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Structure, properties, dynamics and photochemical behavior of organic and biological
species in marine-relevant environments
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Atmospheric aerosols are ubiquitous in the atmosphere and can impact climate by
scattering or absorbing solar radiation and acting as cloud condensation nuclei (CCN). Sea spray
aerosols (SSA) are a major component of primary aerosols given the large ocean coverage of the
Earth’s surface. SSA contains a variety of organic species, many of which are surface active,
present throughout the ocean that can alter the climate relevant properties of SSA. Therefore, it is
crucial to investigate the behavior and properties of these marine relevant species under different
environmental conditions.

xi

In this dissertation study, the stability of different surface-active organics and biological
species, such as palmitic acid, nonanoic acid, other lipids, and proteins at the air/water interface in
the presence of a chemically complex underlying bulk phase is investigated. These different
organic species are prominent in marine environments and are present within the sea surface
microlayer (SSML), the topmost layer of the ocean, and on the surface of SSA. By using surface
sensitive techniques such as surface pressure measurements and Infrared Reflectance Absorbance
Spectroscopy (IRRAS), we have elucidated that palmitic acid monolayers on air/saltwater
interfaces become less stable in the presence of light and a photosensitizer. Similarly, based on
surface pressure measurements, model calculations and computational simulation, a
thermodynamic cycle for nonanoic acid and its conjugated base between the air/water interface
and the bulk phase is established. Furthermore, upon interaction with lipase, negatively charged,
neutral and zwitterionic lipid monolayers were found to become disordered as demonstrated by
surface pressure measurements, IRRAS measurements, water evaporation measurements, and
computational simulations. Moreover, lipase is shown to interact differently depending on the
charge of the lipid monolayer. The morphology of fatty acid monolayers with and without the
presence of lipopolysaccharide (LPS) was also observed using a Brewster Angle Microscopy
(BAM). In addition to studying the stability of surfactants, we have also demonstrated that salt
ions, pH and speciation can impact the optical properties and photochemistry of aqueous marine
relevant light absorbing molecules, like pyruvic acid and benzoic acid, using Mass Spectrometry,
NMR, UV-Vis spectroscopy, and theoretical simulations.
Overall, these studies provide insights into environmental factors, such as sunlight and the
presence of chemically complex bulk phases, on the marine relevant species that can have

xii

important atmospheric implications such as changing SSA reactivity, hygroscopicity and aerosol
lifetimes. Furthermore, these detailed measurements coupled with simulations provide insights
into the structure, dynamics and photochemistry properties of these important marine
atmospherically relevant interfaces and bulk environments.
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Chapter 1 Introduction
1.1 Sea Spray Aerosols
Atmospheric aerosols are defined as any solid or liquid particle suspended in air with
diameters ranging from a few nanometers to hundreds of microns.1–3 Atmospheric aerosols can be
classified as naturally occurring aerosols that originate from natural sources such as the ocean,
dust, or volcanic eruptions, and anthropogenic aerosols which are formed from human activities
such as the use of fossil fuels or biomass combustion.1–4
1.1.1 Sea Spray Aerosols Formation
Sea Spray Aerosols (SSA) are one of the largest natural source of primary aerosols given
the fact that oceans cover more than 70% of the Earth’s surface.5 SSA produced from the wave
breaking, wind shear, and bubble bursting action at the ocean surface.6 These different methods of
SSA production creates aerosol of different sizes such as when wind speeds exceed 5 m/s above
the ocean surface or via the formation of air bubbles due to breaking waves thus producing film
drops and jet drops.4–11 The schematic figure for the production of the film drop and jet drops from
the ocean surface can be seen in Figure 1-1.10 The film drops are formed from the bursting of the
bubble film; the top-most layer of the air-water interface.5,10 The jet drops are created when the
decreased pressure of the bubble cavity (after the bubble bursts) which then ejects the liquid from
the sea surface microlayer and underlying bulk seawater.5,10 It has been hypothesized that most of
the submicron SSA (diameter < 1 μm) are generated from the film drops whereas most of the
supermicron SSA particles (diameter > 1 μm) are produced from the jet drops. The sizes of the jet
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drop-formed aerosol are normally between 1 – 10 μm, and larger supermicron SSA particles can
be produced when spume is blown off from the top of the ocean wave during strong wind speeds.5

Figure 1-1. Schematic diagram showing for the formation of film drops and jet drops from the
ocean surface. From Wang et al., (2015).10

1.1.2 Properties of Sea Spray Aerosols
SSA are crucial to the physics and chemistry of the marine atmosphere as they influence
the Earth’s radiative balance and interact with other gases in the atmosphere.4 SSA have both direct
effects and indirect effects on Earth’s net radiative forcing.4 The direct effect represents the SSA’s
ability to scatter or absorb solar light due to shape, and the indirect effect includes their ability of
acting as cloud condensation nuclei and thus affecting the reflectivity, lifetime, and precipitation
of the clouds due to their composition.4 SSA can also act as sinks or sources for atmospheric gases,
thus regulating the composition and concentrations of different gases in the marine atmosphere.4
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These physical and chemical properties of SSA are related to particle size, composition, and
lifetime in the atmosphere.
1.1.3 Lifetime of Sea Spray Aerosol
The lifetime for SSA particles can vary from less than a day to several weeks depending
on their size,12 which may allow the particles to undergo long-range transportation and different
reactions in the atmosphere. The different reactions and interactions that occur within SSA,
especially at the air/water interface, will be discussed in Section 1-3. The two main methods for
the removal of aerosols are wet deposition inside of precipitating clouds and dry deposition which
includes aerosol collisions with the surface and the gravitational settling of the aerosols.12
1.1.4 Sea Spray Aerosol in Climate Models
It has been suggested that the SSA have the largest uncertainties amongst all the aerosols
in terms of climate models simulations.5 Earlier climate models applied the assumption that the
primary SSA from the same source contain the same chemical and physical properties.4,13,14
However, more recent studies have found that the composition, and therefore the chemical and
physical properties, can vary significantly between each individual SSA particle.15–18 Due to this,
the way in which each particle can affect the environment are unclear and more investigations are
needed.5 Therefore, studying the properties of SSA is of great environmental and atmospheric
importance as it can provide required information to the assessment and validation of estimated
parameters in the climate models.6
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1.2 Compositions of Sea Spray Aerosols and Sea Surface Microlayer
1.2.1 Sea Surface Microlayer
The sea surface microlayer (SSML) is defined as the thin, topmost film (20 – 400 μm) at
the ocean surface. SSML is chemically distinct from the bulk seawater as it concentrates surface
active organic matters.19 As SSA is formed from the wave breaking and bubble bursting at the
ocean surface, the compositions of the SSML and the properties of the compounds involved can
play a key role in influencing the transfer process of the chemical matter from the ocean surface
to the aerosol particles. For example, a previous study has proved that the selective transfer of
different organic compounds and their concentration in SSA correlate to their relative surface
concentrations at the air/sea interface (Figure 1-2).20

Figure 1-2. Estimated surface concentrations (Г, moles of acid per surface area of solution) for
linear alkanoic acids (octanoate, hexanoate, and butanoate) at the solution concentrations of 1 mM
for each of them comparing with the measured concentrations of the linear carboxylates (LCs) in
the aerosol phase ([LCs]i,aerosol, moles of LC per colume of air sampled from the sintered glass
bubbler system). From Cochran et al., (2016).20
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It has been found that the organic compounds enriched in the SSML include (un)saturated
fatty acids, (un)saturated oxo-fatty acids, hydroxy-fatty acids, hydroxy-oxo-amides, (un)saturated
dicarboxylic acids, sulfates, alkylbenzene sulfonates, and saccharides, with slightly different
concentrations compared to those in SSA.19,21 In terms of inorganic ions, recent studies have also
found significant enrichment for potassium, magnesium, and calcium in SSML, likely due to their
interactions with organic matter enriched in this region.16,19,20 The organic and inorganic
enrichment of the SSML can be controlled by several physical, biological and chemical factors
such as the heterotrophic bacteria concentrations, enzyme activities as well as phytoplankton and
chlorophyll-a concentrations.10,16
1.2.2 Compositions of Sea Spray Aerosol
The lifetime and chemical and physical properties of individual SSA, and their interactions
with the trace gases in the surrounding environment, can be controlled by their chemical
compositions.22 Therefore, it is crucial to understand the composition of SSA. Originally, SSA was
simply referred to as “sea salt” or “SS”,4,23 however, numerous studies have shown that SSA is
more than just sea salt, containing a variety of organic matter and biological components.18,22
Similar to SSML, there is organic and inorganic enrichment in SSA. and there have been many
studies that have made significant contributions in investigating the chemical composition,
properties and dynamics in SSA.10,16,18,20,21
One previous study that measured experimentally generated nascent SSA from a wavechannel, with stable SSA size distribution, revealed that there are generally four main types of
SSA.16 Based on both their physical shape and most abundant chemical signatures, the SSA can
be categorized as inorganic (type 1 and 2), biological (type 3), and organic (type 4).16 The inorganic
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SSA were broken into two categories: type 1 (SS) composed of mostly NaCl, while type 2 (SSOC) contains sea salt mixed with organic carbon.16 Figure 1-3 shows the variation and relationship
in type of SSA with respect to particle size. From Figure 1-3, it is obvious that the supermicron
aerosol particles (>1 μm) are dominated by inorganic (type 1) and biological (type 3) SSA while
the submicron size regime is dominated by organic containing (type 2 and 4) SSA.16

Figure 1-3. Size-resolved chemical mixing state for nascent SSA. Integration of two single particle
analysis methods [transmission electron microscopy (TEM) with energy-dispersive X-ray (EDX)
analysis < 562 nm and aerosol time of flight mass spectrometry (ATOFMS) > 562 nm] shows the
existence of four major particle types. From Prather et al., (2013).16

Another study based on the same wave-channel experiment has provided a more specific
size dependent organic species analysis of SSA.10 This study shows that there are clear chemical
differences between the classes of organic compounds in submicron SSA peaked at vacuum
aerodynamic diameter = 300 nm and supermicron SSA peaked at vacuum aerodynamic diameter
= 1500 nm.10 The submicron SSA is dominated by aliphatic-rich organic species, such as lipids,
indicated by the m/z 57 signal (Figure 1-4)10 while the supermicron SSA is dominated by the
oxidized organic species, indicated by the m/z 44 signal (Figure 1-4).10 This difference is due to
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the generation of submicron SSA via film drops, which are enriched in surface active organic
species like lipids at the air-sea interface, while supermicron SSA is largely formed from jet drops
which originate from the SSML or underlying bulk seawater containing more soluble oxidized
organic molecules.10 These mechanisms can be seen from Figure 1-1. It has also been concluded
that the aliphatic-rich organic compounds are more likely to be present in the type 4 (OC)
submicron SSA, while the oxygen-rich organic species tend to occur in type 2 (SS-OC)
supermicron SSA.10

Figure 1-4. (A) Mass size distributions of Aerodyne high-resolution time-of-flight aerosol mass
spectrometer (AMS) organic ion signals: m/z 43 (C3H7+ or C2H3O+), an indicator of total organic
species; m/z 43 (C4H9+), an indicator of aliphatic-rich organic species and m/z 44 (CO2+), an
indicator of oxidized organic species. The AMS measured particle size as dry vacuum
aerodynamic diameter, and the aerodynamic diameter at relative humidity 80% was calculated and
shown on the top x-axis. (B) AMS mass spectra of the two organic component factors, aliphaticrich (AR) and oxygen-rich (OR), which were separated by positive matric factorization; and (inset)
classification of submicron and supermicron particles based on micro-Raman spectra of individual
SSA particles. From Wang et al., (2015).10
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To provide a more accurate identification of organic species in the submicron and
superimcron SSA and demonstrate the particle-to-particle variation in the chemical composition
of SSA, another study collected Raman spectra of individual SSA .18 Five main groups of the type
2 (SS-OC) SSA were identified based on the main organic compounds present in individual
particles.18 Representative Raman spectra of these five categories of SSA, as well as type 1 (SS)
SSA can be seen from Figure 1-5. These five groups identified are: long-chain saturated fatty acids
(C12-18), short-chain saturated fatty acids (C5-10), mono- and disaccharides, oligo- and
polysaccharides, and siliceous material.18 The long-chain fatty acids are observed in the aliphaticrich species, which dominate the submicron SSA, while the short-chain fatty acids as well as
saccharides and siliceous material are considered to be oxygen-rich species which are found
largely in supermicron SSA.18
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Figure 1-5. Representative Raman spectra of individual SSA. Six types of Raman spectral
signatures observed for 560-1000 nm and 1.8-3.2 μm SSA particles collected on a quartz substrates
during a month-long mesocosm experiment: (A) chloride salts (SS particles), (B) short-chain fatty
acids, (C) long-chain fatty acids, (D) free saccharides, (E) siliceous material, and (F)
polysaccharides. From Cochran et al., (2017).18

A more detailed study of the molecular composition of the organic compounds in the labgenerated nascent SSA was carried out using a combination of direct infusion and
ultraperformance liquid chromatography with electrospray ionization-high resolution mass
spectrometry in negative ion mode.21 More than 280 compounds from 10 major categories were
identified.21 It was concluded that the saturated fatty acids (C8-24) have higher abundance than
unsaturated fatty acids (C12-22), possibly due to their lower volatility.21 Additionally, palmitic acid
(C16) and stearic acid (C18) were found to comprise about two-thirds of the total amount of
saturated fatty acids.21 There are three types of fatty acids: “free fatty acids”, biological cellular
components such as phospholipids and glycolipids, and energy-storage scaffolds like
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triacylglycerides.24–26 The last two types are mainly released from the lysis of the cells in the ocean
and can be digested by enzymes to form free individual fatty acids.21 Lipopolysaccharides (LPS)
and exopolymeric substances (EPS) are also possible sources for saturated fatty acids in the
ocean.21 Fatty acid derivatives (including (un)saturated oxo-fatty acids, hydroxy-fatty acids),
hydroxy-oxo-amides, (un)saturated dicarboxylic acids, sulfates, as well as sulfonates were also
detected, but in lower abundance then saturated fatty acids.21 There are numerous biological
pathways contributing to the formation of these compounds and the summary of the categories of
major organics identified can be seen in Table 1-1.21
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Table 1-1. Categories of major organics tentatively identified in nascent SSA. From Cochran et
al., (2016).21

Similarly to the inorganic salt ion enrichment in SSML, many studies have demonstrated
that inorganic cations are enriched in SSA as well, most likely due to its complex formation with
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deprotonated fatty acids at the air-sea interface.19,20,22,27 Ca2+ is especially enriched in smaller
particles and is the most enriched cation.22 Mg2+ is also commonly enriched in SSA.19 However,
the enrichment of K+ was shown to vary, and in some cases even deplete.19 The enrichment of Ca2+
and Mg2+ in SSA was found to be significantly larger than that in SSML, which demonstrates a
selective transfer of divalent cations to SSA.19 However, there is no significant difference between
the enrichment of Ca2+ and Mg2+ in fine (< 2.5 μm) and coarse (2.5-10 μm) SSA.
Recent findings at the intersection of atmospheric chemistry and microbiology also reveal
that some biological species can play a critical role in controlling the composition of organic
species in the ocean as well as at the surface of SSA.10,28,29 Triacylglycerol lipase enzymes, which
break down triacylglycerols into fatty acids, have been found in nascent SSA and have been found
to

remain

active

after

aerosolization

with

consequences

for

aerosol

reactivity.10

Lipopolysaccharides (LPS) are also found to be ubiquitous in the marine system and have been
observed to be dominant in SSA.18
There are also light-absorbing species such as humic substances found in SSA and
SSML.30,31 These species can be categorized in to so-called marine chromophoric dissolved
organic matter (m-CDOM). Humic substances are known to be a complex mixture of different
compounds with large molecular weights, complex structures, and various functional groups,32
and can be divided into three groups: humic acids (HA), fulvic acid (FA), and humin.33 Some
molecular models for these humic substances include pyruvic acid and benzoic acid.
1.2.3 Factors that Control the Composition Changes in SSA and SSML
Many studies have hypothesized that the chlorophyll-a (Chl-a) concentrations, an indicator
for the phytoplankton growth, in the ocean correlate with the chemical composition of seawater,
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SSML and SSA.17,34–37 However, low correlation has been found between the organic enrichment
in SSA and the phytoplankton blooms or Chl-a concentrations in the ocean water.10,35,36
The bacteria-driven process has been found to influence the composition in seawater as
well as in SSML and SSA.10 For example, when a phytoplankton bloom happens, the amount of
surface-active, aliphatic-rich and highly labile organic compounds in the ocean water will initially
increase dramatically. However, with the increase of these species, the heterotrophic bacteria and
enzymes in the ocean accumulate as well, which digest or transfer those labile organic species to
less surface-active and more soluble species.10 Therefore, those less surface-active species will
have decreased ability to be transferred into submicron SSA through the air/sea interface.10
However, it has also been found that the changes in the aliphatic-rich organic fraction in bulk SSA
measurements will not result in a change in the external mixing state of individual SSA.18 The
labile organic compounds in the submicron SSA are more likely to be affected by the bacteriadegradation process associated with the bacteria concentrations and the enzymatic activity in the
ocean, whereas the more oxidized organic species in the supermicron SSA are more stable in the
ocean.10 A mechanistic figure of the processes involved in organic enrichment in SSML and air/sea
interface from the above study can be summarized in Figure 1-6.
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Figure 1-6. Schematic for the pathways of organic enrichment in SSML and their possible
relationships with biological processes in seawater. From Wang et al., (2015).10

1.3 Interfacial and Bulk Phase Reactions and Interactions of Marine-Relevant
Compounds
1.3.1 Photochemistry and photosensitized chemical reactions
Recently, there has been interest in understanding the photo-initiated reactions of marinerelevant shorter chain fatty acids such as nonanoic acid.38–42 Upon irradiation, a nonanoic acid
covered surface was found to produce functionalized and unsaturated compounds in the absence
of any photosensitizer.42 Nonanoic acid coated interfaces can undergo photosensitized reactions at
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the air-water interface in the presence of different photosensitizers like humic acid, benzoylbenzoic
acid (BBA) and imidazole-2-carboxaldehyde (IC).38–41 These photo-initiated reaction products
contain unsaturated and functionalized volatile organic compounds (VOCs) (i.e. aldehydes,
alkenes and dienes) and dimers in the gas phase and other highly oxidized compounds in the
condensed phase.39–41,43 The proposed mechanism for the photochemical degradation of nonanoic
acid at the interface, in the presence of humic acid as a photosensitizer, can be seen from Figure
1-7. Isoprene, a compound that was mainly thought to be produced from biological processes, was
also found to be a product from the photochemical reaction of nonanoic acid at the air-water
interface.38 It has been suggested that the photochemistry, both direct excitation of the fatty acids
and excitation through photosensitized reactions, can lead to an abiotic source of precursors for
secondary organic aerosol formation in the atmosphere.38,41 However, in a more recent study, Rapf
et al. showed that shorter chain fatty acids and fatty alcohols such as nonanoic acid, hexanoic acid,
nonanol and hexanol can undergo photochemical reactions in the presence of only α-keto acids
that act as radical initiators, but direct photochemical reactions of these acids and alcohols did not
occur.44 Although it is clear that photochemistry reactions are important processes that affect
atmospheric aerosols, questions remain about the photochemistry of fatty acids and the direct
excitation mechanism. In addition, the photosensitized chemical reactions of fatty acids such as
palmitic acid and stearic acid, the predominant fatty acids at the air/SSA interface, have not been
investigated.
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Figure 1-7. Proposed mechanism for the photochemical degradation of nonanoic acid at the
interface in the presence of humic acid as a photosensitizer. From Bernard et al., (2016).41

In order to better understand the photosensitized reactions, it is crucial to investigate the
chemical properties of the photosensitizers. One of the major properties of the marine humic
substances is their potential to act as photosensitizers.45,46 However, humic substances are a
complex mixture of macromolecules and he structures of those molecules are still unknown.32 This
complexity made it difficult to investigate directly. Therefore, in order to understand the properties
of the humic substances, it is essential to find a molecular model. Thus, some small marine-relevant
light-absorbing molecules that can potentially be photosensitizers, such as pyruvic acid and
benzoic acid, need to be studied in order to build a good model for the humic substances. Pyruvic
acid, a major oxidation product of isoprene47–50 and can also be generated during the
photooxidation of methyl-substituted catechols,51 is largely found in the marine atmosphere.52–55
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Recent studies have found that pyruvic acid in aqueous phase can contribute to SOA formation
through photochemical reactions producing oligomers and other higher molecular weight
molecules.44,56,65,57–64 In addition, atmospheric aqueous pyruvic acid has demonstrated its ability
to act as a photosensitizer to the multiphase reactions of ozone with oxalic acid.66,67 By
investigating the photochemical properties of small potential molecular photosensitizers, a good
molecular model for the humic substances and a better understanding of the photochemical
processes occurring in the SSA and the ocean can potentially be established.
1.3.2 Interactions between lipids and biological species
Surfactants like lipids are not the only components at the air/ocean interface. Other surfaceactive marine-relevant compounds, such as proteins and saccharides, can be present at the
interface,10,18 embedding in the surfactant monolayers and impacting the monolayer structure. The
packing and orientation of the organic coating on the SSA surface affects the uptake of water vapor
and other atmospheric trace gases, which in turn influence the size, lifetime, and composition of
the SSA particle as well as its climate-relevant properties.22 Lipase, an enzyme that breaks down
triacylglycerols into fatty acids, has been previously found in nascent SSA, and remains active
even after aerosolization, with consequences for aerosol reactivity.10,68–70 LPS are also found to be
ubiquitous in the marine system and have been observed to be dominant in SSA.18 The interaction
between the lipase/LPS and the lipid coating may affect the SSA surface structure and result in its
climate-relevant properties change. Thus, it is crucial to characterize the dominant intermolecular
interactions between lipase/LPS and different surfactant monolayers, and to understand how these
interactions might affect SSA surface chemistry.

17

1.3.3 Surface adsorption and surface acid dissociation
Medium-chain fatty acids (C8-C10) in the SSA and SSML are less surface-active and more
soluble compared to longer-chain fatty acids such as palmitic (C16) and stearic (C18) acids.20,71 For
example, at 20 ºC the solubility for palmitic acid is 0.72 mg/L, which is about 400 times lower
than the solubility of nonanoic acid (300 mg/L). The protonated form of fatty acids is more surfaceactive while the deprotonated form is relatively surface inactive.72,73 This is of particular interest
since studies have shown that the pH of aerosol particles can vary dramatically across a large range
(0 ~ 8).74–78 Therefore, it is crucial to understand the surface adsorption of protonated and
deprotonated medium-chain fatty acids at the surface and in the bulk, and how changes in pH alter
their behavior in order to understand how aerosol surface properties change within this pH range.
The surface acid dissociation constant for fatty acids is usually called the “surface pKa”,
72,79

and it is of great interest as the chemical reactivity of the atmospheric aerosol particles with

trace gases are significantly affected by their surface acidity or basicity.80,81 Many studies have
been conducted to determine the “surface pKa” or the “surface acid dissociation”;72,82–89 however,
the results have been controversial amongst different studies that utilize different methods. A
spectroscopic study on acid/base pairs at the surface stated that the surface favors the non-charged
form of the acid/base pair relative to the bulk.90 Some studies have stated that the carboxylic acid
group is less acidic (higher surface pKa, less likely to deprotonate) on the surface than in the bulk,
which agrees with the “surface favors non-charged species” hypothesis.72,89 However, other studies
have posited that the carboxylic acid group is more acidic (lower surface pKa, more likely to
deprotonate) on the surface than in the bulk.82–84 Unlike a study with insoluble long chain fatty
acids like stearic acid,86 surface pressure and spectroscopic studies with more soluble compounds
have the possibility of containing interference from surface adsorption processes of the protonated
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and deprotonated species. There have been studies which stated that the acid dissociation of
surfactants at the interface cannot be directly quantified by the surface concentrations of the
protonated and deprotonated forms as they are coupled with the adsorption processes.89,91,92 To
circumvent this issue, some studies use insoluble molecules with long alkyl chains to obtain the
surface pKa and compare with the bulk pKa obtained from the same functional group with a short,
soluble alkyl chain.87,88 However, the pKa of the functional group may be affected by the alkyl
chain length or the environment it faces at the surface.72,93 Other studies used mass spectrometry
to test carboxylic acids dosed on the surface of microdroplets generated from electrospray, which
seem more reliable as there are no bulk species.82,83 However, the carboxylic acid is dosed on a
charged surface which may affect its surface acid dissociation process. 82,83 It has proven very
difficult to obtain reliable experimental measurements of the surface acid dissociation process for
soluble species. Thus, other methods need to be used in order to precisely obtain this value for
medium chain fatty acids, like nonanoic acid.
1.3.4 Other reactions and interactions
The interaction between ions, especially cations, and organic compounds such as fatty
acids has also been found to influence the molecular composition at the air/sea interface.22,94 It has
also been found that the interaction between carboxylate group (COO-) from the fatty acids with
Ca2+ is much stronger than that between COO- with Mg2+.94 Between monovalent cations, there is
a stronger interaction between K+ with COO- than that with Na+.95
Other heterogeneous reactions that occur between the aerosol surface and trace gases in
the environment22 are not the main concern in this dissertation study and therefore are not
discussed in detail here.
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1.4 Thesis Objectives
The research presented herein focuses on understanding the stability and behavior of
different marine-relevant surface-active organics and biological species, such as palmitic acid,
nonanoic acid, other lipids, and proteins at the air/water interface in the presence of a chemically
complex underlying bulk phase. The stability of palmitic acid at the air/saltwater interface in the
presence of light and a photosensitizer, the interaction between proteins and different lipids at the
air/saltwater interface, as well as the surface adsorption and acid dissociation of nonanoic acid and
its conjugated base between the air/water interface and the bulk phase were investigated. The
photochemical properties and photo reactivities of some aqueous marine-relevant chromophoric
molecules like pyruvic acid and benzoic acid have also been explored.
Multiple experimental techniques were used when investigating the stability of surfaceactive molecules at the air/water interface in this study. These surface sensitive techniques include
the Langmuir trough system which is able to provide stability information of the interfacial system
and the InfraRed Reflection Absorption Spectrophotometer (IRRAS) which is able to provide
structural and orientational information of organic molecules at the interface. Bulk phase
information was characterized by Mass Spectrometry (MS), UV-VIS spectroscopy, and NMR.
Details regarding the experimental methods used in this study are described in Chapter 2.
In Chapter 3, the goal is to understand the stability of palmitic acid monolayer at the
air/saltwater interface in the presence and absence of solar radiation and a photosensitizer, namely
humic acid, as well as the effect of different salt ions in the bulk phase, specifically NaCl and
CaCl2. The photoreaction mechanisms associated with palmitic acid monolayer in the presence of
solar radiation and humic acid are also proposed.
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In Chapter 4 and 5, the interactions between lipase and negatively charged, neutral, and
zwitterionic lipid monolayers at the air/saltwater interface and the effect of surface pressure of the
interfacial system are investigated. Moreover, the structural information and dynamics of the lipidlipase system are also studied in detail in combination with the computational simulations that
reveal the molecular level information of these interactions.
In Chapter 6, the behavior and properties of nonanoic acid at the surface and in the bulk
are discussed. The surface adsorption and acid dissociation process for nonanoic acid and its
conjugated base are studied in detail with a combination of experimental and computational
methods. Furthermore, a thermodynamic cycle between the four species (bulk nonanoic acid, bulk
nonanoate, surface nonanoic acid, surface nonanoate) plus the hydronium ions is established based
on these experimental and computational results. Additionally, the effect of NaCl on the behavior
of nonanoic acid at the air/(salt)water interface is elucidated.
The speciation, absorptive properties, and photo-reactivity of pyruvic acid in aqueous
solutions of varying pH are discussed in Chapter 7. The effect of salts ions, namely Na+ and Ca2+,
is also investigated. Additionally, a microscopic understanding of the absorption spectrum of
pyruvic acid and benzoic acid in aqueous media by a combined experimental and theoretical
approach is also obtained.
In Chapter 8, the impact of lipase or Lipopolysaccharide (LPS) on the structure and
ordering of different surfactant monolayers at the air/water interface has been investigated. The
water evaporation rates affected by surfactant monolayers with and without the presence of the
lipase and LPS in the subphase are studied. Additionally, the morphologies of different fatty acid
monolayers at the air/water interface at different compression states and a mixture of fatty acid
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monolayer with and without the presence of LPS in the subphase at different compression states
are also observed.
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Chapter 2 Experimental Methodology
The research presented in this dissertation used several different experimental methods and
techniques to investigate the stability of different surface -active organics at the air/water interface,
and the optical properties and photochemistry of aqueous marine relevant chromophoric molecules.
In this chapter, these multiple experimental methods and instruments are introduced. This includes
a Langmuir trough system, tensiometer methodology, Infrared Reflection Absorption
Spectroscopy (IRRAS) system, Brewster Angle Microscopy (BAM) system, UV-Vis
measurements, nuclear magnetic resonance (NMR) measurements, and solar simulator setup.

