molecular area.
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Figure B.5: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
8.2.
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Figure B.6: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
8.2. The lauric acid mole fraction contribution has been subtracted from the total
mean molecular area.
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Figure B.7: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
5.6.
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Figure B.8: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
5.6. The lauric acid mole fraction contribution has been subtracted from the total
mean molecular area.
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Figure B.9: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
2.0.
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Figure B.10: Π-A isotherm of the SSA proxy mixture on aqueous 0.4 M NaCl at pH
2.0. The lauric acid mole fraction contribution has been subtracted from the total
mean molecular area.
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Appendix C

Control SSA Proxy Surface

Pressure-Area Isotherms

Figure C.1: Π-A isotherms of the control SSA proxy mixture on ultrapure water at
pH 5.6.
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Figure C.2: Π-A isotherms of the control SSA proxy mixture on aqueous 0.4 M NaCl
at pH 8.2.
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Figure C.3: Π-A isotherms of the control SSA proxy mixture on aqueous 0.4 M NaCl
at pH 5.6.
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Figure C.4: Π-A isotherms of the control SSA proxy mixture on aqueous 0.4 M NaCl
at pH 2.0.
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Appendix D

Isotherm Constant Area Analysis

Figure D.1: Constant mean molecular area analysis of the fatty acid mixture
isotherms. The surface pressure at an MMA of 23 Å2/molecule is plotted as a function
of subphase pH.
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Figure D.2: Constant mean molecular area analysis of the fatty acid mixture
isotherms. The surface pressure at an MMA of 20.5 Å2/molecule is plotted as a
function of subphase pH.
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