2.1 Surface tension/pressure measurements
The surface pressure (π) is defined as the difference in the surface tension (γ) between a
pure solution interface and an interface in the presence of surfactants, which can be expressed by
eq. 2-1:
𝜋 = 𝛾0 − 𝛾

eq. 2-1

where π is the surface pressure, 𝛾0 is the surface tension of pure solution interface, and γ is
the surface tension of the interface in the presence of surfactants. In this dissertation study, we use
two different instruments to obtain the surface tension/pressure measurements: the computercontrolled film balance system and the tensiometer.
2.1.1 The computer-controlled film balance system
The computer-controlled film balance system (KSV NIMA LB, S/N AAA100505) was used
in various experiments including the stability of surfactants at the air/water interface under
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different conditions as well as the surface pressure titration experiments. The computer-controlled
film balance could couple with a Langmuir trough or a side-hole petri dish.
2.1.1.1 Computer-controlled film balance coupled with a Langmuir trough
A schematic of the computer-controlled film balance coupled with a Langmuir trough
system is shown in Figure 2-1. The trough contains about 55 ml of the solution, which is called
the subphase in this dissertation. The balance can measure the force on the Wilhelmy plate, which
is expressed by eq. 2-2:
𝐹 = 𝑚𝑝 𝑔 + 2(𝑡𝑝 + 𝑤𝑝 )𝛾𝑙 cos(𝜃) − 𝜌𝑙 𝑉𝑝 𝑔

eq. 2-2

where 𝐹 represents the force on the plate, 𝑚𝑝 is the mass of the plate, 𝑔 is the gravitational
acceleration, 𝑡𝑝 is the thickness of the plate, 𝑤𝑝 is the width of the plate, 𝛾𝑙 represents the surface
tension of liquid, 𝜃 is the contact angle, 𝜌𝑙 is the density of liquid, and 𝑉𝑝 is the volume of the
proportion of plate immersed in liquid. Before each measurement, the Wilhelmy plate was soaked
in the same solution as the subphase in the Langmuir for at least 30 minutes. Then it is hanged on
the balance and lowered to just touch the subphase surface. The reading from the balance was set
to zero prior to the introduction of any of the surfactants on the interface. The surfactant (usually
in chloroform solution) was spread onto the subphase, where it will form a monolayer, in the trough
using a micro-syringe. This was done by pushing a tiny droplet of the solution to the edge of the
micro-syringe and touching the surface in several different spots. After the introduction of the
surfactant, the monolayer was left for 20 minutes to allow the evaporation of the solvent. The
computer-controlled barriers on both sides can move toward each other, and thus can reduce the
area of the surfactants. While the area of the surface that contains the surfactants is reduced, the
mean molecular area (MMA), which is the total area of the surface divided by the amount of
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surfactants on the surface, is also decreased. As the surfactants become more condensed, they
lower the surface tension, which is detected by the change in the force on the Wilhelmy plate. The
software with a built-in calculation then reports the surface pressure. Therefore, the surface
pressure versus MMA curve can be obtained, which is called an isotherm of a given surfactant.
The temperature of the solution in the trough was controlled using a water circulator (Beckman
Geneline Cooler).

Figure 2-1. Schematic of the computer-controlled film balance coupled with a Langmuir trough
system.

A typical isotherm for palmitic acid monolayer on water is shown in Figure 2-2. The phase
transitions in the palmitic acid isotherm from higher to lower MMA are gas and tilted condensed
(G-TC) coexistence phase, tilted condensed (TC) phase, and untilted condensed (UC) phase,
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respectively, as indicated in Figure 2-2. After the UC phase, the monolayer collapses with
decreasing MMA.

Figure 2-2. A typical isotherm for palmitic acid at the air/water interface in different phases at
different mean molecular areas.

Besides of the shape of the isotherm, the computer-controlled film balance coupled with the
Langmuir trough system can also evaluate the stability of the surfactant monolayer under different
conditions by performing the relaxation experiments. This setup can perform both surface pressure
relaxation measurements and area relaxation measurements. In the surface pressure relaxation
experiments, the barrier positions are fixed and the surface pressure reading over time is monitored.
In the area relaxation experiments, the surface pressure of the monolayer is set on the software and
the barriers are allowed to move based on a negative feedback system to maintain the surface
pressure within a range. A faster decay rate in both relaxation experiments indicates a lower
stability of the monolayer.
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When relaxation experiments are preformed, additional reagents can be injected into the
subphase from the side of the barriers in order to monitor the change in surface pressure or area
with a changing subphase. The Schematic of how the reagent would be introduced is shown is
Figure 2-3. A piece of Teflon tubing (ZEUS) is attached on the needle of a micro-syringe (250 μL)
in order to introduce the reagents underneath the monolayer that is at the air/water interface.

Figure 2-3. The pictorial representation of how reagents are injected into the underlying subphase
in the Langmuir trough during relaxation experiments.

2.2.1.2 Computer-controlled film balance coupled with a side-hole petri dish
In this setup, the Langmuir trough is replaced by a side-hole petri dish designed by Allen and
coworkers.1 A schematic of the computer-controlled film balance coupled with a side-hole petri
dish is shown in Figure 2-4. This side-hole on the petri dish has a septum cap that allows for the
introduction of reagents (through a syringe) underneath the surface without disturbing the surface
monolayer. A stir plate under the petri dish (and a stir bar inside the petri dish) is used for mixing
reagents after they are injected through the side-hole. This setup can perform surface pressure
measurements with a changeable subphase.
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Figure 2-4. A schematic of the computer-controlled film balance coupled with a side-hole petri
dish.

2.2.2 Tensiometer methodology
The tensiometer (Kibron AquaPi) is a one-time and low-volume technique for rapid surface
tension measurements. It only needs about 0.2-3 ml of solution and only takes about half a minute
to get a surface tension measurement. The sample is held in a Teflon sample cup. The tensiometer
is coupled with a small diameter rod (Kibron Dyne Probe) instead of a Wilhelmy plate and the
surface tension reading is also obtained from a balance that the dyne probe attaches to. The dyne
probe is made of a metal alloy with a hydrophilic oxide, which is easy to clean. The dyne probe
should be cleaned with both ethanol and Milli-Q water as well as be burnt with a torch. The
tensiometer can also perform timely measurements but requires a continuous pressing on the
“measure” button to obtain the measurements.

2.2 Infrared Reflection Absorption Spectroscopy (IRRAS)
The IRRAS system was used for obtaining the phase, orientation, and concentration
information of the surfactant monolayers at the air/water interface as it is a surface sensitive
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technique. The schematic of the IRRAS setup with the Langmuir trough is shown in Figure 2-5.
The IR beam exits from an external port of an infrared spectrometer (Bruker Tensor 37). The
incident beam is directed onto the aqueous solution surface in the Langmuir trough (or a petri dish)
at a 30º angle from the surface normal using a gold mirror. The reflected beam is then collected
by another gold mirror and is sent to the MCT detector (Infrared Associates Inc., mid-band with a
ZnSe window). The IR beam is unpolarized. The system is aligned with a gold mirror at the sample
height to obtain the maximum signal intensity.
Each IRRAS spectrum is a collection of 300 scans taken at a spectral resolution of 8 cm -1
and a range from 400-4000 cm-1. An IRRAS spectrum of the stearic acid (SA) monolayer on water
subphase in a petri dish can be seen in Figure 2-6. The two peaks at 2918 and 2848 cm-1 are
assigned to the antisymmetric and symmetric methylene stretching vibrations, respectively.2 Due
to low signals and water interference in other regions, in this dissertation we will focus on the
results obtained in the C–H stretching region (2800-3000 cm-1). However, with Ag+ ion in the
subphase, peaks at lower wavenumber region (1400-1600cm-1) can also be observed (Figure 2-6).
The peaks at 1516 and 1419 cm-1 are attributed to the asymmetric and symmetric stretching
vibrations of the carboxylate group.2 A peak at 1470 cm-1 is due to the methylene scissoring mode.2
It demonstrates that this IRRAS system is able to detect other regions besides the C-H stretching.
For these IRRAS spectra, reflectance–absorbance (RA) is plotted as a function of wavenumber,
where
RA = - log(R/R0)

eq. 2-3

and R is the reflectance of the monolayer and R0 is the reflectance of the solution in the absence
of the monolayer.
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The purge box is sealed with a dry air flow at 4 LPM. The quartz window on the top of the
purge box can allow the light from a solar simulator to go through and irradiate on the solution
surface in the Langmuir trough in experiments that test the photostability of the fatty acid
monolayers.

Figure 2-5. Schematic of the IRRAS as well as the Langmuir trough.

Figure 2-6. IRRAS spectra for stearic acid on water subphase or 1 M AgNO3 subphase. This figure
was from Dr. Mona Shrestha in the Grassian group when first setting up the IRRAS experiment.
The intensities of these peaks significantly increase in the presence of the silver nitrate salt. The
asymmetric and symmetric stretching modes of the carboxylate group become apparent in the
region around 1500 cm-1.

38

2.3 UV-Vis measurements
UV-Vis spectroscopy was used for the obtaining the absorption spectra of pyruvic acid or
benzoic acid with water or salt solutions. The absorption spectra were collected from a dual beam
UV-Vis spectrometer (PerkinElmer Lambda 35) in the wavelength range from 200 to 700 nm. A
slit width of 2 nm and a scan speed of 240 nm/minute were used. The sample and reference solution
were held in a pair of quartz cuvettes (Vernier Software) with a pathlength of 1 cm.

2.4 NMR measurements
1

H NMR experiments were performed for various experiments including detecting the bulk

pka of organic acids, speciation of aqueous pyruvic acid, and the photoreaction rate and products
from pyruvic acid photolysis. 1H NMR spectra were obtained using either a 300 Bruker AVA NMR
spectrometer or a 500 JEOL ECA NMR spectrometer with wet suppression of H2O. NMR samples were
prepared with 10% (v/v) D2O (99.9%, Cambridge Isotope Laboratories, Inc.) for NMR field frequency lock.
The quantitative 1H NMR spectroscopy (QNMR) for pyruvic acid photolysis analysis was performed with
a constant receiver gain. All samples were held in 5 mm NMR sample tubes (Wilmad-LabGlass). A volume
of 750 μL was used for all samples. The NMR data was analyzed by the iNMR software.

2.5 Broadband irradiation experimental setup
The photolysis experiments were performed for evaluating the photo-stability of a palmitic
acid monolayer at the air/saltwater interface as well as the photochemical reactions of pyruvic acid
in aqueous solution.
2.5.1 Solar simulator broadband irradiation setup for evaluating the stability of the
monolayers
A solar simulator (Newport Corporation, Oriel LCS-100) equipped with a 100 W Xe arc
lamp was used for the irradiation experiments that evaluate the stability of the monolayers. A water
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filter was placed after the lamp to cut off infrared radiation. The spectral output of the lamp is
comparable to that of the solar spectrum and provides irradiation in an area of approximately 4 cm
by 7 cm with a power density of 160 to 170 W/m2. The spectral output of this simulator is shown
in Figure 2-7. It was placed on top of the purge box in Figure 2-5 and the light went through the
quartz window on the purge box.

Figure 2-7. Spectral output of LCS-100 Solar Simulator with standard AM1.5G filter. The graph
is taken from Reference 3.

2.5.2 Photolysis setup for evaluating the photochemical reactions of aqueous pyruvic acid
A different solar simulator (Optical Energy Technologies INC.) equipped with a 575-Watt
metal halide arc lamp is used for the photolysis experiments of the aqueous pyruvic acid. The
spectral output of this simulator is shown in Figure 2-8. A water filter is placed between the lamp
and the sample in order to cut off infrared radiation. A photocell with a quartz cover and two sideholes was used and a schematic of the setup is shown in Figure 2-9.
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Figure 2-8. Spectral output of the 575-Watt metal halide arc lamp for the photolysis. The output
spectrum was taken by an Ocean Optics USB 2000+ spectrometer.

Figure 2-9. A schematic of the photolysis setup for evaluating the photochemical reaction products
formed following irradiation of aqueous pyruvic acid.
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The N2 gas was purged through one side of the hole for 20 minutes to displace dissolved
O2 before the experiments and the photocell was sealed with parafilm subsequently. The photolysis
experiments were performed in an anaerobic environment. Samples can be taken from a syringe
through the hole on the side at a series of irradiation time points.

2.6 Brewster Angle Microscopy (BAM) system
BAM (KSV NIMA, MicroBAM) is a non-invasive optical technique for surface
characterization on a large, millimeter dimensions. It has been widely used for characterizing one
molecule thick monolayers at the air/water interface. The BAM uses p-polarized light at the
Brewster Angle of incidence. At the Brewster angle, at the air/water interface there is no reflection
from the air/water interface and the background is dark. When a condensed phase of a monolayer
with a different refractive index is present at the air/water interface, light reflection will occur, and
a high contrast image can be generated. It can be used to investigate the morphology of the
monolayer at the air/water interface. For every BAM experiment, a black glass plate was placed
in the subphase under the BAM head. The black glass plate absorbs/redirects the refracted beam
and therefore prevents it from reaching the detector. The schematic of the BAM setup with the
Langmuir trough is shown in Figure 2-10. Using this setup, BAM images can be obtained during
the monolayer compression process. Therefore, the morphology change of the monolayers during
compression can be studied. One barrier was taken off from the trough in order to place the BAM
instrument. Therefore, only one barrier was used to compress the monolayer. The BAM instrument
can also be used with a single petri dish to obtain the information for monolayers at a given surface
pressure or surface coverage.
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Figure 2-10. Schematic of the BAM coupled with the Langmuir trough.

2.7 Sample preparations
Milli-Q water with an electric resistance of 18.2 MΩ was used. CaCl2 and NaCl salts used
in this dissertation research were purchased from Fisher Scientific and were purified by baking at
500 ºC or 200 ºC overnight to remove organic contaminants. Palmitic acid (>99%), stearic acid
(>98.5%), and Myristic acid (>99.5%) were purchased from Sigma-Aldrich. Lauric acid (99%)
was purchased from ACROS. Lipids (DPPA and DPPC) (>99%) were purchased from Avanti
Polar Lipids. Chloroform (>99.9%) was purchased from Fisher Scientific. Nonanoic acid
(analytical standard) was purchased from Sigma Aldrich. The reagents above were used without
further purification. Pyruvic acid (98%) was purchased from Sigma-Aldrich and distilled under
reduced pressure to remove impurities. Palmitic acid and DPPC were prepared in chloroform with
a concentration of 1 mg/mL, and DPPA was prepared in a 4:1 chloroform:methanol solution with

43

a concentration of 0.42 mg/mL. The mixture of four fatty acids (Mix-FA) solutions were first
prepared separately in chloroform with a concentration of 1 mg/ml of each fatty acid and then
mixed with a molar ratio of stearic acid (SA) : palmitic acid (PA) : myristic acid (MA) : lauric acid
(LA) = 3 : 4 : 2 : 1. Lipase from Pseudomonas cepacia (≥ 30 U/mg) was purchased from Sigma
Aldrich. The lipase solution was made in 0.4 M NaCl with a concentration of 4.55 mg/ml. Pyruvic
acid was prepared as 10 mM solutions in Milli-Q water, or in salt solutions of varying salt
concentrations. Lipopolysaccharides from Escherichia coli (O111:B4) was purchased from Sigma
Aldrich and was prepared with different concentrations in 0.4 M NaCl solution.
The pH of the aqueous solutions was determined using an Oakton 700 pH meter and was
adjusted by either hydrochloric acid (1 N stock solution, Fisher Chemical) or sodium hydroxide (1
N stock solution, Fisher Chemical).
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Chapter 3 Stability of Palmitic Acid Monolayers at the
Air/Saltwater Interface in the Presence and Absence of Solar
Light and a Photosensitizer
3.1 Abstract
Long-chain fatty acid monolayers are known surfactants present at air/water interfaces.
However, little is known about the stability of these long-chain fatty acid monolayers in the
presence of solar radiation. Here we have investigated, for the first time, the stability of palmitic
acid monolayers on saltwater interfaces in the presence and absence of simulated solar light with
and without a photosensitizer in the underlying salt subphase. Using surface sensitive probes to
measure changes in the properties of these monolayers upon irradiation, we found that the
monolayers become less stable in the presence of light and a photosensitizer, in this case humic
acid, in the salt solution. The presence of the photosensitizer is essential in significantly reducing
the stability of the monolayer upon irradiation. The mechanism for this loss of stability is due to
interfacial photochemistry involving electronically excited humic acid and molecular oxygen
reacting with palmitic acid at the interface to form more oxygenated and less surface active species.
These oxygenated species can then more readily partition into the underlying solution.

3.2 Introduction
Oceans cover ~70% of the Earth's surface and contribute to a majority of primary aerosol
emissions known as sea spray aerosol (SSA).1 SSA can affect the Earth's radiative balance by
scattering or absorbing solar radiation.2 It can also act as cloud condensation nuclei (CCN).3 SSA
is comprised of a variety of organic compounds, salts and biological species, depending on the
specific aerosol size range.1,4 In the supermicron size range, a large number of the particles that
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make up SSA are mostly comprised of salts although their surfaces are often coated by surfactants,
such as long-chain fatty acid.5 Long-chain fatty acids are ubiquitous in nature and are highly
surface-active molecules due to their hydrophobic tails and hydrophilic headgroups. These
molecules are present at the ocean surface and they can be incorporated into SSA upon bubble
bursting.6–8 The most prevalent long-chain fatty acid in SSA are palmitic and stearic acid,
comprising more than two-thirds of the fatty acids present in SSA.5 Furthermore, there is a
selective enrichment of Ca2+ compared to other cations present that can transfer along with these
surface-active components due to binding interactions with the carboxylate headgroups.9
Fatty acid organic coatings on aerosol surfaces can affect the chemical, physical and optical
properties of the aerosol particles.10–12 Therefore, the stability of surfactant organic thin films can
also impact the surface properties of aerosols. For example, the ordering of organic coated
interfaces can affect the transfer between the gas and the aqueous phase as in the case of water
evaporation and solubilization of trace gases.11 In particular, highly ordered organics on the surface
can prevent the transport of volatile organics as well as decrease the evaporation of water through
the surface leading to an increased aerosol lifetime.13,14 If the organic film is destabilized, leading
to a loss of order, the aerosol can be more permeable to water, which can impact the overall size
of the particle as a function of relative humidity.15
Very recent studies, based mostly on mass spectrometry techniques, have shown the
importance of the photochemistry of shorter chain fatty acids, namely nonanoic acid, in the
presence and absence of a photosensitizer in generating more oxidized, functionalized and
unsaturated compounds in the gas and aqueous phases.16–19 It has been suggested that this
photochemistry, both direct excitation of the fatty acid and excitation through photosensitized
reactions, can lead to an abiotic source of precursors for secondary organic aerosol formation in
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the atmosphere.10,16,17 However, in a more recent study, Rapf et al. showed that shorter chain fatty
acid and fatty alcohols such as nonanoic acid, hexanoic acid, nonanol and hexanol can undergo
photochemical reactions only in the presence of α-keto acids that act as radical initiators and that
direct photochemical reactions of these acids and alcohols did not occur.20 Thus, although it is
clear that photochemistry can be important in reactions within atmospheric aerosols,21 some
questions remain about the photochemistry of fatty acids and the direct excitation mechanism.
Given the importance of both photo-initiated processes in atmospheric chemistry and the
stability of organic films at aerosol surfaces, we aim here to better understand the impact of solar
radiation on the stability of palmitic acid, one of the dominant long-chain fatty acids present in
SSA, at the air/salt water interface in the presence and absence of a photosensitizer using surface
sensitive techniques including surface pressure–area isotherms along with infrared reflection
absorption spectroscopy (IRRAS). Langmuir monolayers have been used as a proxy for aerosols
coated with fatty acids in various studies and surface isotherms can provide structural information,
as well as the packing density, of the monolayer present at the air/water interface.13,22–25 Using a
Langmuir trough, the stability of these palmitic acid monolayers with and without a photosensitizer
in the presence of salts such as NaCl and CaCl2 found in the ocean is investigated. Humic acid was
chosen as the photosensitizer for this work as it represents chromophoric dissolved organic matter
(cDOM), natural photosensitizers found in seawater, that have been found to concentrate on the
sea surface.17,26 These photosensitizers are also expected to get into the aerosol phase. To our
knowledge, this is the first study of the stability of palmitic acid monolayers, or any fatty acid
monolayer, at the air/saltwater interface with a photosensitizer and simulated solar radiation using
surface sensitive probes.
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3.3 Experimental Methods
Palmitic acid (>99%) and humic acid were purchased from Sigma Aldrich and were used
without further purification. Chloroform (>99.9%) was purchased from Fisher Scientific. The
chloroform was used to prepare 1 mg/mL palmitic acid solution. Milli-Q water with an electric
resistance of 18.2 MU was used. CaCl2 and NaCl salts were purchased from Fisher Scientific and
were purified by baking at 500 ºC overnight and filtering twice with a Whatman Carbon-Cap
activated carbon filter (Whatman Carbon Cap 75, Fisher Scientific) to remove organic
contaminants that are known to be surface-active. The final concentrations of the salt solutions
were obtained by Mohr titration.
A computer-controlled film balance with a Langmuir trough (KSV NIMA LB, S/N
AAA100505) enclosed in a dry air purged plexiglass chamber was used for these experiments.
Irradiation experiments were performed using a solar simulator (Newport Corporation, Oriel LCS100) equipped with a 100 W Xe arc lamp. A water filter was placed after the lamp to cut off
infrared radiation. The spectral output of the lamp is comparable to that of the solar spectrum and
provides irradiation in an area of approximately 4 cm by 7 cm with a power density of 160 to 170
W/m2. The spectral output of the simulator is shown in Figure 2-7. The temperature of the solution
in the trough was controlled using a water circulator (Beckman Geneline Cooler). The pH of the
subphase ranged from 5 to 6. These pH values lie in the range of aerosol acidity.27,28 We used six
different subphases for our experiments: CaCl2 solution (0.005 M), NaCl solution (0.5 M), humic
acid (10 mg L1 ) with CaCl2 (0.005 M) solution, humic acid (10 mg L1 ) with NaCl (0.5 M)
solution, a mixture of salt solutions (0.005 M CaCl2 and 0.5 M NaCl) and humic acid (10 mg L1 )
with a mixture of salt solutions. The concentrations were chosen to be close to sea water
concentrations.
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Palmitic acid in chloroform was injected onto the subphase in the trough using a
microsyringe (10 mL). After the injection of palmitic acid, the monolayer was left for 20 minutes
to allow the evaporation of the solvent. Monolayer stability was investigated in different ways
including area and pressure relaxation measurements. For area relaxation measurements, the
palmitic acid monolayer is held at a constant surface pressure and the change in molecular area is
recorded over time. In particular, for these experiments, the monolayer was held at 25 mN m-1 for
~3 hours. This surface pressure was chosen since the monolayer is in a condensed phase with fatty
acids concentrated at the interface, and it allows full utilization of the irradiation area. Irradiation
was started 10 minutes after reaching the surface pressure of 25 mN/m. For pressure relaxation
experiments, the monolayer was held at a particular molecular area/ barrier position corresponding
to a certain surface pressure and the change in surface pressure with time was measured. For these
experiments, an isotherm was collected up to 25 mN/m and the monolayer was then expanded after
obtaining the isotherm. After 10 minutes, the second isotherm was held at a mean molecular area
corresponding to an initial surface pressure of 25 mN m1 for ~3 hours. Irradiation was started after
holding the monolayer for 10 minutes. All of these experiments were done both in the dark and
under simulated irradiation with replicate measurements performed. Errors reported are from these
replicate measurements.
Figure 3-1 shows a schematic of the IRRAS setup. The IR beam exits from an external port
of an infrared spectrometer (Bruker Tensor 37). The incident beam is directed onto the aqueous
solution surface in the Langmuir trough at a 30 º angle from the surface normal using a gold mirror.
The reflected beam is then collected by another gold mirror and is sent to the MCT detector
(Infrared Associates Inc., mid-band with a ZnSe window). Each IRRAS spectrum is a collection
of 300 scans taken at a spectral resolution of 8 cm-1. IRRAS spectra were collected at two time
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points: as soon as irradiation started (after 10 minutes of holding for non-irradiation experiments),
and after 3 hours of irradiation (after 3 hours and 10 minutes of holding for nonirradiation
experiments). Due to low signals and water interference in other regions, here we will focus on the
results obtained in the C–H stretching region. For these IRRAS spectra, reflectance–absorbance
(RA) is plotted as a function of wavenumber, where
RA = - log(R/R0)

3-1

and R is the reflectance of the monolayer and R0 is the reflectance of the solution in the absence
of the monolayer. The reflectance decreases when light is absorbed by molecular species and
therefore negative peaks appear in the spectrum. The same sample preparation protocol was used
for sum frequency generation (SFG) measurements (from Yingmin Li and Bo Xiang in the Wei
Xiong research group). A salt solution was loaded in a Petri dish, and the palmitic acid solution
was injected onto the subphase using a microsyringe. Before beginning the SFG measurements,
the sample was equilibrated for 20 min for the solvent to evaporate. The powers of the 800 nm and
mid-IR beams used are 0.5 mJ and 1 mJ, respectively, with an exposure time of 5 min.

Figure 3-1. Experimental setup of the IRRAS system and the Langmuir trough, similar to Figure
2-5 but now with the photolysis setup showing the solar simulator and quartz window.
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3.4 Results and Discussion
3.4.1 Palmitic acid monolayers on salt water surfaces
Figure 3-2a shows a surface pressure–area isotherm of the palmitic acid monolayer on a
NaCl subphase. This isotherm has been discussed in detail previously.29 Briefly, the phase
transitions in the palmitic acid isotherm from higher to lower mean molecular area (MMA) are gas
and tilted condensed (G-TC) coexistence phase, tilted condensed (TC) phase, and untilted
condensed (UC) phase, respectively, as indicated in Figure 3-2a. After the UC phase, the
monolayer collapses with decreasing MMA. Figure 3-2b shows the IRRAS spectra at different
surface pressures (0, 10 and 25 mN/m) representing various phases of the palmitic acid monolayer
at the air/saltwater interface. The IRRAS results for the palmitic acid monolayer reveal 3 peaks at
2854 cm-1, 2919 cm-1 and 2960 cm-1 that correspond to the methylene symmetric, methylene
asymmetric and methyl asymmetric stretches, respectively. Figure 3-2b shows that increasing the
surface pressure, which leads to a more ordered monolayer and a higher surface coverage in the
infrared beam path, can increase the IRRAS spectral intensity. In addition, Figure 3-2c displays
the SFG spectrum obtained for the palmitic acid monolayer on the NaCl subphase in a condensed
aqueous phase. The SFG setup used for this experiment has been described in Xiang, Li et al. 30
SFG spectroscopy is interface sensitive and has been previously employed to study
atmospherically relevant systems at air/water interfaces.31–35 The ssp-polarized SFG spectrum in
Figure 3-2c contains two peaks at 2870 cm-1 and 2940 cm-1 and can be assigned to the methyl
symmetric stretch and methyl fermi resonance, respectively, based on the assignment of Tang et
al.29 The SFG spectrum further confirms the presence of palmitic acid molecules at the air/salt
water interface. The difference in IRRAS and SFG spectra in the C–H stretching region could be
due to differences in the symmetry selection rules between the two spectroscopic techniques.
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(a)

(b)

(d)

(c)

(e)

Figure 3-2. (a) Surface pressure-area isotherm of a palmitic acid monolayer on NaCl showing
various phases: Gas and tilted condensed (G-TC); Tilted condensed (TC); Untilted condensed
(UC). (b) IRRAS for palmitic acid on NaCl at specified surface pressures. (c) SFG spectrum of
palmitic acid on NaCl subphase. (d) Normalized area (MMA/MMA0) relaxation curve at a
constant surface pressure of 25 mN/m and (e) normalized pressure (π/π0) relaxation curve at a
MMA corresponding to a pressure of 25mN/m of palmitic acid monolayer on NaCl. In the
relaxation curves, time=0 when the holding of the monolayer begins. (SFG measurements taken
by Dr. Yingmin Li and Dr. Bo Xiang in the Wei Xiong research group.)
The curves of the palmitic acid monolayer on the NaCl subphase for area and surface
pressure relaxation experiments are also shown in Figure 3-2d and e, respectively. When the
underlying solution contains salts such as NaCl or CaCl2, the cation can bind to the headgroup of
palmitic acid as Allen and coworkers have described in detail.29,36 Even with large differences in
the concentrations of Ca2+ and Na+ , the decay rates of the relaxation curves of the palmitic acid
monolayer on NaCl only and CaCl2 only (not shown here) were comparable. Although the
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concentrations of these salts are very different, 0.5 M and 0.005 M for NaCl and CaCl2,
respectively, the similarity in the observed phenomenon may be due to the stronger binding affinity
of Ca2+ to COO- compared to Na+ as Ca2+ can form ionic complexes in a 2 : 1 bridging
configuration even at lower concentrations while Na+ favors a solvent-separated Na+ :COO- that
has a weaker binding affinity to the COO- headgroup.29,35,36 As shown in Figure 3-2, over time,
these monolayers are not stable as there is a gradual decrease in both the area and pressure
relaxation curves. This loss of stability has been attributed to several factors including leakage of
palmitic acid molecules through the barriers, rearrangement of molecules, three-dimensional
nuclei formation and dissolution into the underlying phase.37,38
3.4.2 Palmitic acid monolayers on saltwater in the presence and absence of light and a
photosensitizer
Changes in the stability of palmitic acid monolayers on salt solutions were monitored using
area and surface pressure relaxation curves under different conditions. In particular, the area
relaxation curves of palmitic acid monolayers on NaCl and CaCl2 with and without humic acid for
dark versus irradiation experiments are shown in Figure 3-3a and b. Irradiating the palmitic acid
monolayers led to an increase in the decay rates of the relaxation curves irrespective of the
underlying solutions (Figure 3-3a–c). However, it is evident that a much greater change in the
decay rate is observed upon the addition of humic acid to the salt subphase. The relative molecular
area decreases (as shown in the bar graph in Figure 3-3c) at 180 minutes in irradiation experiments
with respect to dark experiments for humic acid with salts is at least 20% while for salt subphases,
the decrease is less than ~5%.
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Figure 3-3. Normalized area relaxation curves of palmitic acid monolayer for both irradiation and
non-irradiation experiments on salt mixture (NaCl and CaCl2) (a) without and (b) with humic acid.
(c) Bar graph showing decrease in relative area at time = 180 mins in irradiation experiments with
respect to dark experiments for three different salt subphases in the presence and absence of humic
acid.

The IRRAS spectra in the C–H stretching region appear similar for palmitic acid
monolayers on different underlying solutions in both dark and irradiation experiments. Figure 35a and b display the IRRAS spectra of the monolayer on humic acid and a mixture of salts (NaCl
and CaCl2) with and without irradiation as examples. The difference spectra shown in Figure 3-5c
were obtained by subtracting the intensity of the IRRAS spectra at the beginning of the irradiation
(or after holding the monolayer for 10 minutes) from the intensity of the IRRAS spectra after 3 h
of irradiation or no irradiation. The difference spectra obtained for dark and irradiation
experiments are comparable in terms of intensity. There are only small changes in the intensity in
the C–H stretching region for both experiments and this result is expected since the monolayer is
held at the same surface pressure throughout both experiments and as shown in Figure 3-2b, the
spectral intensity changes only for different surface pressures.
Like the area relaxation curves, the pressure relaxation curves showed similar results for
the various underlying solutions in the presence and absence of solar radiation (Figure 3-4a & b).
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Irradiation experiments display a higher decay rate of the relaxation curves than those in the dark.
The biggest change in the decay rate was observed for palmitic acid monolayers when humic acid
is mixed with the salts (NaCl, CaCl2 or NaCl and CaCl2) as seen for the area relaxation experiments
(Figure 3-4b). There is also a distinct shift in the slope of the stability curve when the solar
simulator is turned on and this trend is only seen for the salt solutions containing humic acid
(Figure 3-4b inset).

Figure 3-4. Normalized pressure relaxation curves for NaCl and CaCl2 (a) without and (b) with
humic acid. The inset shows the distinct shift in the slope of the curve upon the start of irradiation.
(c) Difference IRRAS spectra obtained for palmitic acid monolayer on NaCl and CaCl2 in humic
acid. Difference spectrum = spectrum collected after 3 hrs of irradiation or no irradiation –
spectrum collected at the beginning of irradiation or 10 mins after the monolayer was held.

As seen for the area relaxation experiments, the IRRAS spectra for pressure relaxation
experiments show three C–H stretches for the palmitic acid monolayer. The difference spectra in
Figure 3-4c clearly show that palmitic acid monolayers on salt solutions containing humic acid
have a large difference in spectral intensity between light and dark experiments. In contrast, the
difference spectra obtained from the experiments containing only the salt do not show much
difference in the spectral intensity for monolayers that were irradiated and not irradiated (not
shown here). These results in the C–H stretching region indicate that there is a higher loss of
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palmitic acid from the surface in the presence of a photosensitizer and salts upon irradiation in
comparison to the dark experiment.
3.4.3 Models to describe the loss of palmitic acid at the interface
It is thus concluded from both area and pressure relaxation experiments conducted using
surface sensitive techniques that irradiated palmitic acid monolayers on salt solutions containing
humic acid are significantly less stable than those without. These results suggest that there could
be a loss of palmitic acid from the surface at a higher rate upon irradiation and in the presence of
humic acid. There are two theoretical models that can be applied to understand the expulsion of
fatty acids from the surface: (1) nucleation and (2) dissolution. Nucleation theory by Vollhardt et
al. is based on the formation of a 3-dimensional solid phase at the air/water interface.37 Dissolution
of interfacial molecules into the underlying solution can be driven by differences in chemical
potential.38 These two models yield different-shaped area relaxation curves, monotonic versus Sshaped for dissolution and nucleation, respectively.38 In the current study, the area relaxation
curves obtained for our experiments are monotonic and not S shaped, which means that the
dissolution model is the more relevant one. Thus, the dissolution model is used to fit these curves
to get a better understanding of the stability behavior of the palmitic acid monolayers with and
without irradiation.
Accordingly as discussed in Patil et al., the desorption kinetics of fatty acids changing with
time in area relaxation experiments can be fitted to a two stage model.39 In particular,
ln(MMA/MMA0) decreases linearly with t 1/2 and t at the initial and later stages, respectively. The
desorption coefficients are as follows:
kˊ1=

−
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In order to understand and quantify the kinetics observed in these experiments, we used
the area relaxation curves obtained for palmitic acid monolayers on various subphases for dark
and irradiation experiments. It must be noted that the irradiation was started after holding the
monolayer for 10 min at a constant surface pressure; so, only the kinetics for the later stages is
measured from our results. We thus replotted the curves obtained for palmitic acid monolayers on
different salt subphases with and without humic acid (for dark and irradiation experiments) as ln
(MMA/MMA0) versus time to calculate the slope which is equal to -k2’. The desorption
coefficients for the nonirradiation and irradiation experiments and their ratios for all the subphases
are shown in Table 3-1. It can be observed from Table 3-1 that the ratios for irradiation over no
irradiation rate constants (light compared to dark) are close to 1 for salt subphases while the ratios
are at least 3 and above when humic acid is added to the salt subphases. These results indicate that
compared to dark experiments, palmitic acid monolayers are considerably less stable upon
irradiation with solar radiation only in the presence of a photosensitizer, and when humic acid is
present, there is a significant increase in the dissolution of interfacial molecules into the underlying
salt solution.
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Table 3-1. Rate constants (kˊ2) calculated from the area relaxation curves of the palmitic acid
monolayer on various subphases replotted as ln (MMA/MMA0) versus time for both irradiation
experiments (light) and no irradiation experiments (dark). The ratio is that of kˊ2 (light)/ kˊ2 (dark)
-1

kˊ2 (s )

Subphases
Irradiation

Ratio

Non-irradiation
-5

NaCl

1.8 ± 0.1 * 10

NaCl + Humic
acid

3.6 ± 0.5 * 10

CaCl2

1.4 ± 0.1 * 10

CaCl2 + Humic
acid

3.7 ± 0.1 * 10

NaCl + CaCl2

1.6 ± 0.3 * 10

NaCl + CaCl2 +
Humic acid

2.9 ± 0.3 * 10

-5

-5
-5

-5
-5

-5

1.2 ± 0.1

-5

3.0 ± 0.5

-6

1.6 ± 0.2

-5

3.0 ± 0.1

-5

1.1 ± 0.2

-6

3.5 ± 0.5

1.5 ± 0.1 * 10
1.2 ± 0.1 * 10
8.3 ± 0.1 * 10
1.2 ± 0.1 * 10
1.4 ± 0.2 * 10
8.3 ± 0.1 * 10

There can be various reasons for the increased dissolution rate. Temperature changes could
lead to increased solubility of palmitic acid into the subphase. However, when we performed
control experiments, neither increasing nor decreasing the temperature of the trough with or
without irradiation had any effect on the decay rate of the area relaxation curve (Figure 3-6).
Similarly, an increase of the subphase pH has also been suggested to contribute to higher
dissolution of the fatty acid monolayer.38 In our case, the pH did not change upon irradiation,
which rules out changes in pH as a possible reason for the increased dissolution. Therefore, another
mechanism must be operative for the loss of stability that involves interfacial photochemistry
which occurs upon initiation by the photosensitizer in the underlying salt solution. A mechanism
for this interfacial photosensitized chemistry is discussed in more detail below.
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3.4.4 Oxygenation of palmitic acid monolayers and product dissolution into the subphase
It is well known that light absorption by humic acid can produce a variety of reactive
species such as OH, 3HA*, 1O2, and O2-.

40,41

These reactive oxygen species along with excited

humic acid can react with fatty acids, including palmitic acid molecules, at the interface resulting
in various photochemical degradation pathways. It is proposed here that photosensitized reactions
of palmitic acid at the interface form fewer surface-active species that dissolve into the bulk, which
leads to higher rates of loss of molecules from the interface. Since the addition of humic acid to
the salt subphase slightly shifts the isotherm of the palmitic acid monolayer to a higher mean
molecular area by ten percent, as seen in Figure 3-7, humic acid is found to be in the nearinterfacial region. In particular, hydrogen abstraction of palmitic acid by the excited humic acid at
the interface can lead to condensed phase products that can partition into the bulk. Tinel et al.
recently proposed a mechanism for short chain fatty acid photochemistry at interfaces. 19 In that
mechanism, there is the addition of molecular oxygen to the fatty acid radical which forms the
peroxy radical that can either fragment to a saturated ketone or form compounds with hydroxyl
and carbonyl functional groups.19 These compounds may continue to react with the excited
photosensitizer and upon addition of molecular oxygen to the fatty acid radical, forming more
oxidized products, like more highly oxygenated acids. Gas phase products were also reported by
Tinel et al. for shorter chain fatty acids; however, we did not observe any such products using
Chemical Ionization Mass Spectrometry (CIMS) upon irradiating palmitic acid with humic acid
and salts. Although the absence of gas phase products can be due to the low concentration of
palmitic acid used in the experiments and monolayer coverages, the photo-initiated reaction of
palmitic acid forming gas phase products can only be a minor pathway due to the long carbon
chain and the low volatility of the products formed. Thus, when palmitic acid is irradiated in the
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presence of a photosensitizer we propose the formation of more oxidized species that are less
surface-active and can more readily dissolve and partition into the bulk salt water subphase.19 A
summary of this proposed mechanism is shown in Scheme 3-1.

.

.

Scheme 3-1. Proposed photosensitized reaction scheme for palmitic acid in the presence of humic
acid. The triplet excited state of humic acid, 3HA*, is shown to initiate the reaction. The scheme is
a modified version of Tinel et al. for nonanoic acid in an oxygen rich environment in the condensed
phase.19

It is concluded that this photosensitized degradation pathway is the reason for the decreased
stability of the monolayer and the higher loss of molecules at the interface upon exposure to solar
radiation with a photosensitizer in the salt subphase as shown for the first time by these surface
sensitive measurements.

3.5 Conclusions
The stability of palmitic acid monolayers on salt solutions with and without a
photosensitizer in dark compared to light experiments has been investigated using surface sensitive
probes in a Langmuir trough. It was observed that the irradiated monolayers in the presence of
humic acid in the near-surface region were significantly less stable due to photosensitized reactions
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of palmitic acid producing highly oxidized products in the bulk that partition into the underlying
subphase. One of the atmospheric implications of this study would be that the fatty acid coating
on aerosols with photosensitizers may not be as impermeable to water and other trace gases upon
irradiation, which could affect the size and lifetime of marine-derived and other aqueous
atmospheric aerosols. The direct photochemistry of palmitic acid is minor and difficult to discern
in some cases, and overall not as significant at air/sea water interfaces compared to the
photosensitized reaction.
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Figure 3-5. IRRAS spectra collected for palmitic acid monolayer on the mixture of salt in humic
acid for (a) irradiation, (b) dark experiments and (c) difference spectra (t=180 mins – t= beginning
of irradiation or 10 mins after monolayer was held) obtained for irradiation and non-irradiation
experiments.
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Figure 3-6. Temperature control stability experiment conducted at various temperatures with and
without irradiation. The starting temperature was 22°C.

Figure 3-7. Isotherms of palmitic acid monolayer on CaCl2 and humic acid with CaCl2 up to a
surface pressure of 20 mN/m.

63

3.8 References
(1)

Quinn, P. K.; Collins, D. B.; Grassian, V. H.; Prather, K. A.; Bates, T. S. Chemistry and
Related Properties of Freshly Emitted Sea Spray Aerosol. Chem. Rev. 2015, 115 (10), 4383–
4399.

(2)

Finlayson-Pitts, B.; Jr, J. P. Chemistry of the Upper and Lower Atmosphere. Choice Rev.
Online 2000, 37 (10), 37-5725-37–5725.

(3)

Farmer, D. K.; Cappa, C. D.; Kreidenweis, S. M. Atmospheric Processes and Their
Controlling Influence on Cloud Condensation Nuclei Activity. Chem. Rev. 2015, 115 (10),
4199–4217.

(4)

Cochran, R. E.; Laskina, O.; Trueblood, J. V.; Estillore, A. D.; Morris, H. S.; Jayarathne,
T.; Sultana, C. M.; Lee, C.; Lin, P.; Laskin, J.; Laskin, A.; Dowling, J. A.; Qin, Z.; Cappa,
C. D.; Bertram, T. H.; Tivanski, A. V.; Stone, E. A.; Prather, K. A.; Grassian, V. H.
Molecular Diversity of Sea Spray Aerosol Particles: Impact of Ocean Biology on Particle
Composition and Hygroscopicity. Chem 2017, 2 (5), 655–667.

(5)

Cochran, R. E.; Laskina, O.; Jayarathne, T.; Laskin, A.; Laskin, J.; Lin, P.; Sultana, C.; Lee,
C.; Moore, K. A.; Cappa, C. D.; Bertram, T. H.; Prather, K. A.; Grassian, V. H.; Stone, E.
A. Analysis of Organic Anionic Surfactants in Fine and Coarse Fractions of Freshly Emitted
Sea Spray Aerosol. Environ. Sci. Technol. 2016, 50 (5), 2477–2486.

(6)

Cavalli, F.; Facchini, M. C.; Decesari, S.; Mircea, M.; Emblico, L.; Fuzzi, S.; Ceburnis, D.;
Yoon, Y. J.; O’Dowd, C. D.; Putaud, J. ‐P.; Dell’Acqua, A. Advances in Characterization
of Size-Resolved Organic Matter in Marine Aerosol over the North Atlantic. J. Geophys.
Res. 2004, 109 (D24), D24215.

(7)

Mochida, M.; Umemoto, N.; Kawamura, K.; Lim, H. J.; Turpin, B. J. Bimodal Size
Distributions of Various Organic Acids and Fatty Acids in the Marine Atmosphere:
Influence of Anthropogenic Aerosols, Asian Dusts, and Sea Spray off the Coast of East
Asia. J. Geophys. Res. Atmos. 2007, 112 (15), D15209.

(8)

Tervahattu, H. Identification of an Organic Coating on Marine Aerosol Particles by TOFSIMS. J. Geophys. Res. 2002, 107 (D16), 4319.

(9)

Cochran, R. E.; Ryder, O. S.; Grassian, V. H.; Prather, K. A. Sea Spray Aerosol: The
Chemical Link between the Oceans, Atmosphere, and Climate. Acc. Chem. Res. 2017, 50
(3), 599–604.

(10)

Vaida, V. Atmospheric Radical Chemistry Revisited. Science. 2016, 353 (6300), 650.

(11)

Donaldson, D. J.; Vaida, V. The Influence of Organic Films at the Air-Aqueous Boundary
on Atmospheric Processes. Chem. Rev. 2006, 106 (4), 1445–1461.

64

(12)

Ruehl, C. R.; Wilson, K. R. Surface Organic Monolayers Control the Hygroscopic Growth
of Submicrometer Particles at High Relative Humidity. J. Phys. Chem. A 2014, 118 (22),
3952–3966.

(13)

Li, S.; Du, L.; Wei, Z.; Wang, W. Aqueous-Phase Aerosols on the Air-Water Interface:
Response of Fatty Acid Langmuir Monolayers to Atmospheric Inorganic Ions. Sci. Total
Environ. 2017, 580, 1155–1161.

(14)

Davies, J. F.; Miles, R. E. H.; Haddrell, A. E.; Reid, J. P. Influence of Organic Films on the
Evaporation and Condensation of Water in Aerosol. Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (22), 8807–8812.

(15)

Griffith, E. C.; Guizado, T. R. C.; Pimentel, A. S.; Tyndall, G. S.; Vaida, V. Oxidized
Aromatic-Aliphatic Mixed Films at the Air-Aqueous Solution Interface. J. Phys. Chem. C
2013, 117 (43), 22341–22350.

(16)

Ciuraru, R.; Fine, L.; Pinxteren, M. Van; D’Anna, B.; Herrmann, H.; George, C.
Unravelling New Processes at Interfaces: Photochemical Isoprene Production at the Sea
Surface. Environ. Sci. Technol. 2015, 49 (22), 13199–13205.

(17)

Ciuraru, R.; Fine, L.; van Pinxteren, M.; D’Anna, B.; Herrmann, H.; George, C.
Photosensitized Production of Functionalized and Unsaturated Organic Compounds at the
Air-Sea Interface. Sci. Rep. 2015, 5 (August), 12741.

(18)

Rossignol, S.; Tinel, L.; Bianco, A.; Passananti, M.; Brigante, M.; Donaldson, D. J.; George,
C. Atmospheric Photochemistry at a Fatty Acid-Coated Air-Water Interface. Science, 2016,
353 (6300), 699–702.

(19)

Tinel, L.; Rossignol, S.; Bianco, A.; Passananti, M.; Perrier, S.; Wang, X.; Brigante, M.;
Donaldson, D. J.; George, C. Mechanistic Insights on the Photosensitized Chemistry of a
Fatty Acid at the Air/Water Interface. Environ. Sci. Technol. 2016, 50 (20), 11041–11048.

(20)

Rapf, R. J.; Perkins, R. J.; Dooley, M. R.; Kroll, J. A.; Carpenter, B. K.; Vaida, V.
Environmental Processing of Lipids Driven by Aqueous Photochemistry of α-Keto Acids.
ACS Cent. Sci. 2018, 4 (5), 624–630.

(21)

George, C.; Ammann, M.; D’Anna, B.; Donaldson, D. J.; Nizkorodov, S. A. Heterogeneous
Photochemistry in the Atmosphere. Chem. Rev. 2015, 115 (10), 4218–4258.

(22)

Sierra-Hernández, M. R.; Allen, H. C. Incorporation and Exclusion of Long Chain Alkyl
Halides in Fatty Acid Monolayers at the Air-Water Interface. Langmuir 2010, 26 (24),
18806–18816.

(23)

Mendelsohn, R.; Flach, C. R. Infrared Reflection - Absorption Spectrometry of Monolayer
Films at the Air - Water Interface. In Handbook of Vibrational Spectroscopy; Griffiths, P.
R., Ed.; John Wiley & Sons, Ltd: Chichester, UK, 2006.

65

(24)

Mmereki, B. T.; Donaldson, D. J.; Gilman, J. B.; Eliason, T. L.; Vaida, V. Kinetics and
Products of the Reaction of Gas-Phase Ozone with Anthracene Adsorbed at the AirAqueous Interface. Atmos. Environ. 2004, 38 (36), 6091–6103.

(25)

Voss, L. F.; Bazerbashi, M. F.; Beekman, C. P.; Hadad, C. M.; Allen, H. C. Oxidation of
Oleic Acid at Air/Liquid Interfaces. J. Geophys. Res. Atmos. 2007, 112 (6), D06209.

(26)

Canonica, S.; Jans, U.; Stemmler, K.; Hoigné, J. Transformation Kinetics of Phenols in
Water: Photosensitization by Dissolved Natural Organic Material and Aromatic Ketones.
Environ. Sci. Technol. 1995, 29 (7), 1822–1831.

(27)

Fridlind, A. M.; Jacobson, M. Z. A Study of Gas-Aerosol Equilibrium and Aerosol pH in
the Remote Marine Boundary Layer during the First Aerosol Characterization Experiment
(ACE 1). J. Geophys. Res. Atmos. 2000, 105 (D13), 17325–17340.

(28)

Zhang, T.; Brantley, S. L.; Verreault, D.; Dhankani, R.; Corcelli, S. A.; Allen, H. C. Effect
of pH and Salt on Surface pKa of Phosphatidic Acid Monolayers. Langmuir 2018, 34 (1),
530–539.

(29)

Tang, C. Y.; Allen, H. C. Ionic Binding of Na+ versus K+ to the Carboxylic Acid Headgroup
of Palmitic Acid Monolayers Studied by Vibrational Sum Frequency Generation
Spectroscopy. J. Phys. Chem. A 2009, 113 (26), 7383–7393.

(30)

Xiang, B.; Li, Y.; Pham, C. H.; Paesani, F.; Xiong, W. Ultrafast Direct Electron Transfer at
Organic Semiconductor and Metal Interfaces. Sci. Adv. 2017, 3 (11), e1701508.

(31)

Blower, P. G.; Shamay, E.; Kringle, L.; Ota, S. T.; Richmond, G. L. Surface Behavior of
Malonic Acid Adsorption at the Air/Water Interface. J. Phys. Chem. A 2013, 117 (12),
2529–2542.

(32)

Wren, S. N.; Gordon, B. P.; Valley, N. A.; McWilliams, L. E.; Richmond, G. L. Hydration,
Orientation, and Conformation of Methylglyoxal at the Air-Water Interface. J. Phys. Chem.
A 2015, 119 (24), 6391–6403.

(33)

Burrows, S. M.; Gobrogge, E.; Fu, L.; Link, K.; Elliott, S. M.; Wang, H.; Walker, R.
OCEANFILMS-2: Representing Coadsorption of Saccharides in Marine Films and
Potential Impacts on Modeled Marine Aerosol Chemistry. Geophys. Res. Lett. 2016, 43 (15),
8306–8313.

(34)

Adams, E. M.; Verreault, D.; Jayarathne, T.; Cochran, R. E.; Stone, E. A.; Allen, H. C.
Surface Organization of a DPPC Monolayer on Concentrated SrCl2 and ZnCl2 Solutions.
Phys. Chem. Chem. Phys. 2016, 18 (47), 32345–32357.

(35)

Adams, E. M.; Allen, H. C. Palmitic Acid on Salt Subphases and in Mixed Monolayers of
Cerebrosides: Application to Atmospheric Aerosol Chemistry. Atmosphere (Basel). 2013,
4 (4), 315–336.

66

(36)

Tang, C. Y.; Huang, Z.; Allen, H. C. Binding of Mg2+ and Ca2+ to Palmitic Acid and
Deprotonation of the COOH Headgroup Studied by Vibrational Sum Frequency Generation
Spectroscopy. J. Phys. Chem. B 2010, 114 (51), 17068–17076.

(37)

Vollhardt, D. Nucleation in Monolayers. Adv. Colloid Interface Sci. 2006, 123–126 (SPEC.
ISS.), 173–188.

(38)

Brzozowska, A. M.; Duits, M. H. G.; Mugele, F. Stability of Stearic Acid Monolayers on
Artificial Sea Water. Colloids Surfaces A Physicochem. Eng. Asp. 2012, 407, 38–48.

(39)

Patil, G. S.; Matthews, R. H.; Cornwell, D. G. Kinetics of the Processes of Desorption from
Fatty Acid Monolayers. J. Lipid Res. 1973, 14 (1), 26–31.

(40)

Al Housari, F.; Vione, D.; Chiron, S.; Barbati, S. Reactive Photoinduced Species in
Estuarine Waters. Characterization of Hydroxyl Radical, Singlet Oxygen and Dissolved
Organic Matter Triplet State in Natural Oxidation Processes. Photochem. Photobiol. Sci.
2010, 9 (1), 78–86.

(41)

Aguer, J. P.; Richard, C.; Andreux, F. Effect of Light on Humic Substances: Production of
Reactive Species. Analusis 1999, 27 (5), 387–390.

67

Chapter 4 Impacts of Interaction Between Lipase and Lipids
Monolayers on the Lipid Structure and Lipase Enzyme
Reactivity

4.1 Abstract
Triacylglycerol lipases have recently been shown to be transferred from the ocean to the
atmosphere in atmospheric sea spray aerosol (SSA). Lipases have the potential to alter the
composition of SSA; however, the structure and properties of enzymes in the high salt, high ionic
strength, and low pH conditions found in SSA have never been explored. Here, we study the
dynamics of Burkholderia cepacia triacylglycerol lipase (BCL) at SSA model surfaces comprised
of palmitic acid and dipalmitoylphosphatidic acid (DPPA), two commonly found lipids at SSA
surfaces. Surface adsorption Langmuir isotherm experiments and all-atom explicit solvent
molecular dynamics simulations together illuminate how and why BCL expands the ordering of
lipids at palmitic acid surfaces the most at pH < 4 and the least in DPPA surfaces at pH 6. Taken
together, these results represent a first glimpse into the complex interplay between lipid surface
structure and protein dynamics within enzyme-containing aerosols.

4.2 Introduction
Atmospheric aerosols impact climate by interacting with incoming solar radiation,
modifying the concentration of trace gases in the Earth’s atmosphere and seeding clouds.1 Given
the vast coverage of the Earth’s surface by the oceans, the impact of sea spray aerosols (SSA) on
Earth’s radiation budget is a critical area of ongoing investigations and yet represents one of the
largest uncertainties in climate models.2 Recent findings at the intersection of atmospheric

68

chemistry and microbiology reveal that enzymes can play a critical role in controlling the
composition of organic species not only in the ocean but also in the atmosphere, specifically at the
surface of SSA.3−5
Triacylglycerol lipase enzymes break down triacylglycerols into fatty acids, one of the
most abundant molecules at SSA surfaces.6−8 Fatty acid solubility depends on the coordinating
cation present, the degree of saturation of the acid, and the length of the fatty acid chain. 9−11 Not
only can products of lipase reactions favor SSA surfaces, but triacylglycerol lipases themselves
perform catalysis through interfacial activation at the aqueous−surfactant interface,12−15
embedding in lipid monolayers and bilayers with the lipase active site open to the lipid, and even
SSA, surfaces.16 Thus, lipase chemistry and surface partitioning have implications for an array of
chemical reaction pathways within marine aerosol particles.
Surface adsorption Langmuir isotherms (Scheme 4-1A) have been previously used to study
the surface adsorption of phospholipase onto zwitterionic17 and anionic lipid interfaces.18 Here we
study the adsorption of triacylglycerol lipase onto palmitic acid at pH 2 (protonated carboxyl
surfaces), palmitic acid at pH 6 (half protonated and half deprotonated carboxyl), and dipalmitoyl
phosphatidic acid (DPPA).11 Three classes of lipase-binding lipids exist: class I, insoluble
nonswelling lipids; class II, insoluble swelling; and class III, soluble.19 The lipids studied here are
representative of each class of these lipids; palmitic acid is a product of triacylglycerol chemistry,
and all of these lipids are used as models for SSA surfaces.17,20−22 Thus, given the classes of lipasebinding lipids and lipids used as models for SSA surfaces, there is precedence for the partitioning
of triacylglycerol lipases to lipid-coated SSA surfaces. However, the partitioning of this enzyme
to lipid surfaces in high salt and variable pH environments occurring in SSA has never been
investigated.
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Scheme 4-1. (A) Pictoral Representation of How Surface Adsorption Isotherm Experiments in a
Langmuir Trough Were Performed;a (B) Structure of BCL (ice blue, PDB: 3LIP)b. This figure was
from Dr. Jamie Schiffer in the Professor Rommie Amaro’s group.
a

Following preparation of a lipid monolayer, Bukholderia cepacia lipase (BCL) was injected outside of the
barriers and the change in mean molecular area was measured. Surface lipids are depicted in red. b (left)
Imbedded in a DPPA bilayer (cyan) using the orientation of proteins in membranes (OPM) server52 within
an explicit water box; (center) BCL from a side view with the blue line dividing the structure into surfaceimbedded above and aqueous below; (right) view of lipase from the surface-imbedded residues side, with
the major residues that constitute the lid α-helices 5 and 9 in yellow. This image depicts the active site
residues (green) and calcium (orange) coordinating to the stabilizing loops proximal to the active site.

Understanding how triacylglycerol lipases alter the chemical composition and structure of
molecules at SSA surfaces has broad implications for how these molecules influence the climaterelevant properties of SSA. The molecules at the surfaces of aerosol particles affect their climaterelevant properties, with different surface-active lipids impacting particle hygroscopicity, or the
uptake of water to form rain drops,23−25 and heterogeneous reactivity, or the reaction of climatetuning gas-phase species like O3 and HNO3 with aerosol particles.26−30 As the products of
triacylglycerol lipase chemistry (fatty acids and glycerol) are potentially less soluble at particle
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surfaces than the reactants,11 understanding the factors affecting lipase reactivity is important to
predicting reactions occurring within and on the surface of SSA particles.
The lipase from Burkholderia cepacia (Scheme 4-1) is commercially available and one of
the most widely used biocatalysts in biotechnological processes.16,31,32 This lipase is known to be
very tolerant to an array of organic solvents, ionic strengths, and temperatures,32−34 is well
characterized in low salt environments,35−37 and has been studied through molecular dynamics
(MD) simulations.38,39 Additionally, Burkholderia bacteria species have been identified in SSA,40
suggesting that lipases excreted from this species are also present in SSA.
Burkholderia cepacia lipase (BCL), previously known as Pseudomonas cepacia lipase, is
an extracellular enzyme that has two helices, α5 and α9, that embed at the bulk solvent−lipid
interface (helices shown in yellow, Scheme 4-1B).32 These helices form a “lid” that opens and
closes to “gate” substrate entry and release into the mouth of the enzyme where the active site
residues reside.38,41,42 Lipases in general undergo a process known as interfacial activation.13−15,43
This process is characterized experimentally by increased activity against a substrate surface or
micelle as compared to dissolved substrates.44 At the atomic level, in the case of BCL, this
mechanism can be described as an opening of the lid residues to allow lipase catalytic triad residues
to access substrates most efficiently at a lipid interfaces.14 Thus, the distance between the lid
residues of BCL can be used as a proxy for BCL activity.
Apart from the activity of BCL, BCL is a protein, and proteins in general are dynamic
molecules that can modify the orientation and dynamics of the molecules around them, including
lipids.12,45−47 BCL dynamics and reactivity have been studied in the context of cellular
environments.16,35,38,39,48 However, the impact of low pH and high salt molecular environments,
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which are typical of SSA,49,50 on BCL atomic-level structure and dynamics at lipid interfaces
remains unknown.
Here we combine surface adsorption isotherm measurements (Scheme 4-1A) with all-atom
MD simulations (Scheme 4-1B) to relate macroscopic observations with microscopic dynamic
models of lipase-containing SSA surfaces. More specifically, the goal of this research was to
uncover the role of pH, lipid membrane composition, and surface pressure on the dynamics of
BCL at model SSA surfaces and to understand how BCL dynamics alter the orientation and
dynamics of lipids at model SSA surfaces. Surface adsorption isotherms provide measurements on
the increase in surface area due to BCL imbedding in palmitic acid and DPPA surfaces.
Interpreting these measurements in the context of results from MD simulations, we present a model
for how BCL alters the structure of these lipid model−SSA surfaces and in turn how the lipid
surfaces alter BCL structure and dynamics within a high ionic strength environment.

4.3 Materials and Methods
4.3.1 Langmuir Surface Adsorption Isotherms
Palmitic acid (>99%) was purchased from Sigma-Aldrich. Dipalmitoyl phosphatidic acid
(DPPA) (>99%) was purchased from Avanti Polar Lipids. Chloroform (>99.9%) was purchased
from Fisher Scientific. Palmitic acid was prepared in chloroform with a concentration of 1 mg/mL,
and DPPA was prepared in a 4:1 chloroform:methanol solution with a concentration of 0.42
mg/mL.51 These solutions were used to introduce the lipid to the interface. Milli-Q water with
electric resistance of 18.2 MΩ was used for the aqueous subphase. NaCl salt were purchased from
Fisher Scientific and were purified by baking at 200 °C overnight to remove organic contaminants.
We used one subphase for our experiments, NaCl solution (0.4 M), which was chosen to be near
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that of seawater concentrations. The pH of the subphase was controlled at 2 or 6. These pH values
lie in the range of aerosol acidity.38,39
A computer-controlled film balance with a Langmuir trough (KSV NIMA LB, S/N
AAA100505) was used for these experiments. The temperature of the solution in the trough was
controlled by a water circulator (Beckman Geneline Cooler). For the experiments done in the
Langmuir trough (Figure 4-1), the lipid solution was first spread onto the surface of 55 mL of
subphase in the trough to form a monolayer. Then the monolayer was compressed to 5 mN/m and
held at this surface pressure for 408 min before lipase injection, as describe previously.52 The BCL
solution was made in 0.4 M NaCl solution with a concentration of 4.55 mg/mL. We injected 0.2
mL of lipase solution underneath of the lipid monolayer, and the final concentration of lipase
should have been 500 nM. The area of the monolayer was monitored throughout the experiment
with the computer-controlled film balance. We also performed experiments using the computercontrolled film balance with a Petri dish. For the experiments done in a Petri dish (Figure 4-5), the
lipid monolayer was first formed on the surface of 10 mL of subphase in the Petri dish. Then after
30 min, BCL solution was injected underneath of the lipid monolayer using a microsyringe that
went through the monolayer surface. The final concentration of BCL was 1 mg/mL. The surface
pressure was monitored with the computer-controlled film balance throughout the experiment.
4.3.2 MD Simulation System Building
Simulation methods below were used by Jamie Schiffer and others in the Professor
Rommie Amaro’s group.
We used Schrödinger PrepWizard53 to prepare BCL structures for molecular dynamic
simulation. The Burkholderia cepacia triacylglycerol lipase (BCL) crystal structure (PDB: 3LIP)
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was prepared for simulations, maintaining the four waters from the crystal structure around the
calcium in the PDB structure. The full BCL−bilayer system was built with CHARMM-GUI,54 and
the orientation of BCL in the membrane was determined using the orientation of protein in
membrane (OPM) server.55 The system was protonated at approximately pH 6, with the pKa
titratable residues determined with the Maestro integrated PROPKA56 as the pH within marine
aerosols is known to decrease significantly from that of seawater (pH 8.4). Control simulations of
bilayer-only systems were also built in the same manner as that described above at pH 6.
All residues were maintained at the protonation states determined with PROPKA for
aqueous environments except for three: (1) the active site histidine (H286) because this residue is
buried at the interface and thus is likely to maintain a higher pKa than 7.20 in the presence of
phospholipids/fatty acids and (2) the cysteines C180 and C270, for which the disulfide bond was
broken. The rationale behind breaking the disulfide bond was based on the location of the disulfide
bond proximal to the membrane surface, which in each system contains protonated carboxyl
groups and protonated phosphate groups capable of becoming deprotonated upon changes in local
environments. Thus, the disulfide bond was broken to sample a greater portion of conformational
space and simulate more realistic protein motions given the chemical environment of a lipid
interface.
The full systems were then built using CHARMMGUI54 and the OPM55 database to
position BCL in lipid bilayers. OPM placed the orientation of BCL such that residues 24, 26, 122,
126−127, 129−143, 145, 146, 149, 150, 218, 220−221, 223, 232−247, 249−250, 253 293, 294, and
296 were embedded in the bilayer. Four lipid bilayers were constructed, and these lipids were
chosen because they are known to be highly concentrated in SSA. Four systems were built at pH
6: Two systems were built within lipid bilayers of DPPA at 45 Å2 per lipid and 60 Å2 per lipid,
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and two more were built within lipid bilayers of palmitic acid at 24 Å2 per lipid and 30 Å2 per
lipid. Another two systems were built at pH < 4: lipid bilayers of palmitic acid at 24 Å2 per lipid
and 30 Å2 per lipid to elucidate the role of surface charge and pH on BCL structure. We solvated
each system in a TIP3P (33) cubic water buffer of 70 Å and x and y axis values of 70 Å as well.
Five Na+ ions were added to balance the charge of BCL, and the ion concentration was set at 0.4
M NaCl to mimic the lower range of the salt concentration in a SSA particle. The total number of
atoms in each system at pH 6 was 72991 for DPPA at 45 Å2 per lipid, 68924 for DPPA at 60 Å2
per lipid, 71363 atoms for palmitic acid at 30 Å2 per lipid, and 73210 for palmitic acid at 24 Å2
per lipid. The total number of atoms in each system at pH < 4 was 66070 for palmitic acid at 24
Å2 per lipid and 62554 for palmitic acid at 30 Å2 per lipid. The only difference between the pH <
4 and pH 6 simulations is the protonation states of the palmitic acid head groups and the number
of sodium ions present in solution. All other protein side chains except for H286 have pKa’s
determined by PROPKA57 above 8.4 or below 4, and therefore, the BCL protonation states are
identical in both simulations.
4.3.3 MD System Parametrization
System coordinates from preparation (above) were parametrized in CHARMMGUI using
the charmm36 force field parameters58 for the proteins and lipids, and periodic boundary
conditions were implemented. The calcium ion bound to the BCL was parametrized, as has been
previously discussed.59 This force field has been previously tested for the membrane protein
environment. Calcium remained bound throughout all of the simulations.
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4.3.4 GPU-Enabled MD Simulations
Simulations were performed with NVIDIA GK110 (GeForce GTX Titan) GPUs using the
CUDA version of PMEMD in AMBER16.60 The simulation systems above were minimized with
the CPU version of AMBER16 and equilibrated using the GPU version of AMBER16.60,61 We
minimized in one step with 2500 steps of the steepest-descent algorithm and the remaining 2500
steps with the conjugate-gradient algorithm. Positional restraints and dihedral restraints were used
during minimization to keep the lipids in all-trans configurations and to restrain the motion of
protein residues and lipid head groups.
Following minimization, five steps of equilibration were performed, including a stage of
heating: (1) 25 ps of hydrogenonly minimization with a restraint weight of 250 kcal/mol on the
protein and solvent, (2) 4 ps of water minimization with a restraint weight of 20 kcal/mol on the
protein and salt atoms, (3) 20 ps of water heating with a restraint weight of 20 kcal/ mol on the
protein and salt atoms, and (4) 40 ps of full equilibration. We equilibrated the system using
harmonic equilibration at 298.15 K over four sequential 500 ps runs, decreasing the restraint
potential on the backbone on each step, starting at 4.0 kcal/mol and ending at 1.0 kcal/mol.
GPUenabled AMBER16 production runs were carried out as an NPT ensemble at 298.15 K and 1
bar with a 2 fs time step and particle mesh Ewald (PME)62 electrostatic approximation and
nonbonding cutoff of 12.0 Å. These conditions were used to mimic the conditions of (1) the
mesocosm laboratory experiments of phytoplankton blooms in a waveflume3,63 and (2) smaller
phytoplankton growth and SSA-forming experiments performed in marine aerosol reference tanks
(MARTs)64 to mimic the open ocean. These experiments are where the different lipids were
identified in the aerosol phase and where lipase activity was measured.3,64 MD input files are
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provided as part of the data sharing files. For each of the six systems simulated, five copies of the
simulation were performed for 110 ns each.
4.3.5 Simulation Analysis
MD trajectories were processed within an ipython jupyter notebook65 environment using
PYTRAJ,66 MDTRAJ,67 and NumPy, as well as with cpptraj for PCA analysis and VMD68 for
visualization. All frames were aligned using backbone atoms. PYTRAJ was used to perform
dihedral, distance, radial distribution function, tilt angle, RMSF, membrane curvature, and
hydrogen bond-based measurements. MDTRAJ was also used to measure membrane curvature.
Curvature was calculated by fitting a quadratic surface to the C16- (in the case of palmitic acid) or
C216- (in the case of DPPA) carbon coordinates using the least-squares method available in the
NumPy computing package. Once the surface was fitted, the coordinates of the local extremum
were calculated and the curves along the surface in each principle direction (x and y) from the
critical point were determined. The radius of curvature in each direction was calculated by finding
the osculating circle at the vertex of each curve. All images were taken with visual molecular
dynamics (VMD).68
4.3.6 Principal Component Analysis (PCA)
The trajectory was stripped of solvent and aligned against backbone residues. PCA was
performed for all atoms for each frame of the trajectory using CPPTRAJ. Three principal
components were specified for calculation.
4.3.7 Pairwise Internal Distance Clustering
MD trajectories were processed within an ipython jupyter notebook65 environment using
PyEmma.69 All internal distances between all nitrogen atoms within the BCL backbone were
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calculated. Internal distances that were measured to be more than 7 Å or less than 3 Å during the
entirety of the simulations were removed. From the remaining nonredundant distances, all internal
distances that did not vary by more than 0.5 Å were also removed. This resulted in a total of 121
nonredundant internal distances for the more concentrated DPPA simulation, 84 nonredundant
internal distances for the less concentrated DPPA simulation, 83 nonredundant internal distances
for the more concentrated palmitic acid simulation at pH 2, 69 nonredundant internal distances for
the more concentrated palmitic acid simulation at pH 6, 71 nonredundant internal distances for the
less concentrated palmitic acid simulation at pH 2, and 65 nonredundant internal distances for the
less concentrated palmitic acid simulation at pH 6. Regular space clustering was performed on
these nonredundant internal distances, resulting in the number of clusters seen in Table 4-1.
4.3.8 SWISS-MODEL
A homology model of the closed structure of BCL was built using the FASTA sequence
from PDB 3LIP and building into the closed structure of lipase from Pseudomonas glumae, PDB
1TAH. The results from SWISSMODEL70,71 are found in Figure 4-6. The QMEAN score was
−0.51, Cβ was −1.53, the All Atom was −1.21, Solvation was −0.28, and Torsion was −0.16, with
a GMQE of 0.96.
4.3.9 APBS Electrostatics
The PDB 2PQR72 automated pipeline was used to investigate the electrostatics of the BCL
surface and active site pocket. A pH of 6.0 was chosen to align with the pH from the simulation
and SSA. All protein structures that underwent APBS electrostatics were prepared with maestro’s
prep wizard,53 had side-chain protonation states optimized with PROPKA,56 and used the PARSE
force field for the calculations.73

78

4.4 Results and Discussion
Surface adsorption isotherm measurements were performed for BCL in palmitic acid and
DPPA to both verify binding and elucidate the physicochemical effects of BCL at lipid surfaces
as a function of pH and lipid head group charge within a high salt SSA-mimicking environment.
Differences seen in the mean molecular area (MMA) after BCL injection into lipid surfaces of
different pH and lipid head group charges were rationalized through dynamic models generated
through all-atom MD. We first discuss the results from experimental surface measurements and
follow these results with an in-depth look at simulation findings, which model (1) how BCL alters
lipid structure at surfaces, (2) how reactivity-related BCL dynamics vary in different lipid
environments, and (3) how pH affects overall BCL stability and conformational changes.
Before studying the atomic-level dynamics associated with enzyme reactivity, we were
interested in exploring how the presence of enzymes at the surface alone alters surface structures
of common organic species in SSA. BCL was injected into the subphase of both palmitic acid at
pH 2 and 6 and DPPA at pH 6 Langmuir monolayers, after stabilizing these monolayers for ca.
408 min at a surface pressure of 5 mN/m. The change in MMA was measured over time (Figure
4-1).
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BCL
BCL

Figure 4-1: Impact of BCL (lipase) injection into subphase of palmitic acid (PA) at pH 2 (orange)
and pH 6 (black) and DPPA at pH 6 (blue). (Left panel) Surface pressure isotherms for PA and
DPPA at pH 6 showing the transition from the gas to tilted condensed phase is seen at a mean
molecular area of ca. 22 Å2 and 46 Å2, respectively. (Center panel) Monolayers are held at a surface
pressure of 5 mN/m in the Langmuir trough for 408 minutes before introduction of BCL. At 408
minutes upon introduction of BCL, as indicated by the arrow, the mean molecular area (MMA)
increases for these monolayers to over 40 Å2 for PA monolayers and 85 Å2 for DPPA monolayers
at pH 6, and over 50 Å2 for PA at pH 2. (Right panel) The percent increase in MMA is shown for
both systems.

In the case of palmitic acid at pH 6, MMA increases by 120% after injection of BCL,
whereas in the case of DPPA at pH 6, MMA increases by 94%. In the case of palmitic acid at pH
2, MMA increase by 180% after injection of BCL, and the surface tension decreases for all lipids
after BCL injection (Figure 4-5). The greater percent increase in MMA in palmitic acid at pH 2
suggests that BCL may be driven to or stabilized at the surface of SSA particles upon pH decrease.
Lower pH values are common for aerosol particles as they age due to heterogeneous reactions with
acidic gases in the atmosphere.49,50 This agrees with previous literature that demonstrated an
increased affinity for lipases at more hydrophobic, less charged surfaces.74,75 However, this
increase in MMA could also be due to decreased lipid stability caused by BCL adsorption.
Radial distribution functions, root-mean square fluctuations (RMSF) per lipid molecule,
and membrane curvature were predicted from all-atom MD simulations to inform on membrane
molecular stability in the presence and absence of BCL. Radial distribution functions measure the
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distribution of a type of atom within a radial distance of another type of atom. The RMSF per lipid,
shown projected onto the first frame from each of the simulations (Figure 4-2), measures the
average motion of a specific set of atoms (molecules or residues) over a trajectory and here aligns
qualitatively with the findings from Langmuir isotherm surface adsorption experiments.

Figure 4-2: Root Mean Square Fluctuation (RMSF) of the lipid membrane molecules, as
calculated per lipid residue (mass-weighted center of mass for each lipid), demonstrates the role
of surface charge and pressure in lipid dynamics around lipase. Lipid molecules are colored by
RMSF per molecule, with a large RMSF (> 35 Å) in red and small RMSF (< 10 Å) in blue. BCL
is in cyan. Computational data from Dr. Jamie Schiffer in the Professor Rommie Amaro’s group.
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The radial distribution function (g(r)) of the lipid anionic head groups to sodium reveal a
difference between the DPPA and palmitic acid systems: while the g(r) values for DPPA in the
presence of BCL are very similar to those for the BCL-free system, the g(r) values for palmitic
acid in the presence of BCL are less than those for the BCL-free system at pH 6 (at pH < 4 there
is very little coordination between palmitic acid and BCL as the carboxyl groups are entirely
protonated at lipid surfaces). This is due to the coordination of negatively charged carboxyl groups
to positively charged residues on the surface of BCL. The variable coordination of BCL to lipid
head groups as a function of charge is a metric that informs on the ordering of lipids that surround
BCL.
In fact, results from RMSF analysis of the lipids in simulation reveal that greater
coordination between BCL and lipid head groups is accompanied by lower fluctuations of lipids.
The RMSF of palmitic acid in the presence of BCL at pH < 4 demonstrates the largest fluctuations,
the RMSF of DPPA in the presence of BCL the lowest fluctuations, and the RMSF of palmitic
acid in the presence of BCL at pH 6 somewhere in between. Additionally, and perhaps
unsurprisingly, the RMSF of the higher surface pressure systems is less than the RMSF of lower
surface pressure systems in all three lipids. Results from control simulations reveal that in the
absence of BCL (Figure 4-6) the RMSF for all lipids is less than 10 Å at the higher surface pressure
of ∼5 mN/m (24 Å2 / molecule for palmitic acid and 45 Å2 /molecule for DPPA) and, on average,
much lower than 10 Å at lower surface pressures of ∼0 mN/m (30 Å2 /molecule for palmitic and
60 Å2 /molecule for DPPA). In short, the fluctuation of lipids in the absence of BCL is much less
than that found in simulations in the presence of BCL (Figure 4-2). Thus, the increase in surface
pressure from Langmuir isotherm experiments after BCL injection could, in part, be due to
increased dynamics of the lipids caused by BCL as modeled with MD simulations here. This
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finding is relevant to heterogeneous pathways within SSA because the increased dynamics of lipids
at the surface of SSA could contribute to an increase in chemical transfer across particle surfaces.
The curvature of these different lipid membranes is also impacted by BCL. Here we
measured curvature by fitting a quadratic surface to the C16 (terminal) carbon coordinates using
the least-squares method available in the NumPy computing package. Interestingly, the curvature
for the lipid membranes is greatest for DPPA at pH 6 and lowest for palmitic acid at pH 6 (Table
4-1), though all are essentially planar with R0 greater than 100 Å2. In summary, stronger
coordination between lipids and BCL leads to lower RMSF per lipid and an increase in curvature
as witnessed in DPPA, the lipid with the most negatively charged head group. This curvature could
suggest a greater propensity for formation of lipid islands around BCL in lipids like DPPA that
coordinate more strongly with BCL.41,42 These findings align with the experimentally determined
differences in surface area expansion that we measured for BCL injected into DPPA versus BCL
injected into palmitic acid. A greater curvature suggests that there would be less surface area
expansion and more movement of lipids out of the plane of the Langmuir trough. Thus, the smaller
surface area expansion measured for DPPA monolayers (∼75%) compared to that for palmitic acid
monolayers (∼100%) could be in part due to a larger curvature in the DPPA monolayers upon
BCL imbedding, effectively reducing the lateral expansion of these monolayers compared to
palmitic acid at pH 6.
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Table 4-1. Interface Changes in the Lipase-Lipid Bilayer Simulations. Computational data from
Dr. Jamie Schiffer in the Professor Rommie Amaro’s group.
Simulation
with BCL in:

RMSFavg of
α5 (Å)

Lid Distances
(Å)

Tilt Angle
(o)

Number of
Clusters*

Curvaturex,y (Å-1)

DPPA low
2.55 ± 0.51
19.77 ± 1.89 -0.38±3.78
3
0.0077±0.0017,
concentration
0.0083±0.0016
DPPA high
1.98 ± 0.33
23.86 ± 1.26
6.53±2.70
3
0.0087 ±0.0018,
concentration
0.00205±0.0014
Palmitic acid
1.82 ± 0.33
21.13 ± 1.20
4.43±2.80
3
0.0064±0.0025,
(pH 6) low
0.0063±0.0024
concentration
Palmitic acid
2.10 ± 0.32
22.95 ± 1.04 -0.65±2.70
2
0.0057±0.0040,
(pH 6) high
0.0041±0.0037
concentration
Palmitic acid
1.79 ± 0.40
21.76 ±1.33 1.09 ± 2.48
17
0.0074±0.0028
(pH <4) low
0.0040±0.0025
concentration
Palmitic acid
2.05 ± 0.56
21.89 ± 1.49 2.02 ± 2.66
12
0.0066±0.0024
(pH <4) high
0.0063±0.0024
concentration
Curvaturex is the curvature along the X plane, Curvaturey is the curvature along the Y plane.
RMSFavg is the average RMSF per residue over all residues in α5
* From pair-wise internal distance clustering between all residue pairs with an internal distance between 3
and 7 Å at some point in the trajectory and varies by more than 0.5 Å over the trajectory with a cutoff of
2.0 Å between clusters. Hierarchical clustering results also reveal more clusters in the low pH simulations
based on lid residues alone

Not only does the presence of BCL impact the dynamics of the lipids within the membrane,
but in fact, the different lipid compositions, pHs, and lipid concentrations alter BCL dynamics.
Recall that a decrease in lid distance suggests a closing of the BCL active site and thus a decrease
in BCL reactivity. Interestingly, a closed homology model of BCL reveals that not only do lid
distances decrease in the closed BCL structure compared to the open but the amount of buried
residues (as determined with the OPM server)55 and tilt of BCL also differ from those of the open

84

BCL structure. The tilt of BCL in the membrane was measured along with the lid distance to
understand the relationship between these two parameters.

Figure 4-3: Free energy landscapes as a function of lid distance and tilt angle of lipase relative to
the lipid plane, under low surface pressure (left) and high surface pressure (right) conditions. The
lipase-binding class of each lipid is indicated in the right bottom corner of each plot.21 The best fit
lines for palmitic acid at pH <4 and DPPA at pH 6 demonstrate the correlation between lid distance
and tilt angle. Computational data from Dr. Jamie Schiffer in the Professor Rommie Amaro’s
group.

The free energy landscapes of BCL as a function of lid distance and tilt angle are shown in
Figure 4-3. From these free energy landscapes and time course measurements, a decrease in the
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lid distances occurs in concert with a decrease in the tilt angle of the BCL within the membrane
out of the Z axis (the Z axis is perpendicular to the lipid bilayer, Scheme 4-2). This correlation
between lid distance and enzyme tilt is seen for palmitic acid simulations at pH < 4 and DPPA
simulations at pH 6. For the palmitic acid simulations at pH < 4, at higher surface pressure (24 Å2
/lipid), BCL samples conformational states with more open and more tilted energy minima
compared with the lower surface pressure (30 Å2 /lipid) simulations. Interestingly, for the DPPA
simulations, the pressure greatly impacts the free energy landscape, with these two simulations
sampling almost completely different parts of the free energy landscape. For the palmitic acid
simulations at pH 6, the class III soluble lipase-binding lipids, the free energy landscapes reveal
little to no correlation between lid distance and BCL tilt. Thus, while a correlation is seen between
tilt and lid distance for BCL simulated in insoluble lipase-binding lipids, this same correlation was
not witnessed for BCL simulated in soluble lipase-binding lipids.
In the simulations of BCL performed in DPPA bilayers, lid motion is also well correlated
with an increase in membrane curvature and a change in the protein surface electrostatics
surrounding the lid residues (Scheme 4-2). The surface electrostatics realized in the closed
structure from MD simulation have similar surface electrostatics to the completely closed
homology model structure of BCL, with a positively charged surface neighboring the C-termini of
α5 and a negatively charged surface neighboring the N-termini of α5 (Scheme 4-2). Thus, strong
coordination between BCL surface charges and lipid head groups not only affects lipid structure
but could alter BCL enzyme reactivity. Moreover, the decrease in lid distances also decreases the
surface area of enzyme residues at the lipid, particle, and surface. It is also possible that this greater
variability in BCL lid distance in DPPA could lead to a smaller surface area of BCL and contribute
to the experimentally determined smaller expansion of the DPPA monolayer compared to the
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expansion of the palmitic acid monolayer. Additionally, the lid distances of BCL in the different
lipid membranes also inform on the potential impact of enzyme structure on transfer of chemicals
across particle surfaces.

Scheme 4-2. Changes in protein tilt, lid closure, and membrane curvature are accompanied by a
change in the protein electrostatic surface surrounding the lipase active site. In the top panels,
lipase is shown in cartoon representation (blue ribbon) with the active site helices (yellow)
embedded at the lipid interface. In the bottom panels, lipase is shown in surface representation,
colored by electrostatic potential (negatively charge indicated in red, neutral in white, and positive
charge in blue). Computational data from Dr. Jamie Schiffer in the Professor Rommie Amaro’s
group.

The drastic differences in the relationship between lid distances and tilt angles in palmitic
acid and DPPA-embedded BCL simulations at pH 6 suggest that stronger lipid coordination (as is
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the case for DPPA) could contribute to lid closure and thus a decrease in BCL reactivity. To
understand the residue-level mechanism of BCL lid closure further, the dynamics of BCL in these
simulations was further investigated. BCL performs its chemical mechanism through coordinated
fluctuation of catalytic triad residues, while oxyanion hole residues rigidly coordinate to the
substrate’s carbonyl oxygen to lock substrates in place within the active site.

Figure 4-4. The RMSF per residue (calculated based on the mass-weighted average center of mass
per residue) difference between simulations of BCL performed at more concentrated (24
Å2/molecule) and less concentrated (30 Å2/molecule) negatively-charged (pH 6) lipid bilayer for
(a) BCL embedded in palmitic acid bilayers and (b) DPPA bilayers. The active site residues are
also shown, and distinguished as catalytic residues in cyan and oxyanion hole residues (residues
which coordinate the lipid oxygens) in purple. Computational data from Dr. Jamie Schiffer in the
Professor Rommie Amaro’s group.

As determined through RMSF measurements per residue of BCL in each MD system, two
different sets of enzyme residues fluctuate concertedly and inversely from one another based on
lipid concentration (Figure 4-4). Interestingly, the residues in these two sets are not necessarily
proximal to one another in the BCL structure. The first set of residues includes the calcium
coordinating loop, α4, α5, and oxyanion hole residues (which position the carbonyl carbon of the
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substrates in the correct orientation for lipase hydrolysis). The second set of residues includes the
active site loop residues, α9, and, surprisingly, the loop between α4 and α5. Given the mechanism
of BCL, the first set of residues is linked with lid closure and thus BCL deactivation (i.e., enzyme
active site closing), while the second set of residues is linked with lid opening and catalysis and
thus BCL reactivity (i.e., enzyme active site opening, substrate entry). The concerted fluctuation
of these two sets of residues in different lipid concentrations has not previously been reported in
the literature for simulations performed in SSA-mimicking environments and thus shows the
importance of unique environments on BCL dynamics that affect reactivity.
In the more concentrated palmitic acid bilayer, the RMSF per BCL residue is greater for
the lid dynamics-associated residues than it is in the less concentrated bilayer. Conversely, in the
less concentrated DPPA bilayer, the RMSF is greater for the lid dynamics-associated residues than
it is in the more concentrated DPPA bilayer (Figure 4-4). In other words, in palmitic acid bilayers,
BCL has greater lid dynamics at higher lipid concentrations, whereas in the DPPA bilayer, BCL
has greater lid dynamics at lower lipid concentrations. Additionally, the fluctuations of the lid
dynamics-associated residues are anticorrelated with the active site residues. Thus, the active site
residues are more dynamic in the DPPA bilayers at higher concentration and at palmitic acid
bilayers at lower concentration. In other words, surface pressure likely effects BCL reactivity, but
the trend in surface pressure impact is dependent upon the composition of the lipids in which BCL
is imbedded. For example, in a palmitic acid-containing SSA particle, as particle hygroscopicity
increases and the palmitic acid surface pressure decreases, the reactivity of BCL enzymes may
increase. Conversely, in a DPPA-containing SSA particle, as particle hygroscopicity increases and
the DPPA surface pressure decreases, the reactivity of BCL enzymes may decrease. This suggests
an incredible diversity in enzymatic processing by BCL within chemically distinct and aging SSA.

89

BCL was simulated in palmitic acid bilayers at pH 6 and pH < 4 as two different classes of
lipase-binding lipids based on the differences in protonation states.11 Comparisons between these
two sets of simulations also allows us to observe differences in dynamics of BCL as a function of
aging in SSA particles49,50,76 and relate these observations back to the change in surface areas
witnessed from Langmuir isotherms. BCL is more dynamic in palmitic acid bilayers at a pH of <
4 versus that at a pH of 6, likely due to protein instability in lower pH environments. This is most
evident from the number of clusters, a metric that results from pairwise internal distance clustering
using regular space clustering with pyEmma (Table 4-1).69 While the dynamics of BCL in the
DPPA and palmitic acid bilayers at pH 6 results in 2−3 clusters, the dynamics of BCL in palmitic
acid at pH < 4 results in 17 clusters at low lipid concentration and 12 clusters at high lipid
concentration. A greater number of clusters demonstrates an overall greater level of dynamic
motion by the BCL enzymes. The more dynamic the enzymes at the interface, the more
destabilizing the enzymes to neighboring lipids and surface molecules, causing these lipids to
spread out more across a surface. This finding aligns with the increase in MMA that we observed
through Langmuir isotherm experiments after lipase injection for palmitic acid at pH 2 (∼180%)
as compared to that at pH 6 (∼100%). This increase in lipid disorder and expansion across a surface
could alter SSA reactivity or particle hygroscopicity (Figure 4-2).
Additionally, the lid dynamics (Table 4-1, Figure 4-3) and protein RMSF (Figure 4-4) are
less affected by the lipid concentrations at pH < 4 than those at pH 6 in palmitic acid. Taken
together, these results, along with the increase in RMSF per lipid for the pH < 4 simulation, suggest
that at low pH the instability of BCL increases the dynamics of the lipids surrounding this enzyme.
Thus, BCL could alter the surface packing and intermolecular interactions of molecules at SSA
surfaces, as has been shown both computationally and experimentally here. However, BCL is less
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likely to alter the chemistry of the molecules through enzymatic processing in low pH SSA
environments where the coordinated motions needed to guide enzymatic processing are less
favorable due to enzyme instability.
In the context of protein dynamics, our findings suggest that (1) BCL dynamics sequester
into two sets of residue fluctuations only in a negatively charged lipid environment, (2) changes
in concentration of neutral lipids do not greatly impact BCL activity-related dynamics, and (3)
charged lipid bilayers decrease the number of unique conformational states of BCL. The
conformational change is seen in simulations where BCL lid closure begins to include burial of
the hydrophobic or nonpolar residues that are surface-accessible in the crystal structure, as has
been seen previously.14,39,43,77 Notably, the mechanism of lid closure indicated here is different
than what has been seen in previous simulations of BCL performed in pure water
environments.38,39 Previous results described lid closure within two replicates of 20 ns of MD
simulations, caused by unfolding of α5 and a concerted fluctuation of α5 and α9, whereas in the
significantly longer time scale MD simulations performed at the bulk-solvent/lipid interface
presented here, α5 motion and α9 are not concerted and α5 movement associated with lid closure
occurs over 110 ns in three of five replicates. This suggests that the mechanism of lid closure could
be different depending on the chemical environment and thus that MD simulations of membraneembedded proteins should take into consideration realistic interfacial environments.
Not only does the environment affect the BCL dynamics and, by extension, enzyme activity,
but in turn, the change in BCL structure affects the environment. Here we propose that the
mechanism of these symbiotic fluctuations of BCL residues and membrane lipids stems from the
charge of the lipid head groups. For example, in the pH < 4 simulation, which has protonated
noncharged head groups, the coordination between the lipid head groups and the cationic residues
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on BCL is weak, as defined by a small g(r). We propose here that this reduced coordination results
in a less constrained, more dynamic BCL protein, as demonstrated by the number of clusters
calculated through internal distance-based clustering for the entire protein (Table 4-1). In turn, this
more dynamic BCL propagates these fluctuations into the surrounding lipids, as witnessed through
the increased lipid RMSFs as compared to control simulations without BCL (Figure 4-2, Figure 46). These weaker interactions between lipid bilayers and protein also keep the curvature less than
the curvature around BCL in the charged lipid membrane simulations (Scheme 4-2, Table 4-1).
Increases in curvature of lipids at the SSA surface will impact the lipid phase and could lead to the
formation of lipid islands at particle surfaces,78,79 which could increase or alter heterogeneous
pathways and water uptake.80
In the pH 6 simulations, the palmitic head groups at higher surface density (24 Å2 /lipid)
coordinate more tightly with positively charged residues on the BCL surface than palmitic head
groups at a lower surface density (30 Å2 /lipid). This trend is the opposite for DPPA head groups,
which coordinate less tightly with positively charged residues on the BCL surface at higher lipid
surface densities (45 Å2 /lipid) than at lower lipid surface densities (60 Å2 /lipid). Interestingly,
the α5 helix and other ligand closing-associated residues are more likely to fluctuate with higher
coordination of lipid head groups. Here we suggest that an array of cationic residues proximal to
the BCL lid domains are responsible for tightly conjugating to negatively charged lipid head
groups and in turn closing the BCL lid through tight electrostatic interactions with lipid anionic
head groups.
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4.5 Conclusions
The results here exemplify how chemical complexity and electrostatic interactions between
the BCL and lipids at the surface of SSA can alter the reactivity and dynamics of the BCL, which
in turn alters the structure and orientation of the lipids at the surface of SSA. Here we find that a
change in concentration of lipids at SSA surfaces can alter the structure of BCL at a lipid surface
and decrease the activity of BCL through lid closure. This reduction in activity could essentially
reduce the processing (by BCL) of triacylglycerols into fatty acids. This would thus create a
feedback loop within SSA that is reminiscent of molecular signaling pathways within cells.
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4.7 Appendix
4.7.1 Supporting Figures

Figure 4-5. Surface pressure changes at lipid monolayers upon lipase injection. The four colorcoated areas of the time versus surface pressure plots are: (A) introduction of lipid on salt subphase
to form a monolayer (orange, palmitic acid; dark red, DPPA); 52 (B) relaxation curve of the lipid
monolayer (light yellow, palmitic acid; light orange, DPPA); (C) injecting of BCL in the subphase
underneath the lipid monolayer with a final concentration of 1 mg/ml (green); (D) surface pressure
increasing due to the insertion of BCL in to the monolayer on the surface (light green).
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Figure 4-6. RMSF of lipids in control simulations (absence of BCL). Computational data from Dr.
Jamie Schiffer in the Professor Rommie Amaro’s group.

More details for the MD simulation can be found in the supplemental information of Schiffer et
al.81
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Chapter 5 Surfactant Charge Modulates Structure and
Stability of Lipase-Embedded Monolayers at Marine
Aerosol Surfaces

5.1 Abstract
Lipases, as well as other enzymes, are present and active within the sea surface microlayer
(SSML). Upon bubble bursting, lipases partition into sea spray aerosol (SSA) along with surface
active molecules such as lipids. Lipases are likely to be embedded in the lipid monolayer at the
SSA surface and thus have potential to influence SSA interfacial structure and chemistry.
Elucidating the structure of the lipid monolayer at SSA interfaces and how this structure is altered
upon interaction with a protein system like lipase is of interest, given the importance of how
aerosols interact with sunlight, influence cloud formation and provide surfaces for chemical
reactions. Herein, we report an integrated experimental and computational study of Burkholderia
cepacia lipase (BCL) embedded in a lipid monolayer and highlight the important role of
electrostatic, rather than hydrophobic, interactions, as a driver for monolayer stability. Specifically,
we combine Langmuir film experiments and molecular dynamics (MD) simulations to examine
the detailed interactions between the zwitterionic dipalmitoylphosphatidylcholine (DPPC)
monolayer and BCL. Upon insertion of BCL from the underlying subphase into the lipid
monolayer, it is shown that BCL permeates and largely disorders the monolayer while strongly
interacting with zwitterionic DPPC molecules, as experimentally observed by Langmuir
adsorption curves and Infrared Reflectance Absorbance Spectroscopy (IRRAS). Explicitly
solvated, all-atom MD is then used to provide insights into inter- and intramolecular interactions
that drive these observations, with specific attention to the formation of salt bridges, or ionic
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bonding interactions. We show that after insertion into the DPPC monolayer, lipase is maintained
at high surface pressures and in large BCL concentrations by forming a salt-bridge-stabilized
lipase-DPPC complex. In comparison, when embedded in an anionic monolayer at low surface
pressures, BCL preferentially forms intramolecular salt bridges, reducing its total favorable
interactions with the surfactant and partitioning out of the monolayer shortly after injection.
Overall, this study shows that the structure and dynamics of lipase-embedded SSA surfaces vary
based on surface charge and pressure, and that these variations have the potential to differentially
modulate the properties of marine aerosols.

5.2 Introduction
The lipid monolayer interface has largely been studied for its biological relevance—
monolayers occur in the body as lung surfactants and tear films—but is also of great interest to the
atmospheric chemistry community for its role in modulating SSA particle reactions and
dynamics.1–9 Lipid monolayers are known to coat the ocean surface and the surface of nascent SSA
and can significantly impact SSA climate-relevant properties.3–5,7–11 It has been shown that the
lipid type and composition of SSA surfaces have all been found to influence hygroscopicity, 3,6
cloud condensation nucleation activity,3,5,6 and ice nucleation activity of SSA.4,11 Amphiphilic
lipids can impact interfacial properties of SSA primarily because they are surface active.
Surfactants such as phospholipids participate in photooxidation and ozonolysis,12 their anionic
headgroups selectively bind and concentrate trace metal cations at the surface,13–15 and their carbon
chain length and headgroup charge(s) influence the transport and reactivity of gases at the
interface.7–9 While the chemical composition of SSA and their effects on climate are becoming
more resolved, the molecular structure and dynamics of SSA surfaces remain difficult to probe
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experimentally.16–23 Computational methods such as all-atom MD have therefore contributed
largely to the existing body of work on the lipid monolayer interface.24–27 Since computational
methods can resolve chemical systems at the atomic level, the integration of computation with
experimental aerosol techniques is expected to significantly advance our ability to model the SSA
interface.28 The present study thus takes an integrated computational and experimental approach
to understand how the lipid monolayer surface of SSA is affected by the presence of lipase.
Of particular importance to this work, lipases, as well as other enzymes, have been
previously found in nascent SSA and remain active after aerosolization with consequences for
aerosol reactivity.19 Lipases catalyze the breakdown of high order glycerides into their respective
fatty acids.29–31 BCL, the lipase used in this study, is produced by a complex of bacterial species
commonly found in marine environments.32,33 In SSA, free lipases can either have been secreted
by marine bacteria or released as their bacterial cells lyse during aerosolization.34,35 A recent study
on BCL embedded in DPPA, palmitic acid, and palmitate bilayers shows that BCL structure is
highly dependent on its immediate chemical environment, suggesting that subtle variations in SSA
lipid composition and surface pressure could have drastic effects on its activity.36–38 Although it is
currently unknown whether lipases embedded in lipid monolayers, rather than bilayers, retain their
activity, BCL in particular is known to be structurally and functionally robust; it is able to retain
its conformation and catalytic activity in various aqueous environments, across a broad pH range,
and in the presence of high organic solvent concentrations.39–41 In the context of SSA surface
chemistry, the presence of an active lipase enzyme at the surface would mean that the surface
properties of the particle are dynamic and change over time. If lipases process lipids at the surface
of SSA, there would be a flux in surface pressure, charge distribution, and even overall stability
and solubility of the monolayer as the particle ages. 13,25,42–45 Furthermore, bioaerosols containing
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proteinaceous material provide a host of additional reactive sites that readily participate in
processes such as radical photochemistry, nitration by gaseous NO3, and ozonolysis.46–48 The
biotransformation of SSA by lipase is thus of direct relevance to atmospheric chemistry.
In addition to directly modifying the chemical composition of SSA, lipases are also likely
to alter interfacial chemistry through intermolecular interactions with surrounding surfactants.36
The lipid population at SSA surfaces is not necessarily dominated by the enzyme substrate. Rather,
at the surface is a complex mixture of fatty acids, phospholipids, triglycerides, and many other
organic components, meaning that folded and functional lipases will not always chemically
process their surroundings. 5,11,16,20,23 For example, BCL induces lipid curvature when embedded
in DPPA bilayers, a finding which is unsurprising given that membrane-embedded proteins are
well-known to structurally modulate their surrounding chemical environment and vice versa.36,49–
51

The lipid-lipase interactions are likely to be impacted by the lipid type and headgroup charge,

as these influence hydrogen-bonding, Van der Waal’s forces, and salt-bridges. One of the goals of
the present study is to characterize the dominant intermolecular interactions between lipase and
both charge-balanced zwitterionic and negatively-charged surfactant monolayers, and to
understand how these interactions might affect SSA surface chemistry.
Here we integrate IRRAS combined with Langmuir trough techniques with all-atom MD
simulations to characterize the surface properties of model lipase-embedded monolayer systems.
We investigate BCL interactions with two atmospherically-relevant lipids, zwitterionic DPPC and
anionic DPPA, both of which form stable monolayer films at air-aqueous interfaces. In SSA, these
lipids originate in bacterial cell membranes and are released when bacterial cells lyse due to cell
death or through the aerosolization process.34,35 While nascent SSA surfaces are likely to be

106

heterogeneous mixtures of phospholipids and fatty acids,16 homogenous monolayers were selected
for the present study to reduce the complexity of real world systems and allow for careful
examination of lipase-surfactant interactions. DPPA has a similar chemical structure to DPPC;
both are glycerophospholipids containing two 16-carbon, saturated hydrocarbon chains, with the
exception that DPPC contains a positively-charged quaternary ammonium moiety attached to the
negatively-charged phosphate headgroup. BCL dynamics in DPPA at low surface pressure have
been studied previously; DPPC was selected for this work because the effects of zwitterionic lipids
on lipase is not well understood.36 IRRAS is used to extract information about surfactant
organization and ordering, coupled with a film balance and a Langmuir trough to assess the effects
of varying surface pressure on BCL-embedded monolayers. All-atom MD is then used to model
protein-lipid interactions, lipid interactions, and protein structure and dynamics to inform the
analysis of the experimental data. Understanding the reciprocal interactions between lipid
monolayers and lipase can help us better understand the structural and chemical properties of
nascent SSA.

5.3 Experimental Section
5.3.1 Materials and sample preparation
Lipase from Pseudomonas cepacia (≥ 30 U/mg) was purchased from Sigma Aldrich. Lipids
(DPPA and DPPC) (> 99%) were from Avanti Polar Lipids. Chloroform (> 99.9%) was from
Fisher Scientific. The agents above were used without further purification. The DPPC solution was
prepared in chloroform with a concentration of 1 mg/ml and the DPPA solution was prepared in a
4 : 1 chloroform : methanol solution with a concentration of 0.42 mg/ml.52,53 Milli-Q water with
an electric resistance of 18.2 MΩ was used for the aqueous subphase. NaCl salt purchased from
Fisher Scientific was purified by baking at 200°C overnight to remove organic contaminants and
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was prepared as a 0.4 M salt water solution. The concentration of NaCl solution was chosen to be
near the sea water concentration. The lipase solution was made in 0.4 M NaCl with a concentration
of 4.55 mg/ml. The pH of the subphase was around 5.5, which is within the range of aerosol
acidity.45,53
5.3.2 Langmuir surface adsorption curve
A computer-controlled film balance with a Langmuir trough (KSV NIMA LB, S/N
AAAA100505) was used for performing the surface adsorption experiments while holding surface
pressure constant. A water circulator (Beckman Geneline Cooler) controlled the temperature of
the subphase in the trough at 22 ℃. The lipid solution was first spread onto the 55 ml subphase in
the trough using a microsyringe. The monolayer was then left for 20 minutes in order for the
solvent to evaporate. After that, the monolayer was compressed to a desired surface pressure and
was held at this surface pressure. A 0.2 mL lipase solution was injected with a syringe coupled
with Teflon tubing on the needle underneath the lipid monolayer as described previously.36 The
final concentrations of lipase in the subphase were 250 nM, 500 nM, 1000 nM, or 1350 nM. The
change in molecular area was monitored throughout the experiment while holding the surface
pressure constant.
We performed holding area experiments using the computer-controlled film balance with
a slightly modified side hole petri dish, designed by Allen and co-workers.15 The lipid monolayer
was first formed on the surface of 55 ml subphase in the petri dish. The lipase solution was then
injected underneath the monolayer through the side hole after 30 minutes and the final
concentration of lipase in the subphase was 500 nM. While the area was kept constant, the surface
pressure was monitored with the computer-controlled film balance throughout the experiment.
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5.3.3 Infrared reflection absorption spectroscopy (IRRAS) system
The IRRAS set up has been described previously.12 The IR beam from an infrared
spectrometer (Bruker Tensor 37) is directed onto the aqueous solution surface in the Langmuir
trough or the side hole petri dish at a 30° angle from the surface. At an air-water interface, the
optimal angle for the incident beam is 0º to 40º when an unpolarized beam is used. 54,55 The
reflected beam is collected and sent to an MCT detector (Infrared Associates Inc., mid-band with
ZnSe window). Each IRRAS spectrum is an average of 300 scans with a spectral resolution of 4
cm-1. Due to the low signal and water vapor interference in other regions, here we focus only on
the C-H stretching region. For some of the experiments, the IRRAS spectrum was taken every 30
minutes throughout the experiment and some were taken once at the beginning and once at the end.
The reflectance-absorbance (RA) for the IRRAS spectra were plotted as a function of wavenumber
where
RA = -log (R/R0)

5-1

and R is the reflectivity of the film covered surface while R0 is the reflectivity of the aqueous
subphase.
5.3.4 Molecular dynamics system preparation
Simulation methods below were used by Abigail Dommer and others in the Professor
Rommie Amaro’s group.
All monolayer systems were set up using CHARMM-GUI in 0.4 M NaCl at 298.15 K and
were composed of a rectangular box with periodic boundary conditions.56 Two lipid monolayer
leaflets containing molecules of either DPPA or DPPC were placed above and below a TIP3P
water slab, creating two interfaces in the xy-plane, with air (vacuum) on either side. The xy
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dimensions of the box were 100 x 100 Å, while the total length of the box in the z direction was
300 Å. TIP3P was selected due to its high compatibility with the CHARMM36 force field for
lipids.57 Following routine protocols for monolayer simulations, vacuum was used at the air side
of the air-aqueous interfaces to approximate the density of gases in the atmosphere.24–26,58 The
lipase starting structure used for protein-lipid systems was based on the PDB entry 3LIP, with
protonation states for all amino acids assigned for a pH 6 system through the Schrödinger Protein
Preparation Wizard.59,60 For a mean molecular area (MMA) of 47 Å2/lipid, 212 DPPC or DPPA
molecules were placed in each leaflet. For leaflets containing lipase, the lipase was placed in the
center of the leaflet at an orientation calculated using the Orientation of Proteins in Membranes
(OPM) database and server and surrounded by 179 lipid molecules.61 Each system built consisted
of approximately 100,000-120,000 atoms.

All systems were prepared for simulation with

GROMACS and parametrized using the CHARMM36 forcefield.57,62,63 The monolayers were
energy-minimized and equilibrated in 6 equilibration steps using GROMACS 2018 on an NVIDIA
GTX 1080Ti GPU (GeForce GTX Titan, NVIDIA, Santa Clara, CA).
5.3.5 Molecular dynamics simulations and data analysis.
Production steps for each system were run for approximately 400 ns total with 3 replicates
under an NVT ensemble, an ensemble commonly used for monolayer simulations.25,26,58 For lipase
in each DPPA and DPPC, replicates 1, 2 and 3 were run for 100, 100 and 200 ns, respectively. The
systems were assumed to be fully equilibrated when energy, RMSD, and solvent-accessible
surface areas (SASA) converged. All production runs utilized the Extreme Science and
Engineering Discovery Environment (XSEDE), which is supported by National Science
Foundation grant number ACI-1548562.64 Specifically, simulations were performed on the

110

Bridges supercomputer, which is supported by NSF award number ACI-1445606 at the Pittsburgh
Supercomputing Center (PSC).65
Molecular simulation data was analyzed in the IPython Jupyter Notebook environment,
and all IPython notebooks for this work will be made available as part of the UCSD Library Digital
Collections: Center for Aerosol Impacts on Chemistry of the Environment (CAICE)
(https://library.ucsd.edu/dc/collection/bb96275693).66

5.4 Results and Discussion
5.4.1 Lipase insertion disrupts the lipid monolayer as evidenced by experimental and
computational methods
A Langmuir trough coupled with IRRAS spectroscopy was used to interrogate the impact
of lipase on the surface properties of a DPPC monolayer. The isotherm of DPPC can be seen in
Figure 5-7a. This isotherm has been reported in the literature.14,67,68. We performed our holding
surface pressure experiments at a surface pressure of 10, 15 and 25 mN/m. In Figure 5-1, the
Langmuir curve of the DPPC monolayer at 10 mN/m after lipase injection shows a significant
increase in area (90%) within the first 5 minutes. Figure 5-8 shows that when holding the DPPC
monolayer at a certain area, the surface pressure increased after lipase injection. Based on the fact
that the area relaxation and pressure relaxation experiments are done with different methods, the
pattern of the increasing curves between these two kinds of experiments are not comparable.
Before lipase injection, the IRRAS spectra of the C-H stretching region between 2800 cm-1 to 3000
cm-1 included three peaks: the methylene symmetric stretch (2850 cm-1), methylene asymmetric
stretch (2920 cm-1) and methyl asymmetric stretch (2958 cm-1). From the IRRAS spectra before
and 5 minutes after lipase injection, we observed a significant decrease in the peak intensity
associated with the methylene stretch after lipase injection, as well as a broadening of the
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methylene stretching peaks and a shift to a higher wavenumber (Figure 5-1 insertion). The peak
associated with the methylene asymmetric stretch shifted from 2920 cm-1 to 2924 cm-1. The methyl
asymmetric stretch does not show a significant shift in frequency or peak broadening, but instead
has a small decrease in intensity. The peak at 2870 cm-1 after lipase injection could be associated
with the methyl symmetric stretch54 which shows a small shoulder near the methylene symmetric
stretch at 2850 cm-1 before lipase injection. The methyl stretch only shows a small decrease in
intensity while the methylene stretch shows a significant decrease in intensity; the peak at 2850
cm-1 before lipase injection disappears into the methyl stretch peak at 2870 cm-1 upon lipase
injection. The shift of the methylene groups to a higher wavenumber indicates a disordered
structure of the DPPC monolayer after lipase insertion, as previous studies have found that the
methylene stretching peaks shift to a higher wavenumber when entering a less ordered state.69
Additional evidence for increased disorder for DPPC structure is seen in the peak broadening.
Previous studies have found that peaks in the C-H stretching region in Raman spectra broaden
when going from a more ordered crystalline state toward a more disordered state.70–72
Conformational order information can also be obtained from the peak intensity ratio of the
methylene asymmetric and methylene symmetric peaks.70–73 This ratio changed from 1.9 to 1.5
after lipase injection, which indicates a more disordered system induced by lipase insertion. The
intensity loss can be attributed to either the increase in mean molecular area of the DPPC molecules,
indicating a lower density of DPPC molecules on the surface, or a loss of DPPC molecules through
dissolution into the subphase. The IRRAS spectra collected at longer time (greater than 5 minutes)
remained almost the same (data not shown).
We compared the lipase-DPPC interactions at different surface pressures by injecting
lipase into the DPPC monolayer and monitoring the change in surface area increase (Figure 5-1b).
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After lipase injection, there was a fast increase followed by a slower increase in surface area before
reaching a plateau at every surface pressure studied. The total area expansion decreased with an
increase in surface pressure of DPPC, which indicates either a suppression of lipase insertion or a
smaller surface area of lipase embedded in the surface at higher surface pressures. This is
consistent with previous experimental studies showing that, when injected into lipid monolayers,
the area increase induced by lipase is reduced at high surface pressures compared to lower surface
pressures.74,75 The IRRAS spectra before and after lipase injection for the DPPC monolayer at 15
mN/m and 25 mN/m are shown in Figure 5-9a and b, respectively. These spectra indicate that
lipase has a smaller effect on DPPC structure at a higher surface pressure of 25 mN/m in
comparison to the lower surface pressures investigated.

Figure 5-1. A) Increase in area of DPPC monolayer after holding at 10 mN/m induced by injection
of lipase in the underlying subphase. Insert: IRRAS spectra before (red) and 5 mins after (green)
lipase injection (final concentration of lipase of 500 nM). The yellow box indicates the time when
the IRRAS spectra are taken. B) Percent area increase of DPPC monolayers at 10, 15, and 25
mN/m induced by injection of lipase into the underlying subphase (final concentration of lipase of
500 nM).
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Molecular dynamics simulations of BCL in DPPC show that not only does lipase induce
molecular disordering of DPPC, but it becomes embedded in the monolayer such that the surface
of the enzyme is exposed to the atmosphere. In comparison, BCL in DPPA shows similar behavior;
it fully embeds into the surfactant monolayer and disorders the surrounding lipids (Figure 5-2).
Figure 5-2b gives plots of the total atmosphere-exposed surface area over the final 50 ns of each
production step for lipase in DPPC and in DPPA at MMA 47 Å2—a surface pressure of
approximately 25 mN/m. This suggests a molecular mechanism to explain the intensity decrease
and peak broadening in the IRRAS spectra. Lipase expands and embeds itself into the monolayer,
decreasing the concentration of DPPC molecules at the surface and lowering the intensity of the
IRRAS signal. The lipase could also contribute to the broadening of the IRRAS peaks by inducing
curvature of the monolayer film. Figure 5-2a shows the monolayer curvature around the enzyme
over the final 50 ns of simulation in DPPC and DPPA. The lipids surrounding lipase are warped,
i.e. disrupted, from their hexagonal packing structure and reoriented around the lipase surface.
Warping the monolayer out of the interfacial plane disrupts the C-H stretching signal, causing a
decrease in and broadening of signal intensity.

76,77

Finally, Figure 5-2c shows comparisons

between the nematic ordering of the lipids with and without embedded lipase. The nematic order
parameter, a value between 0 and 1, is an indication of unidirectional packing of the lipids, with
1.0 representing perfect ordering. Figure 5-2c shows that the nematic ordering decreases in the
presence of lipase both in DPPC and DPPA. These findings are consistent with previous studies
indicating that the surrounding interfacial environment is key to lipase structure, function and
activity; however, these show this phenomenon occurring at monolayer, rather than bilayer or
aqueous-organic, interfaces.36–38,50,51

114

Figure 5-2. Data pulled from MD simulations of lipase in DPPC and comparison to DPPA at
MMA 47 Å2, or approximately 25 mN/m in surface pressure. A) Quantification of monolayer
curvature over the final 50 ns of each simulation replicate. Curvature was calculated using SciPy’s
least squares fit; after fitting a surface to the points given by the phosphate headgroups, the inverse
radius of each osculating circle in the xz- and yz-planes was extracted. The values representing the
largest curvatures, in units of Å-1, are plotted. For reference, lines corresponding to the curvatures
of a 0.1 and 1.0 micron particle are shown in black (solid and dotted lines, respectively). B) Total
atmosphere-exposed surface area of lipase over the final 50 ns of simulation for each replicate.
Insets: Top views of lipase (blue) in DPPC (left) and lipase (purple) in DPPA (right). DPPC and
DPPA molecules within 5 Å of lipase are colored red and outside of 5 Å, cyan. C) Average nematic
order parameters for lipid leaflets with and without lipase embedded. DPPA is given in purple,
DPPC in green. Computational data from Abigail Dommer in the Professor Rommie Amaro’s
group.

These results indicate that even though the lipase does not directly act upon on the
surrounding lipids, it significantly alters the aerosol surface morphology with potential climaterelevant effects. For example, the insertion of lipase into SSA surfaces could increase particle
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hygroscopicity due to the disordering of the lipids at the interface, evidenced by the decrease in
nematic order parameter and increase in monolayer curvature. Tight packing conformations of
lipids in a monolayer film have previously been cited as a barrier to water uptake.3,43,78,79 Early
studies on mixed lipid monolayer films show a well-characterized drop in monolayer resistance in
the presence of low concentrations of impurities.80–82 At high surface pressures with highly-aligned
lipid packing conformations, it can be expected that a small defect such as a disruption to the
monolayer microstructure by lipase, will lead to a large drop in monolayer resistance and a
corresponding increase in water permeation across the interface. Because of this, it may be
reasonable to suspect that lipase-containing SSA could account for a portion of the cloud
condensation nucleation activity of organic-enriched aerosols. Additionally, the exposure of lipase
at the surface could have implications for atmospheric chemistry: proteins contain charged amino
acids that easily react upon collision with atmospheric gases. For example, BCL tyrosine Y129 is
exposed at the surface in our MD simulations. Tyrosine reacts readily with atmospheric ozone and
NOx species, providing one mechanism by which the biotransformation of aerosols could play a
role in the atmospheric nitrogen cycle.46
5.4.2 A comparison of lipase interactions with anionic DPPA and zwitterionic DPPC
monolayers: experimental data
When lipase was injected under DPPC and DPPA monolayers at 25 mN/m, while lipase
remained inserted in the DPPC monolayer, it crashed out of the DPPA monolayer after 85 minutes,
suggesting lower lipase stability in DPPA monolayer than in DPPC monolayer (Figure 5-3). The
isotherm for DPPA can be found in Figure 5-7b. In previous work, BCL was reported to be stable
in the DPPA monolayer at 5 mN/m, which indicates that lipase can bind with DPPA, but the
protein-lipid interaction is weak compared to that of lipase with DPPC.36 The percent area increase
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for DPPA before lipase crashes out is smaller than in DPPC at the same time, which also indicates
that DPPA binds weakly with lipase in comparison to DPPC. Figure 5-3 shows a slow decrease in
area at the end of the DPPC curve, as well as a decrease in area below the starting point in the
DPPA curve. This decrease can be partially attributed to the spontaneous dissolution of the lipids
into the monolayer as previously seen for studies of long chain fatty acid monolayers at the airwater interface.12,83,84 Figure 5-10 shows that the background area decreases when the pure lipid
monolayer is held at a constant 25 mN/m surface pressure. However, the area loss due to the lipid
background is still less than the area loss shown in Figure 5-3. Therefore, this area loss can be
attributed to two additional mechanisms: (i) a slight loss of lipase-lipid complex, as simulations
indicate that lipids can not only be incorporated into the lipase active site, but they also can adhere
to its surface; and (ii) the structural realignment of the lipids towards higher nematic orders
(straighter hydrophobic tails), which decreases their individual molecular areas.

Figure 5-3. Percent area increase and decrease of DPPA and DPPC monolayers at 25 mN/m,
induced by injection of lipase in the underlying subphase (final lipase concentration 500 nM).
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To test the effects of lipase concentration on its insertion to DPPC and DPPA monolayers
at higher surface pressures, we performed similar experiments at 25 mN/m with different lipase
concentrations. Figure 5-4a shows that lipase was stable in DPPC monolayers even at high lipase
concentrations. The final area increase of the DPPC monolayer was dependent on the
concentration of lipase used in our study (Figure 5-4b). In contrast, lipase was stable in DPPA
monolayers only at low lipase concentrations (Figure 5-4c); at higher concentrations, it crashed
out from the monolayer after a brief time. The “crashing out” phenomenon is further supported by
IRRAS spectra provided in Figure 5-4d. At high lipase concentrations (1000 nM), the area
increased rapidly in the first 10 minutes after lipase injection, followed by a slower increase until
110 minutes lapsed. During this time, the IRRAS spectra (Figure 5-4d, left IRRAS panel) show a
decrease in signal intensity and a broadening of the peaks in the C-H stretching region, indicating
that lipase decreased the chain ordering of the DPPA monolayer, similar to the behavior of lipase
in DPPC (Figure 5-1a). This disordering is confirmed by MD simulations (Figure 5-2c). However,
after 110 minutes, the area gradually decreased back to its initial state, and the IRRAS spectra
(Figure 5-4d, middle IRRAS panel) indicated an increase in signal, in which the peaks gradually
recovered. For comparison, the IRRAS spectra before and after 240 minutes of lipase injection are
presented in Figure 5-4d (right IRRAS panel) and they appear almost the same. These IRRAS
spectra indicate that almost all of the lipases inserted into the DPPA monolayer were eventually
squeezed out from the interface. This “crashing out” phenomenon has been observed previously
where Meister et al. found that the farnesylated and hexadecylated N-Ras proteins were squeezed
out from the lipid monolayer at 30 mN/m, but doubly hexadecylated N-Ras proteins at the same
surface pressure remained embedded.75

118

Figure 5-4. A) Percent area increase of the DPPC monolayer at 25 mN/m, induced by injection of
different concentrations of lipase to the underlying subphase. B) Percent area increase of the DPPC
monolayer vs. concentration of lipase in the underlying subphase. C) Percent area increase of the
DPPA monolayer at 25 mN/m induced by injection of different concentrations of lipase into the
underlying subphase. D) Area increase and decrease of the DPPA monolayer at 25 mN/m, induced
by injection of lipase into the underlying subphase (final concentration 1000 nM). IRRAS spectra
are: (left) before and 5, 10, 30, 60, 90 and 120 minutes after lipase injection (dark yellow to light
yellow), (middle) 120, 135, 150, 180, 210 and 240 minutes after lipase injection (light blue to dark
blue) and (right) before lipase injection (dark yellow) and 240 minutes after lipase injection (dark
blue).

5.4.3 Molecular dynamics calculations to further probe and compare interactions between
lipase DPPC and DPPA
To further investigate and compare the interactions between lipase and DPPA and DPPC,
molecular dynamics simulations run for each system at a surface pressure of 25 mN/m were
analyzed for indicators of intermolecular electrostatic interactions. To describe electrostatic

119

interactions between the lipase and surrounding charges on the lipids, we measured instances of
salt bridge formation across all trajectories. Salt bridges, defined here as ionic interactions between
a positively charged nitrogen and a negatively charged oxygen, are determined to have formed if
the two participating atoms enter within 3.5 Å of one another. Since salt bridge distances can be
highly variable, we have selected 3.5 Å as an intermediate value within previously reported ranges
(2.8-5.0 Å) as a cutoff.85–88 To understand the sensitivity of our distance cutoff selection, we
provide error bars representing higher and lower cutoff values, 4.0 and 3.2 Å, respectively. Figure
5-5a shows, in color, salt bridge formation between DPPC or DPPA headgroups and lipase. We
have also included in grey competing intramolecular salt bridges (“INT”) that form between
protein residues. This figure gives a depiction of the likelihood that specific interactions will occur.
The additional charge on zwitterionic DPPC as compared to anionic DPPA provides for
more total interactions between the lipid headgroups and lipase (Figure 5-11). Both headgroups
contain a negatively-charged phosphate, which can interact with positively-charged residues such
as lysine (K, green) and arginine (R, red). However, DPPC also contains a positively-charged
ammonium that can interact with negatively-charged surface residues such as aspartate (D, orange)
and glutamate (E, purple). Figure 5-5a shows that not only does lipase in DPPC contain
significantly more favorable electrostatic interactions than lipase in DPPA, it contains more
interactions that are sustained for more than 40% of the simulation time. Additionally, DPPA
coordinates strongly to sodium ions in solution. The negatively-charged DPPA surface is stabilized
by recruiting sodium cations, a process that does not occur in the neutral DPPC monolayer; thus,
the charged sites on BCL compete with sodium ions for coordination with DPPA. This provides
some molecular evidence to explain why lipase is more stable in DPPC than DPPA at high lipase
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concentrations, and why the percent area increase after lipase injection in DPPA is significantly
smaller than in DPPC.

Figure 5-5. Lipase forms more intermolecular salt bridges with DPPC than DPPA but forms more
intramolecular salt bridges in DPPA than in DPPC. Error bars are provided to indicate the
sensitivity of the analysis to the distance cutoff selection. A) Bar plot of salt bridge formation
between DPPC or DPPA molecules and lipase. Salt bridges were defined as sustained
intermolecular interactions between a positively-charged nitrogen group and a negatively-charged
oxygen group. Internal salt bridges (“INT”, gray) are competing intramolecular salt bridges
occurring between lipase residues. B) Intramolecular salt bridges forming between lipase residues.
Computational data from Abigail Dommer in the Professor Rommie Amaro’s group.
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Figure 5-5b shows all intramolecular salt bridges that occur between the two lipase systems.
For BCL in DPPA, the high prevalence of competing intramolecular salt bridges (Figure 5-5a), as
well as the number and duration of total intramolecular salt bridges (Figure 5-5b), suggests that
when BCL is surrounded by negative charges, it favors more intramolecular electrostatic
interactions than BCL in DPPC. Compared to BCL embedded in DPPC, not only is there a larger
percentage of available enzyme sites that have competing interactions, but those interactions
appear to be stabilized for longer portions of the simulation time. This suggests that in anionic
surfactants, BCL derives its structural stability from internal electrostatics, supporting
experimental evidence that shows decreased BCL-embedded monolayer lifetimes and a decreased
BCL-induced percent area increase for DPPA. Conversely, BCL readily complexes with
zwitterionic DPPC surfactants, which allows the DPPC surface to sustain the embedded lipase at
high concentrations and for longer time periods.
Our results suggest that electrostatics modulate the ability of lipase to embed in a lipid
monolayer. Previous all-atom MD studies have attributed the orientation of BCL at aqueousorganic interfaces to the degree of hydrophobicity of the organic phase, which functionally
stabilizes the enzyme in its open conformation as lipids are oriented into the active site.72,73 The
mechanism of BCL orientation in a lipid monolayer is similar. The hydrophobic lid helices (𝛼9, 4
and 5) that flank the catalytic pocket are immersed into the organic layer, and the remaining
hydrophilic portion of the lipase is exposed to aqueous solvent (Figures 6b, 6d). However, the
phospholipid monolayers used in this work are modified aqueous-organic interfaces; the
headgroups are charged and the length of the hydrophobic tails limit the depth of the organic
“phase.” At low surface pressures, it is possible that lipase stability at a monolayer interface is
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hindered by decreased organic phase depth and enhanced only in the presence of both positive and
negative charges.
Considering our experimental and simulation data together, we provide a hypothesis to
explain the rapid and discontinuous loss of area from the lipase-embedded DPPA monolayer seen
in Figure 5-3. Due to the low intermolecular interactions between BCL and DPPA, it is possible
that the lipases form small islands in the DPPA monolayer and then desorb from the monolayer
together as aggregates. At low surface pressures, the hydrophobic lid residues on BCL drive the
lipases to the surface. Initially, the lipases are likely to be evenly distributed throughout the
monolayer. However, the insertion of the lipases causes a disruption to the lipid ordering (Figures
1a, 2c and 4d), decreasing the Van der Waal’s interactions between the hydrophobic tails. Since
DPPA favors higher nematic orders (Figure 5-2c), over time, the monolayer undergoes structural
rearrangement to align the lipids back together (Figures 5-1a and 5-4d), leading to the slow
decrease in area; the rearrangement also contributes to the clustering of the lipases into islands in
order to reduce the overall free energy of the system. Ultimately, since BCL forms less salt bridges
with DPPA and more internal salt bridges (Figure 5-5b), the lipase islands desorb from the surface
in discrete groups until the monolayer returns to its original, lipase-free state. There is also
evidence of structural realignment after lipase insertion to DPPC monolayers that causes the broad
hump in Figure 5-3, but the salt bridges between lipase and DPPC stabilize BCL in the monolayer.
5.4.4 Differences in lipase structure and dynamics based on monolayer surface charge and
reciprocal impacts on the lipase-embedded surface
Molecular dynamics results show that lipase adopts substantial structural changes when
introduced to charged surfactants to maximize favorable intermolecular interactions. Taken with
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the results given above, structural alignment techniques, clustering, and SASA analyses are used
to interrogate the major structural and dynamic differences between lipase systems.
Table 5-1 shows the results of surface area analyses on BCL categorized by polar and
nonpolar surface areas as well as lipid-embedded and solvent-accessible surface areas. In DPPA,
the solvent-accessible surface area increases from its starting structure by 19%, compared to 0%
for BCL in DPPC. This can be attributed to partial unraveling of the lipase in response to exposure
to the negatively charged interface, coordinating its positive charges with negatively-charged
surfactants, and reducing negative-to-negative charge interactions. Insights into this structural
change can be seen in Figure 5-6e. Compared to BCL in DPPC, BCL in DPPA achieves a final
conformation with 11 nm2 more solvent-exposed polar residues and 6 nm2 more solvent-exposed
nonpolar residues. While the total percentage of solvent-exposed surface area increases, the
percentage of lipid-embedded surface area stays the same, differing from the starting structure by
at most 4% in the case of DPPC, with negligible differences in total lipid-embedded surface area
between the two final lipase conformations. Figure 5-6a shows the total lipase surface area over
the final 50 ns of each replicate.
Gromos clustering was used to highlight the major structural and dynamic differences
between the two lipase-embedded monolayer systems (Figure 5-6e).74 In total, BCL embedded in
DPPC attained 33 clusters, while BCL in DPPA attained 164. For BCL in DPPC, approximately
60% of simulation time is dominated by two BCL conformations, shown in Figure 5-6e, with the
dominant cluster contributing to 43% of frames. In contrast, in DPPA, the same percentage of
simulation time is dominated by 11 different conformations, with the highest contributing
conformation representing only 10% of frames. For simplicity, Figure 5-6e only shows 5 of these
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conformations, representing 34% of total simulation frames. It is clear that the major contributing
clusters differ significantly from each other in each surfactant type. Clustering results indicate that
BCL is highly flexible in DPPA and rigid in DPPC, which is supported by our salt-bridge analysis.
Due to the high number of salt bridges formed between BCL and DPPC, we would expect the
enzyme to be more rigid than in DPPA, forming a stable DPPC-lipase complex. Conversely, the
lack of salt bridges formed between BCL in DPPA allows the enzyme to be more dynamic,
sampling approximately 5-fold more conformational states than in DPPC. Clustering results, taken
together with a thorough analysis of electrostatic interactions, provide molecular support for the
destabilization of lipase at anionic surfaces and stabilization at zwitterionic surfaces.

Table 5-1. Surface area analysis on hydrophobic and polar residues exposed to solvent (exposed)
and lipid (embedded) for MD simulations at surface areas of 47 Å2/lipid. Computational data from
Abigail Dommer in the Professor Rommie Amaro’s group.
Initial
Structurea (nm2)

DPPA (nm2)

DPPC (nm2)

Δ (nm2) (DPPADPPC)

Polar + Charged
exposed

54 ± 2

63 ± 3 (+16%)b

52 ± 2 (-4%)

+ 11 ± 2

Hydrophobic
exposed

34 ± 2

43 ±33 (+26%)

37 ±3 (+8%)

+6±2

Total Exposed

89 ± 4

106 ± 4 (+19%)

89 ± 4 (+0%)

+ 17 ± 3

Polar + Charged
embedded

19 ± 1

19 ±32 (+0%)

21 ± 2 (+10%)

-2±2

Hydrophobic
embedded

38 ± 1

37 ± 2 (-3%)

34 ±2 (-11%)

+3±2

Total Embedded

57 ± 1

56 ± 2 (-2%)

55 ±3 (-4%)

+1±2

Lipase Residues

a

Surface areas of initial post-equilibration structures differed from each other by < 1%

b

Difference between average and initial structure
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Finally, we investigated how electrostatics govern the overall structure of the proteinembedded monolayer (Figure 5-6). Figure 5-6b-d shows a comparison between orientations of the
lipase at the surface. Figure 5-6c shows the evolution of lipase tilt angle over the final 50 ns of
each simulation, and Figure 5-6b and 6d show MD snapshots of the lipase oriented in their
respective lipids. In DPPC, BCL adopts a more tilted structure compared to BCL in DPPA, with
the lipase tilting to a 45º angle with respect to the z-axis in DPPC versus only 20º in DPPA. In
both cases, the hydrophobic active site helices are embedded in the lipids, but they achieve varying
orientations in the monolayer plane. In DPPA, the loop formed by helices 4 and 5 lies in the plane
of the headgroups, while in DPPC, the loop twists out of the plane (Figure 5-6b, d). The surfactant
headgroups in DPPC appear to scatter across the surface of lipase, increasing monolayer curvature,
while the headgroups in DPPA remain more planar (Figure 5-2a).

126

Figure 5-6. The structure of lipase and the lipase-monolayer complex changes based on surfactant
charge, demonstrated by notable changes in lipase solvent-accessible surface area, angle of
embedment into the monolayer, and structural clustering. A) Total solvent-exposed lipase surface
area by surfactant; B) Orientation of lipase (blue) in DPPC with the phosphate headgroups
represented as cyan spheres; C) The tilt angle, defined by the vectors associated with internal beta
sheets with respect to the z-axis. D) Orientation of lipase (purple) in DPPA with the phosphate
headgroups represented as cyan spheres; E) Results of Gromos clustering analyses: two lipase
structures from DPPC simulations (green) representing the top 50% of contributing clusters are
overlaid with 5 lipase structures from DPPA simulations (purple) representing the top 35% of
contributing clusters. Computational data from Abigail Dommer in the Professor Rommie
Amaro’s group.

These results indicate that monolayer surface charges govern large conformational changes
in lipase to maximize favorable intermolecular interactions, which in turn impacts the structure of
the surface. Since the total embedded surface area given in Table 5-1 does not change, it is likely
that while Van der Waals interactions may impact the partitioning of lipase to an aqueous-organic
interface, they only play a small role in its overall stability in monolayers.72,73 As suggested
previously, this is to be expected, given that the hydrocarbon chain length limits the organic phase
depth at the phospholipid interface. The unwinding of the lipase in DPPA can be attributed to
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significant repulsive electrostatic interactions between the negatively-charged residues on BCL
and the negatively-charged phosphate headgroups. The few sites on BCL available for binding to
DPPA—charged residues LYS 22, ARG297 and ARG258—coordinate with the phosphate
headgroups in the monolayer plane. In DPPC, because there are cationic and anionic BCL residues
available for binding, the lipase is stabilized in its open crystal structure conformation, and the
phosphate headgroups disperse across the lipase surface, increasing local curvature and decreasing
lipid packing order. Since the surfactants in real SSA surfaces are likely to be variable in charge
as well as in lipid composition, we postulate that these results will extend to real SSA systems.
We suggest here that the stability of lipase-embedded monolayer surfaces is dictated by
electrostatic interactions, and that the interactions induce changes in the folded structure and
dynamics of the enzyme, the packing of the lipids, and the overall structure and dynamics of the
resulting protein-embedded surface. Because the structure of the enzyme changes with surfactant
charge, it is likely that the activity of lipase also changes, making it possible that, depending on
details of the SSA surface composition, lipase could differentially act on and transform its
surrounding lipid environment while in aerosol form. Furthermore, the dynamics of the surface are
likely to modulate multiphase and heterogeneous atmospheric chemistry, where rigidity may
enhance the ability of a surface to template into ice crystals, and flexibility could enhance gas or
water transport across the surface.75-78

5.5 Conclusions
The results of this study suggest that electrostatic interactions between the external,
charged amino acids on lipase and the individual charges on the surfactants play a significant role
in the stability of lipases at the monolayer surface, as well as in the resulting structural properties
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of that surface. We present MD studies of BCL embedded in a lipid monolayer as an aqueousorganic interface, where organic phase depth is dependent on the length of the lipid tail, and
stability at the interface is dependent on coordinated intermolecular interactions between protein
and surfactant. We demonstrate that, while the negative charge on DPPA is not enough to stabilize
lipase at high concentrations or high surface pressures, the presence of a zwitterionic headgroup
as in DPPC causes a significant increase in the monolayer-lipase lifetime. Although real SSA
surfaces are unlikely to be homogenous matrices of either DPPC or DPPA, they are likely to vary
in surface charge distribution based on their lipid profiles. In the context of sea spray aerosol
chemistry, where the aerosol surface modulates atmospheric multiphase and heterogeneous
reactions, understanding the surfactant-dependent dynamics and fluctuation of protein to and from
the surface could bring us closer to accurately depicting SSA properties in atmospheric chemistry
and climate models.
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5.7 Appendix
More details of the all-atom MD system can be found in the supplemental information of
Luo et al.89
5.7.1 Supporting figures

Figure 5-7. Isotherm for DPPC (a) and DPPA (b) on 0.4 M NaCl subphase.
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Figure 5-8. Increase of surface pressure vs. time when lipase was injected under a DPPC
monolayer at a constant surface area with a starting surface pressure of 15 mN/m (green) and 7.5
mN/m (blue).

Figure 5-9. IRRAS spectrum of C-H stretching region for a DPPC monolayer while holding at 15
mN/m (a) and 25 mN/m (b) before (purple) and 5 minutes after (green) lipase injection (final
concentration 500 nM). We also show the spectra at 30 minutes after lipase injection for the 20
mN/m trial (blue) as the change of spectra in this one is slower than the other. IRRAS spectra later
than 5 minutes for (a) and later than 10 minutes for (b) stay almost the same (data not shown).
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Figure 5-10. Background area decreases when DPPC and DPPA monolayers are held at 25 mN/m
surface pressure.

Figure 5-11. DPPA and DPPC chemical structures. Computational data from Abigail Dommer in
the Professor Rommie Amaro’s group.
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Chapter 6 Insights into the Behavior of Nonanoic Acid and
its Conjugate Base at the Air/Water Interface through a
Combined Experimental and Theoretical Approach

6.1 Abstract
The partitioning of medium-chain fatty acid surfactants such as nonanoic acid (NA)
between the bulk phase and the air/water interface is of interest to a number of fields including
marine and atmospheric chemistry. However, questions remain about the behavior of these
molecules, the contributions of various relevant chemical equilibria, and the impact of pH, salt and
bulk surfactant concentrations. In this study, the surface adsorption of nonanoic acid and its
conjugate base is quantitatively investigated at various pH values, surfactant concentrations and
the presence of salts. Surface concentrations of protonated and deprotonated species are dictated
by surface-bulk equilibria which can be calculated from thermodynamic considerations. Notably
we conclude that the surface dissociation constant of soluble surfactants cannot be directly
obtained from these experimental measurements, however, we show that molecular dynamics (MD)
simulation methods, such as free energy perturbation (FEP), can be used to calculate the surface
acid dissociation constant relative to that in the bulk. These simulations show that nonanoic acid
is less acidic at the surface compared to in the bulk solution with a pKa shift of 1.1 ± 0.6, yielding
a predicted surface pKa of 5.9 ± 0.6. A thermodynamic cycle for nonanoic acid and its conjugate
base between the air/water interface and the bulk phase can therefore be established. Furthermore,
the effect of salts, namely NaCl, on the surface activity of protonated and deprotonated forms of
nonanoic acid is also examined. Interestingly, salts cause both a decrease in the bulk pKa of
nonanoic acid and a stabilization of both the protonated and deprotonated forms at the surface.
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Overall, these results suggest that the deprotonated medium-chain fatty acids under ocean
conditions can also be present within the sea surface microlayer (SSML) present at the
ocean/atmosphere interface due to the stabilization effect of the salts in the ocean. This allows the
transfer of these species into sea spray aerosols (SSA). More generally, we present a framework
with which the behavior of partially soluble species at the air/water interface can be predicted from
surface adsorption models and the surface pKa can be predicted from MD simulations.

6.2 Introduction
Atmospheric aerosol particles are ubiquitous in the atmosphere. Sea spray aerosols (SSA)
are a major component of primary aerosols as the ocean covers more than 70% of the earth’s
surface.1 SSA can impact climate by scattering or absorbing solar radiation,2,3 reacting with gases
in the Earth’s atmosphere,4–6 and affecting the formation of clouds.7 As SSA is generated from
wave breaking and bubble bursting from the sea surface microlayer (SSML), the aerosol particles
enrich a variety of organic species to the aerosol phase, especially surface-active molecules.8–10
Fatty acids contribute to a large fraction of surface-active organic species found in SSML and
SSA.8,11,12 The fatty acid organic coating on SSA surfaces can affect the climate-relevant
properties of these particles, such as their reactivity,3,13,14 hygroscopicity,15 optical properties,3
cloud condensation nucleation3,15,16 and ice nucleation activity.3,17 Although the most abundant
fatty acids found in the SSML and SSA are palmitic acid (C16) and stearic acid (C18),9,11,18 mediumchain fatty acids (C8-C10) have also been identified in previous studies.8,9,11 It has been found that
medium-chain fatty acids make up about 7.4%, 0.9%, and 1.7% of the total saturated fatty acids in
the SSML, coarse SSA (2.5-10 µm wet diameter), and fine SSA (< 2.5 µm), respectively.11
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Medium-chain fatty acids are both less surface-active and more soluble compared to longerchain fatty acids such as palmitic and stearic acids.8,19 For example, the solubility for palmitic acid
is 0.72 mg/L at 20 ºC, which is about 400 times lower than the solubility of nonanoic acid (300
mg/L). The protonated form of fatty acids is more surface-active while the deprotonated form is
relatively surface inactive.20,21 This is of particular interest since studies have shown that the pH
of aerosol particles can vary dramatically within a large range (0 ~ 8).22–26 Therefore, it is crucial
to understand the behavior of protonated and deprotonated medium-chain fatty acids at the surface
and in the bulk and how changes in pH alter their behavior in order to understand how this pH
range affects the properties of the aerosol surface.
In this study, we have combined experiments with theory to better understand the behavior
of nonanoic acid and its conjugate base at the air/water interface. The behavior of nonanoic acid
can be expressed as due to the presence of different species in the bulk and at the surface as shown
in Scheme 6-1.

Scheme 6-1. Four processes involved in the model to understand the behavior of nonanoic acid at
different pH and different nonanoic acid concentrations. Shown above are four different species
considered C8H17COOHbulk (HAb), C8H17COObulk‾ (Ab‾), C8H17COOHsurface (HAs) and
C8H17COOsurface‾ (As‾) and the four different transition arrows between them (the thicker arrow
represents that A‾ species is much less surface active compared to HA).
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The acid dissociation constant (pKa) of nonanoic acid in the bulk in Scheme 6-1, has been
reported in other studies.20,27 However, most of the studies have used weak acid titration, which
requires the bulk concentration of nonanoic acid to be at least 1 mM. As we aim to study nonanoic
acid at more environmentally relevant bulk concentrations, a method based on NMR spectroscopy
is used to measure the bulk pKa of nonanoic acid at 4 lower concentrations.28 The detailed
calculations for the bulk pKa of nonanoic acid and NMR data can be found in Appendix (see Figure
6-6 and 6-7).
The partitioning of both forms (HA and A‾) of nonanoic acid and nonanoate, respectively,
between the air/water interface and the bulk is examined by obtaining surface pressure versus
nonanoic acid concentration curves at either pH 2.1 ± 0.1 or pH 11.5 ± 0.5. Surface pressure is
defined as the difference between surface tension when the surfactant is present compared to the
surface tension of the pure aqueous solution. At these pH values, the HA and A‾ are present in the
bulk at concentrations of 0.01 mM to 1 mM and 0.05 mM to 15 mM, respectively. Two adsorption
models were fitted with the experimental data to obtain the partitioning of both HA and A‾.19,21 To
close the cycle shown in Scheme 6-1, we include the surface acid dissociation constant. This
constant is usually called the “surface pKa”

20,29

and it is a value of great interest.14,30 However,

this constant is difficult to determine from experiments alone. There have been studies which stated
that the acid dissociation of surfactants at the interface cannot be directly quantified by the surface
concentrations of the protonated and deprotonated forms as they are coupled with the adsorption
processes.31–33 Therefore, molecular dynamics (MD) simulations and free energy perturbation
(FEP) calculations were performed to directly investigate the surface stability and free energy
differences of protonation for the surface versus bulk acids. Since MD can resolve chemical
systems at a molecular level and on a nanosecond timescale, it remains an essential tool for
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understanding chemical properties not readily obtained by experimental methods. Here, the
combination of experimental and computational methods has provided advanced insight into the
behavior and properties of nonanoic acid at the surface and in the bulk. Furthermore, a
thermodynamic cycle between the four species plus the hydronium ions shown in Scheme 6-1 can
be established based on the combination of the experimental and computational results.
Additionally, given the large ionic strength in the ocean environment and the fact that salts
can affect the surface adsorption and stability of surfactants at the air/water interface,34–36 it is also
crucial to study the impact of salts on the surface activity of HA and A‾. Here a salt concentration
of 0.5 M NaCl was chosen for this study based on its concentration in the ocean. By using surface
pressure titration curves, surface adsorption model calculations and Infrared Reflection Absorption
Spectroscopy (IRRAS), we are able to elucidate the perturbation of salts on the behavior of
nonanoic acid at the air/(salt)water interface and in the bulk.

6.3 Experimental Methods and Materials
Nonanoic acid (analytical standard) was purchased from Sigma Aldrich and used without
further purification. NaCl salt was purchased from Fisher Scientific and was baked at 200°C
overnight to remove organic contaminants. Aqueous solutions were prepared using Milli-Q water
with an electric resistance of 18.2 MΩ. Hydrochloric acid (1 N stock solution) and sodium
hydroxide (1 N stock solution) were purchased from Fisher Chemical.
1

H NMR experiments for bulk pKa studies were performed using a 500 Jeol ECA NMR

spectrometer with wet suppression of H2O. Solutions of nonanoic acid were prepared at
concentrations of 1 mM in both water and 0.5 M NaCl salt solutions. The nonanoic acid solution
in water was then diluted to different concentrations. NMR samples were prepared volumetrically
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with 90% (v/v) nonanoic acid solutions and 10% D2O (99.9%, Cambridge Isotope Laboratories,
Inc.) for NMR field frequency lock. Solution pH was determined from an Oakton 700 pH meter
and was adjusted by either 1 N HCl or 1 N NaOH. The detailed calculations for bulk pKa of
nonanoic acid from NMR data are included in Figure 6-6 and 6-7.
Surface tension measurements were done with a Kibron AquaPi tensiometer. Acidic
solutions of nonanoic acid were prepared by dissolving 1 mM in water or 0.5 M NaCl solution at
around pH 11 to fully dissolve the nonanoic acid, and then the pH was adjusted to 2.1 ± 0.1. These
solutions were subsequently diluted with water (or 0.5 M NaCl solution) at pH 2.1 ± 0.1 to different
concentrations. Basic solutions of nonanoic acid were prepared at concentrations of 15 mM in
water or 0.5 M NaCl solution with 20 mM of NaOH. These solutions were then diluted into
samples with different nonanoic acid concentrations while maintaining the same Na+ concentration
as the starting solution. The pH of these solutions ranged from 11 to 12.
Surface pressure titration experiments were performed by a computer-controlled film
balance (KSV NIMA LB, S/N AAA100505) with a slightly modified side hole Petri dish, designed
by Allen and co-workers.37 Nonanoic acid solutions at different concentrations were made in water
or 0.5 M NaCl with an initial pH around 11.5. A 40 ml solution was used for each experiment and
was titrated with 1 N HCl via a syringe through the side hole of the petri dish. The solution was
stirred to ensure efficient mixing of the titrant. The surface pressure and pH were monitored
throughout the titration experiments. The balance was zeroed before each experiment (pH 11.5)
and therefore the surface pressure results were corrected by adding the surface pressure
measurement of each system at pH 11.5 from the tensiometer to all the data points. After the pH
of the solution was titrated to around 2, it was titrated back with 1 N NaOH to basic pH. There is
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no obvious difference found in this work between the different methods, i.e. from low to high pH
or high to low pH.
The Infrared Reflection Absorption Spectroscopy (IRRAS) setup has been described
previously.38,39 The IR beam from an infrared spectrometer (Bruker Tensor 37) is directed onto the
aqueous solution surface in the Petri dish at an angle of 30º from the surface. We chose 30º because
that is the optimal angle for the incident beam at an air-water interface for the unpolarized beam
used in our setup.40,41 The reflected beam is sent to an MCT detector (Infrared Associates Inc.,
midband with ZnSe window). The reflectance absorbance (RA) for the IRRAS spectra was plotted
as a function of wavenumber, where
𝑅

RA = −log (𝑅 )

6-1

0

and R is the reflectivity of the nonanoic acid solution in water or 0.5 M NaCl solution and R 0 is
the reflectivity of the pure water or 0.5 M NaCl solution. Each IRRAS spectrum is the result of
averaging 300 scans over the range of 4000 to 400 cm-1 with a spectral resolution of 8 cm-1. Spectra
shown in this work are the average of at least three individual spectra. Here we focus on the C-H
stretching region due to the low signal and water vapor interference in other regions of the
spectrum. We used the intensity of the C-H stretching region as a monitor of increasing and
decreasing surface coverage.
Simulation methods below were used by Nicholas Wauer and Abigail Dommer in the
Professor Rommie Amaro’s group. All-atom MD simulations were performed on nonanoic acid
monolayer systems. Nonanoic acid monolayers were constructed using PACKMOL42 by placing
nonanoic acid molecules into two symmetrical leaflets, which were then placed above and below

147

a block of TIP3P43 water molecules, with the carboxylic acid headgroups pointing towards the
water and the hydrophobic tails pointing towards vacuum. To directly compare to experimental
conditions, the fatty acids were packed at an area per lipid of 30 Å2. The systems were
parameterized using the CHARMM3644 force field and simulated with NAMD 2.13 at 298.15K in
an NVT ensemble.45 These simulations were completed on NVIDIA GTX 1080Ti GPU (GeForce
GTX Titan, NVIDIA, Santa Clara, CA). For a detailed figure and description of the simulation
box, see Figure 6-8.
To evaluate the relative stability of monolayers of protonated versus deprotonated forms
of nonanoic acid, 50 Å x 50 Å systems were constructed with 0.5 M NaCl to balance the charges
and mimic experimental conditions. These simulations were first energy-minimized for 42
picoseconds and then equilibrated by gradually releasing constraints placed on all atoms in 5
consecutive steps, each run for 100 ps. For each of the protonated and de-protonated systems,
triplicate simulations of 25 nanoseconds were run and subsequently analyzed using MDTraj46 and
PyTraj47 MD analysis packages. Markers of fatty acid monolayer stability such as energies, tilt
angles, and headgroup position distributions were evaluated (Figure 6-9).
Alchemical FEP calculations were performed using the free energy methods implemented
in NAMD which utilize a dual-topology paradigm.48,49 Two nonanoic acid FEP systems were set
up as described above, one at 30 Å2 for 100 Å x 100 Å leaflets with a single nonanoic acid in bulk
water and another with a single nonanoic acid at the surface as well as a single acid in bulk water,
and were simulated for 20 ns using all-atom MD. Afterwards, 8 replicates of FEP/MD simulations
were carried out for both monolayer and bulk environments. The FEP/MD simulations were
divided into 32 equidistant λ-states between 0 and 1 for forward and backward alchemical
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transformations with a total of 2.5 ns of FEP/MD sampling for each replicate. These systems were
equilibrated locally using a NVIDIA Quadro P4000 GPU. All production runs and calculations
utilized the Extreme Science and Engineering Discovery Environment (XSEDE).50 Specifically,
simulations were performed on the Comet supercomputer. The FEP calculations were analyzed
using the ParseFEP51 plugin for VMD52 using the Bennett acceptance ratio estimator of the free
energy. The 𝑝𝐾𝑎 shift for a nonanoic acid molecule in a monolayer environment was calculated
𝑚𝑜𝑛𝑜
𝑏𝑢𝑙𝑘
using eq. 6-2 and 353–55 where Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
and Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
refer to the free energy gap between the

protonated and deprotonated forms of nonanoic acid in a monolayer at the air/water interface and
in the bulk, respectively.
ΔΔ𝐺

Δ𝑝𝐾𝑎 = 𝑝𝐾𝑎𝑚𝑜𝑛𝑜 − 𝑝𝐾𝑎𝑏𝑢𝑙𝑘 = 2.303𝑅𝑇

6-2

𝑚𝑜𝑛𝑜
𝑏𝑢𝑙𝑘
ΔΔ𝐺 = Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
− Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡

6-3

6.4 Results and Discussion
The bulk pKa of nonanoic acid at different concentrations was determined by NMR
spectroscopy. The bulk pKa of nonanoic acid was found to be 4.8 ± 0.1 over the range of
concentrations used from 0.1 to 0.9 mM, which is in agreement within experimental error to the
literature value of 4.97 ± 0.05.20,27 Details of the NMR spectra are found in the Appendix (Figure
6-6 and 6-7). In this study the activities for nonanoic acid at different bulk concentrations were
represented simply by its concentrations as Figure 6-7 suggests that the activity coefficients must
be close to one in order to obtain the same pKa value at different nonanoic acid concentrations. As
nonanoic acid is both slightly surface active and slightly soluble, it will be present both at the
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surface and in the bulk. In addition, the HA is much more surface active than A‾ in pure water
(vide infra) in the concentration range studied. To show this we reduced the number of species by
fixing the pH at very acidic (pH 2.1 ± 0.1) and very basic (pH 11.5 ± 0.5) values. The surface
pressure versus nonanoic acid concentration curves were obtained at both acidic and basic pH,
which is shown in Figure 6-1a. This result is in agreement with previous studies.20,21 It is obvious
that HA is much more likely to partition to the surface than the A‾ and at low concentrations the
deprotonated form (A‾) is negligible on the surface.

Figure 6-1. a: Surface pressure versus the total concentration of nonanoic acid in water at pH 2.1
± 0.1 and pH 11.5 ± 0.5. b: The experimental and model fitting of the surface pressure versus
protonated nonanoic acid concentration at pH 2.1 ± 0.1. The blue dots are experimental data and
the black line represents the fit by the van der Waals model from Danov et al. c: Model fitting for
deprotonated nonanoic acid surface adsorption at pH 11.5 ± 0.5 with a constant concentration of
NaOH (20 mM). The blue dots represent the left-hand side of eq. 6-6 from the experimental data
and the black line represent the right-hand side of eq. 6-6 with best fit of the parameters.

Danov and co-workers have developed a van der Waals model for the surface adsorption of
protonated fatty acids, including nonanoic acid, where they link the bulk concentration of
protonated fatty acid with the surface pressure measurement.19 The equations are expressed in eq.
6-4 and 6-5:
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where cHA is the bulk concentration for HA, πs is the surface pressure, α is the excluded area per
molecule, ГHA represents molecules per unit area of HA, β is the parameter accounting for the
interaction between adsorbed molecules, k is Boltzmann constant, T is temperature and KHA is the
adsorption constant of HA. This model fits very well with our surface pressure versus
concentration curve at pH 2 by using the parameters provided from Danov et al, where α is
determined to be 22.61Å2 and β to be 2.207 * 10-39 m3N for nonanoic acid.19 eq. 6-4 was used to
calculate the ГHA value and eq. 6-5 was used for obtaining the KHA value with the best fit. The
experimental and model fitting of the surface pressure versus concentration plot can be found in
Figure 6-1b. The KHA value here is calculated to be 2903 M-1, which is in relatively close
agreement with the value of 2773 M-1 from Danov et al.19 However, it should be noted that this
KHA value is not an equilibrium constant but an adsorption constant as the concentration of HAs
divided by the concentration of HAb is not a constant at different bulk acid concentrations.
For the surface adsorption of A‾, a slightly modified version of another ion-binding model
reported from Badban et al. was used to fit the experimental data.21 The final equation that links
the derivative of surface tension with the concentration of A‾ can be seen in eq. 6-6 below:
1

𝑑𝛾

− 𝑅𝑇 𝑑(𝑙𝑛𝑐

𝐴‾ )

𝐾 𝑐𝐴‾
)
𝐴‾ 𝑐𝐴‾

= Г𝑚𝑎𝑥 (1+𝐾𝐴‾

6-6

where γ is surface tension, R is the ideal gas constant, T is temperature, c A‾ represents the bulk
concentration of A‾, Гmax is defined as the total available sites on the surface, and KA‾ represents
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the adsorption constant for A‾. Detailed calculations can be found in the Appendix. The left-hand
side of eq. 6-6 can be obtained from experimental data at basic pH and the right-hand side of eq.
6-6 can be obtained from varying the parameter KA‾ to find the best fit. The model fitting can be
seen in Figure 6-1c. The value of Гmax = 1.97 * 10-5 mol/m2 is taken directly from Badban et al.,
as its definition requires it to be a fixed value under given circumstances.21 It should be noted that
both sides of eq. 6-6 converge to ГA‾ which represents the surface excess concentration of A‾
(mol/m2). The best fit result for KA‾ is 11 M-1, which is about 260 times lower than the adsorption
constant of HA (KHA).
At intermediate pH, the four species shown in Scheme 6-1 will co-exist in the system. Then
the surface pressure versus pH plot will show a reverse “S” shaped curve as can be seen in Figure
6-2. The blue open circles represent the data due to the soap effect that is caused by the interaction
between the HA and A‾ forming an acid-soap complex (HA:A‾) at the surface, which has been
discussed in previous studies.20,56–59 The reversed s-shaped curve looks similar to a weighted
average surface pressure from surface protonated and surface deprotonated nonanoic acid, which
would be a measure of “surface pKa” as suggested from an earlier study.20 However, when the pH
of the solution varies, the speciation of protonated and deprotonated forms of nonanoic acid change
in the bulk solution as well. Therefore, due to the different surface adsorption properties between
A‾ and HA, the surface concentration of both species will vary with different pH. Thus, the
reversed s-shaped curves will have contributions from surface adsorption process (i.e. partitioning
from the bulk to the surface) which need to be accounted for.
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Figure 6-2. Surface pressure versus pH curves with different nonanoic acid concentration from
experimental data (blue dots) and model calculated curves (black curves) using eq. 6-4, 6-5 and 67. The blue open circles represent the data due to the “soap effect” as discussed in detail in previous
studies.20,56–59

Since surface adsorption processes play a key role in these surface pressure curves, we
investigated whether these data could be fitted by a surface adsorption model. As already shown,
the surface adsorption of A‾ is negligible at the concentration used here (see Figure 6-1). Therefore,
the surface adsorption model of HA was applied to calculate surface pressure versus pH curves
that are only due to the surface adsorption process of HA, which is shown as black lines in Figure
6-2. The calculated curves (the black lines) were obtained from the eq. 6-4 and 6-5. The cHA in eq.
6-4 was calculated from eq. 6-7 below:
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𝑐𝐻𝐴 =

𝑐(𝑏𝑢𝑙𝑘 𝑡𝑜𝑡𝑎𝑙) [𝐻 + ]

6-7

[𝐻 + ]+𝐾𝑎

where [H+] is the concentration of hydronium ion in the bulk solution and Ka is the bulk acid
dissociation constant of nonanoic acid. It is seen that the calculated curves fit very well with the
experimental data with different concentrations of nonanoic acid which means that the partitioning
of HA to the surface is dominating the surface tension measurements. It should be noted that the
experimental data at low pH ranges are slightly higher than the model calculations. This could be
due to an experimental error associated with the fluctuation of the surface pressure measurements
from the computer-controlled film balance and the stirring process after each acid/base solution
titration. Overall, this reverse s-shaped curve due to surface adsorption fits the surface pressure
data and there is no need to invoke a “surface pKa” contribution. Thus, the “surface pKa” cannot
be directly obtained from the ratio of the surface deprotonated versus surface protonated species
as calculated in the bulk either, because this ratio on the surface is not directly connected with the
acid dissociation process but instead by differences in the equilibrium partitioning of the different
forms (protonated and deprotonated) to the surface.31–33 However, the fact that this data can be
explained without needing a “surface pKa” term does not exclude the possibility that surface
dissociation occurs. Next, we will briefly review some previous studies on surface pKa and then
show how a computational method can be employed to understand the energetics of acids at the
air/water interface.
The surface dissociation process has always been of great interest to atmospheric chemists
as the chemical reactivities of the atmospheric aerosol particles with the trace gases are
significantly affected by their surface acidity or basicity.14,30 Many studies have been conducted
to determine the “surface pKa” or the “surface acid dissociation”;20,32,60–66 however, the results
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have been controversial amongst different studies that utilize different methods. A spectroscopic
study on acid/base pairs at the surface stated that the surface favors the non-charged form of the
acid/base pair relative to the bulk.67 Some studies have stated that the carboxylic acid group is less
acidic (higher surface pKa, less likely to deprotonate) on the surface than in the bulk, which agrees
with the “surface favors non-charged species” statement.20,32 However, other studies have posited
that the carboxylic acid group is more acidic (lower surface pKa, more likely to deprotonate) on
the surface than in the bulk.60–62 Aside from the study with insoluble long chain fatty acids like
stearic acid,64 the surface pressure and spectroscopic studies with soluble compounds have the
possibility of containing interference from surface adsorption process of the protonated and
deprotonated species. To circumvent this issue, some studies use insoluble molecules with long
alkyl chains to obtain the surface pKa and compare with the bulk pKa obtained from the same
functional group with a short, soluble alkyl chain.65,66 However, the pKa of the functional group
may be affected by the alkyl chain length or the environment it faces at the surface.20,68 Some other
studies used mass spectrometry to test carboxylic acids dosed on the surface of microdroplets
generated from electrospray, which seem more reliable as there are no bulk species.60,61 However,
the carboxylic acid they tested is dosed on a charged surface which may affect its surface acid
dissociation process. Therefore, in summary, it has proven very difficult to get reliable
experimental measurements of the surface acid dissociation process for soluble species.
To demonstrate an alternative method for investigating this process, MD simulations on the
system containing nonanoic acid at both the air/water interface and in the bulk were performed in
order to compare the “surface pKa” relative to the bulk pKa. MD simulations show that protonated
nonanoic acid forms a more stable monolayer than the deprotonated, despite any additional
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stability conferred by sodium-ion coordination. The decreased stability of the anionic form could
be attributed to the inhibited access of cations to coordinate the carboxylate headgroups due to the
geometric constraint of the planar interface. The dissolution of the monolayer structure, resulting
in the partial solvation of the acid(s), allows for more ion-ion binding with the consequence of
reduced surface-activity. A detailed description of these simulations and some standard
equilibrium measurements are provided in Figure 6-9.
Using rigorous alchemical methods, the pKa shift between monolayer and bulk was
calculated for nonanoic acid from the difference in Δ𝐺 of deprotonation (Figure 6-3). The
predicted surface pKa can be calculated from the experimentally determined pKa of nonanoic acid
in bulk, thereby integrating theoretical and experimental results.

Figure 6-3. Box and whisker plots of the free energy change of deprotonation calculated for each
microenvironment in the FEP/MD simulations for the packed monolayer system (n=8). Mean 
𝑚𝑜𝑛𝑜
𝑏𝑢𝑙𝑘
stdev: Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
= −80.7 ± 0.7 kcal/mol and Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
= −82.2 ± 0.5 kcal/mol . The center
line in each box shows the median, the box boundaries show the 1st and 3rd quartiles, and the
whiskers show the minima and maxima of the respective data sets. Computational data from
Nicholas Wauer and Abigail Dommer in the Professor Rommie Amaro’s group.
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The alchemical transformations show a clear free energy difference dependent on the
surrounding microenvironment with the deprotonation process being more favorable in bulk
solution as compared to in a monolayer. Using eq. 6-2 and 6-3 described above, we
calculated Δ𝑝𝐾𝑎 to be 1.1 ± 0.6, leading to a surface 𝑝𝐾𝑎 of 5.9 ± 0.6 for nonanoic acid in a
packed monolayer. This finding suggests that nonanoic acid is slightly less acidic when located at
the interface than it is in bulk solution (bulk pKa 4.8 ± 0.1), which is in agreement with the results
of this paper as well as previous work on longer-chain fatty acids.29,35,69,70
The highly negative ΔG values in Figure 6-3 for both the bulk and surface systems are
caused by the exclusion of certain terms that were assumed to be constant between the two systems,
such as intramolecular interactions, in the alchemical method used here. Therefore, the ΔG values
are, by themselves, not complete free energy differences for the real-world deprotonation process.
The difference between the ΔG values reflects the effect the environment has on the electrostatic
and van der Waalos forces on the molecule and therefore is an accurate representation of the
difference in pKa. Other studies that have investigated similar deprotonation processes have
showed that reasonable pKa values can be successfully calculated by these types of ΔG difference
calculations.50
We also investigated the role of the packing density of the monolayer on the surface 𝑝𝐾𝑎 of
nonanoic acid by repeating the free energy calculations on a single nonanoic acid at the air-water
interface (Figure 6-10). These calculations gave similar results to the monolayer system packed at
30 Å2, with Δ𝑝𝐾𝑎 = 0.9 ± 0.5, suggesting that the shift in 𝑝𝐾𝑎 is mostly due to the acid’s location
at the interface, and not necessarily the surrounding acids.

157

So far, we have calculated the four constants associated with the four equilibria in the
Scheme 6-1. Although the adsorption constants KHA and KA are not strictly equilibrium constants,
they can be treated as equilibrium constants at infinite dilution condition. Therefore, we have pKa
(surf) = 5.9 ± 0.6, pKa (bulk) = 4.8 ± 0.1, pKHA = -3.4 ± 0.1, pKA‾ = -1.0 ± 0.3, which are
proportional to the free energies. However, these four equilibria are not a full thermodynamic cycle,
as the two acid dissociation processes include hydronium ions whose surface adsorption constant
is necessary but unknown form this study. If hydronium ion adsorption is ignored, then the cycle
is not a true loop since the final state has different numbers of hydronium ions at the surface and
bulk than the initial state. Therefore, in order to close the loop, we used the value from a recent
report by Das et al.71 that ΔG(H+) = -1.3 ± 0.2 kcal/mol, which is the free energy for the hydronium
ion surface adsorption. From this, the pKH+ = -0.95 ± 0.15. As the pK values are proportional to the
free energy, they should sum to zero for the full thermodynamic cycle. From our results, the
numbers sum to be: pKHA + pKa (surf) - pKA‾ - pKH+- pKa (bulk) = -3.4 + 5.9 + 1.0 + 0.95 - 4.8 =
-0.35 ± 0.7, which is close to zero within error.
Given the large ionic strength present in marine-relevant systems, it is crucial to also
investigate the impact of salt on the surface adsorption model of medium-chain fatty acids. The
bulk pKa of nonanoic acid in the presence of 0.5 M NaCl solution is tested first. The chemical shift
versus pH plot for nonanoic acid in water compared to in 0.5 M NaCl solution is shown in Figure
6-11. The bulk pKa for nonanoic acid in the presence of salt is calculated to be 4.6 ± 0.1, which
demonstrates that the presence of salt slightly lowers the apparent bulk pKa value of nonanoic acid,
compared to a pKa value of 4.8 ± 0.1 for nonanoic acid in pure water. Although the pKa value of
nonanoic acid with the presence of NaCl has not been reported in the literature, it is known that
the presence of Na+ has the ability to enhance deprotonation of carboxylic acids.72
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The surface pressure versus nonanoic acid concentration curves in pure water and in 0.5 M
NaCl solution at acidic and basic pH can be found in Figure 6-4. It is obvious that the presence of
salt increases the surface adsorption of both HA and A‾, and this effect is more pronounced at
basic pH. At acidic pH, HA is already surface active and the surface adsorption of nonanoic acid
is already high. In addition, the interaction between HA and Na+ ion is relatively weak as it is not
an ion-ion binding. Therefore, the stabilization effect of salt is less prominent at acidic pH
compared to that at basic pH. When nonanoic acid is deprotonated at basic pH, the Na+ ion can
stabilize it at the air/water interface by forming the ion-binding pair.34,35

Figure 6-4. Surface pressure versus concentration of nonanoic acid in water and in 0.5 M NaCl
solution at pH 2 (a) and pH 11-12 (b).

The slightly modified model from Badban et al. that was applied to surface pressure versus
nonanoic acid concentration at basic pH in pure water is also applied to that in the 0.5 M NaCl
solution to obtain the adsorption constant for A‾ in the presence of salt (KA‾Na).21 The fitted curve
is shown in Figure 6-12 and the fitted parameter KA‾Na was found to be 55 M-1. It should be noted
that this model is a simplified model as it eliminates some parameters and does not take into
account the difference in surface adsorption equilibrium between organic species and the cations
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such as Na+.21,34 Therefore, it cannot predict the shape of the curve with the presence of Na+ very
well. However, we want to obtain a semi-quantitative comparison between the adsorption constant
of nonanoic acid with and without the presence of salt. Based on what we obtained from the model
fitting, KA‾Na is about 5 times greater than KA‾ in water. This demonstrates that in the presence of
salt, the surface adsorption of A‾ is significantly increased.
The pH titration curves for nonanoic acid at different concentrations in the presence of 0.5
M NaCl compared with that in water is shown in Figure 6-5. Data points due to the soap effect on
surface pressure versus pH curves are removed to more clearly show the differences. Although we
have concluded that the presence of salt will affect the surface adsorption of A‾ more than the HA,
the differences in surface pressure between the one in water (blue dots) and that in salt solution
(red dots) at basic pH (pH 8-12) in the titration curves in Figure 6-5 (a), (c), (e), (g) are small due
to the low concentration used. However, we can see clearly the difference in surface pressure at
acidic pH. The IRRAS spectra for the C-H stretching region at pH 2 are also shown in Figure 6-5.
It is obvious that the peak intensity with the presence of salt is greater than that in water, which
demonstrates that the presence of salt enhances the surface adsorption of HA. The IRRAS spectra
also shows that at a lower nonanoic acid concentration at pH 2, the intensity difference with and
without salt is more obvious. This could be due to the fact that at a nonanoic acid concentration of
1 mM, the surface adsorption of the HA is reaching its maximum19 and therefore the interaction
with salt cannot provide a significant increase in surface adsorption. The percent increase values
of the integration of these peaks due to the presence of salt at different nonanoic acid bulk
concentrations agree qualitatively and change in the same direction with the percent increase
values of surface pressure at pH 2 due to the presence of salt, as can be seen from Table 6-1. We
did not see IRRAS signal for nonanoic acid in both water and salt solution at pH 12 with the
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concentrations used in the titration curves (data not shown). The IRRAS signal for 14 mM
nonanoic acid at basic pH in water compared with in 0.5 M NaCl solution can be found in Figure
6-13, which demonstrates that the salt increases the surface adsorption of A‾ as well.

Figure 6-5. Surface pressure versus pH curves (a, c, e and g) and IRRAS spectra at pH 2 (b, d, f
and h) with different nonanoic acid concentration in water compare to in 0.5 M NaCl solution.
*Data points attributed to the “soap effect” in the middle range of the curves shown in Figure 6-2
are removed to more clearly show the differences.
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Table 6-1. The percent increase of surface pressure at pH 2 due to the presence of 0.5 M NaCl
(from Figure 6-5a, c, e and g) and the percent increase of the integration of the peaks in the IRRAS
spectra due to the presence of 0.5 M NaCl (from Figure 6-5b, d, f and h).

Nonanoic acid
bulk
concentration
(mM)

The percent increase of surface
pressure at pH 2 due to the presence of
0.5 M NaCl (%)

The percent increase of the
integration of the peaks in the IRRAS
spectra due to the presence of 0.5 M
NaCl (%)

1

6.7 ± 0.2

2.6 ± 0.3

0.5

18 ± 1

22 ± 2

0.1

50 ± 2

47 ± 6

0.05

66 ± 4

76 ± 21

6.5 Conclusions
In this work, the surface adsorption of nonanoic acid and its conjugate base has been
established and the impact of salt on these equilibria is investigated using experimental and
theoretical approaches for the first time to better understand the driving force of surface species.
It has been found that the surface adsorption of nonanoic acid is controlled by the pH of the bulk
phase and the very different surface activity of the two different components, protonated versus
deprotonated. The surface acid dissociation constants for soluble surfactants are therefore difficult
to define and/or directly measure since the ratio of protonated and deprotonated species on the
surface does not directly connect with the surface acid dissociation process and could be due to
the difference in the surface adsorption properties of both forms. However, MD simulations with
alchemical free energy methods were used to calculate the pKa shift of nonanoic acid at the
air/water interface versus in the bulk. These calculations suggest that nonanoic acid in a monolayer
at the air/water interface is less acidic than acids in the bulk by roughly 1 pKa unit. We show here
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that simple free energy calculations can provide a valuable supplement to experimental methods
when investigating surface properties of partially soluble lipids. We also have established a
thermodynamic cycle for nonanoic acid and its conjugate base between the air/water interface and
the bulk phase.
In addition, the presence of salt, namely NaCl, is found to slightly decrease the bulk pKa of
nonanoic acid and increase the surface adsorption of both HA and A‾. This explains why mediumchain fatty acids are found in the SSML and SSA despite the fact that one might assume they
should be negligible at the surface because they exist in their deprotonated forms at ocean pH and
should not be too surface active at low concentrations (<1 mM).8,11 Overall, these results can be
applied to other partially soluble surface-active species that contain multiple solution phases with
varying surface activities. Understanding air/water and air/salt water interfaces is critically
important in aerosol chemistry as the nature of the aerosol surface composition can impact a
number of important properties including aerosol reactivity, hygroscopicity and aerosol
lifetimes.3,13,14
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6.7 Appendix
6.7.1 Derivations and Equations
𝛿𝑜𝑏𝑠 = 𝑓𝐻𝐴 𝛿𝐻𝐴 + 𝑓𝐴− 𝛿𝐴−

6-8

f, mole fraction; and δ, chemical shift of protonated and deprotonated nonanoic acid
[𝐻 + ]

𝑓𝐻𝐴 = [𝐻 +]+𝐾

6-9

𝑎

𝐾

𝑎
𝑓𝐴− = [𝐻 +]+𝐾

6-10

𝑎

Ka is the acid dissociation constant and [H+] is the concentration of hydronium ion in the solution.

Modified model calculation from Badban et al., for the surface adsorption of deprotonated
nonanoic acid21:
From thermodynamics:
𝑑𝛾 = −𝑅𝑇 ∑𝑖 Г𝑖 𝑑(ln(𝑐𝑖 ))
Define:

𝐾𝐴− = Г

Г𝐴−

6-12

𝜈 𝑐𝐴−

𝐾𝐻𝐴 = Г

6-11

Г𝐻𝐴

6-13

𝜈 𝑐𝐻𝐴
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Г𝑚𝑎𝑥 = Г𝑣 + Г𝐴− + Г𝐻𝐴

Define:

(assume Na+ does not occupy any surface sites)

6-14

Use eq. 6-12 & 6-13 & 6-14 to derive:
Г𝑣 = 1+𝐾

Г𝑚𝑎𝑥

6-15

𝐴− 𝑐𝐴− +𝐾𝐻𝐴 𝑐𝐻𝐴

Use eq. 6-12 & 6-15 to derive:
𝐾𝐴− 𝑐𝐴−

Г𝐴− = Г𝑚𝑎𝑥 1+𝐾

𝐴− 𝑐𝐴− +𝐾𝐻𝐴 𝑐𝐻𝐴

6-16

Use eq. 6-13 & 6-15 to derive:
Г𝐻𝐴 = Г𝑚𝑎𝑥 1+𝐾

𝐾𝐻𝐴 𝑐𝐻𝐴

𝐴− 𝑐𝐴− +𝐾𝐻𝐴 𝑐𝐻𝐴

6-17

For nonanoic acid solutions at pH 11-12 with a constant concentration of Na+:
𝑑𝛾 = −𝑅𝑇(Г𝐴− 𝑑 ln(𝑐𝐴− ) + Г𝐻𝐴 𝑑 ln(𝑐𝐻𝐴 ) + Г𝑂𝐻 − 𝑑 ln(𝑐𝑂𝐻 − ) + Г𝑁𝑎+ 𝑑 ln(𝑐𝑁𝑎+ ))
= −𝑅𝑇(Г𝐴− 𝑑 ln(𝑐𝐴− ) + Г𝐻𝐴 𝑑 ln(𝑐𝐻𝐴 ) + Г𝑂𝐻 − 𝑑 ln(𝑐𝑂𝐻 − )
𝑐 −

𝑐 − 𝑘𝑤
𝐻𝐴 𝑐𝑂𝐻−

6-18

Naturally we have:

𝑘𝑎 = 𝑐𝐴 𝑐𝐻3 𝑂+ = 𝑐𝐴

6-19

Therefore, we have:

𝑑 ln(𝑐𝑂𝐻− ) = 𝑑 ln(𝑐𝐴− ) − 𝑑 ln(𝑐𝐻𝐴 )

6-20

𝐻𝐴

Eq. 6-18 is simplified as:
𝑑𝛾 = −𝑅𝑇((Г𝐴− + Г𝑂𝐻 − )𝑑 ln(𝑐𝐴− ) + (Г𝐻𝐴 − Г𝑂𝐻 − )𝑑 ln(𝑐𝐻𝐴 ))
At a constant NaOH of 20 mM, we have:
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6-21

𝑘𝑎 =

𝑐𝐴− 𝑐𝐻 𝑂+
3
𝑐𝐻𝐴

= (𝑐

𝑐𝐴− 𝑘𝑤

6-22

𝑡𝑜𝑡𝑎𝑙 −𝑐𝐴− ) 𝑐𝑂𝐻−

𝑐𝐴− + 𝑐𝑂𝐻− = 0.02

6-23

Rearrange eq. 6-22 and substitute it into eq. 6-23, we get:
𝑐𝐴− + (𝑐

𝑐𝐴− 𝑘𝑤
𝑡𝑜𝑡𝑎𝑙 −𝑐𝐴− )𝑘𝑎

= 0.02

6-24

Rearrange eq. 6-24 to get:
𝑘

𝑐𝐴− 2 − (0.02 + 𝑐𝑡𝑜𝑡𝑎𝑙 + 𝑘𝑤 ) 𝑐𝐴− + 0.02𝑐𝑡𝑜𝑡𝑎𝑙 = 0
𝑎
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Therefore, we obtain (the other solution to the quadratic formula was discarded because it is
physically unreasonable)

𝑐

𝐴−

=

𝑘
𝑘
(0.02+𝑐𝑡𝑜𝑡𝑎𝑙 + 𝑤 )−√(0.02+𝑐𝑡𝑜𝑡𝑎𝑙 + 𝑤 )2 −4∗0.02𝑐𝑡𝑜𝑡𝑎𝑙
𝑘𝑎

𝑘𝑎

2

6-26

Then ln(𝑐𝐴− ) was calculated at different ctotal and plotted against ln(ctotal). 𝑐𝐻𝐴 was calculated by
(ctotal - 𝑐𝐴− ), and ln(𝑐𝐻𝐴 ) was plotted against ln(ctotal) as well. The plot can be seen in Figure 6-14.
Therefore, we obtain:
(10-8 M < 𝑐𝐴− < 10-2 M)

𝑑 ln(𝑐𝐻𝐴 ) = 1.02 ∗ 𝑑 ln(𝑐𝐴− ),

6-27

Therefore, we obtain:
1

𝑑𝛾

− 𝑅𝑇 𝑑(𝑙𝑛𝑐

𝐴− )

= Г𝐴− + 1.02Г𝐻𝐴 − 0.02Г𝑂𝐻 −
𝐾 − 𝑐 − +1.02𝐾𝐻𝐴 𝑐𝐻𝐴

𝐴 𝐴
= Г𝑚𝑎𝑥 ( 1+𝐾
−𝑐
𝐴

𝐴− +𝐾𝐻𝐴 𝑐𝐻𝐴

) − 0.02Г𝑂𝐻 −

6-28

Since at basic pH around 11, 𝑐𝐻𝐴 << 𝑐𝐴− , therefore we simplified eq. 6-28 to:
1

𝑑𝛾

− 𝑅𝑇 𝑑(𝑙𝑛𝑐

𝐾 − 𝑐𝐴−

𝐴− )

= Г𝑚𝑎𝑥 (1+𝐾𝐴

𝐴− 𝑐𝐴−

) − 0.02Г𝑂𝐻 −

6-29

After we fit eq. 6-29 with experimental data, we found the best fit for the term Г𝑂𝐻 − is 0, therefore
eq. 6-29 becomes eq. 6-30 below:
1

𝑑𝛾

− 𝑅𝑇 𝑑(𝑙𝑛𝑐

𝐴− )

𝐾 − 𝑐𝐴−

= Г𝑚𝑎𝑥 (1+𝐾𝐴

𝐴− 𝑐𝐴−
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)

6-30

𝛾: surface tension (mN/m)
𝑅: ideal gas constant
𝑇: temperature (K)
𝑐𝑖 (i = A‾, HA, OH‾, total): bulk concentration of nonanoate (A‾), neutral nonanoic acid (HA),
hydroxide ion (OH‾), and total bulk concentration of nonanoic acid (total) (M)
Г𝑖 (i = A‾, HA, OH‾): surface excess concentration (mol/m2)
𝐾𝐴− & 𝐾𝐻𝐴 : adsorption constant (M-1)
Г𝑣 : vacant surface excess (mol/m2)
Г𝑚𝑎𝑥 : total available surface excess on the surface (mol/m2)
𝑘𝑎 : acid association constant (M)
𝑘𝑤 : autoionization constant for water (M)
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6.7.2 Supporting Figures

Figure 6-6. NMR spectra for 0.9 mM nonanoic acid in pH 3 (a), pH 5 (b), and pH 9 (c) solutions.
Peak A represents the hydrogens on the carbon next to the carboxylic/carboxylate group on
nonanoic acid. The chemical shift of peak A is used to determine the protonation state of nonanoic
acid as the observed chemical shift can be expressed as a weighted average of chemical shifts from
protonated and deprotonated species and the weighing factors are their mole fraction,28 which can
be expressed as eq. 6-8.
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Figure 6-7. Chemical shift of peak A vs. pH plot from NMR spectra at different nonanoic acid
concentrations. Based on eq. 6-8 and the description of the mole fraction from eq. 6-9 and 6-10,
we can obtain the bulk pKa for nonanoic acid at different concentrations by fitting the experimental
data.28 The dots represent the experimental data and the lines are fitted curves. No obvious
difference of bulk pKa (which is 4.8 ± 0.1) was found between different nonanoic acid
concentrations.

Figure 6-8. The system for the monolayer alchemical FEP calculations had two 100 Å x 100 Å
nonanoic acid leaflets (hydrocarbon tails in cyan, carboxylic acids in red) separated by a 100 Å x
100 Å x 100 Å water box (blue dots) with a single nonanoic acid in bulk solution. The FEP/MD
system for a single nonanoic acid at the surface was set up the same way but replaced the two
leaflets with a lone acid at each air/water interface. Computational data from Nicholas Wauer and
Abigail Dommer in the Professor Rommie Amaro’s group.
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Figure 6-9: Markers of protonated vs deprotonated nonanoic acid monolayer stability. a-b) Plots
of the total energy for the deprotonated (a) and protonated (b) systems over the duration of each
production simulation. The total energy remains stable over the 25-ns, indicating the systems have
approached equilibrium. c-d) Z-distribution of the nonanoic acid headgroups (purple) and the
water molecules (orange) for deprotonated (c) and protonated (d) nonanoic acid. The broad
distribution of nonanoic acid headgroups in (c) indicate that the monolayer has deformed from its
planar organization to allow for increased coordination with sodium cations. Additionally, the
plots show that the water density on one side of the system has shifted outside of the headgroups,
indicating partial dissolution of the monolayer in the timescale of the simulation. In comparision,
the sharp, narrow peaks in (d) are indicative of headgroups aligned well with the interfacial plane;
thus, the protonated form adopts a more stable monolayer. The condensed headgroups of (c)
relative to (d) indicate the compression of the system to allow for greater ion-complexation; this
behavior has been noted before.35 Plot (e) is a representation of the distribution of molecular tilt
angles with respect to the perpendicular z-axis. The tilt angles were calculated by analyzing the
vector formed by the C1-C9 pair and computed as the angle between that and the vector normal.
A narrow distribution of tilt angles shown by HA (light blue) suggests the alignment of the lipids
to one another in a raft formation; the broad distribution given by A‾ suggests the opposite: the
monolayer has become disrupted and the lipids no longer align. Finally, plot (f) shows the
distribution of headgroup deviations from the monolayer average height. This is consistent with
plots (c-d) in that there is a broader distribution of headgroups in the deprotonated monolayer
relative to the protonated. Taken together, these plots are indicative of MD system health and
corroborate the evidence supplied in this work that nonanoic acid is less acidic at the surface,
despite any weakly-stabilizing salt effects. Computational data from Nicholas Wauer and Abigail
Dommer in the Professor Rommie Amaro’s group.
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Figure 6-10. Box and whisker plots of the free energy change of deprotonation calculated for each
microenvironment in the FEP/MD simulations for the system with a single nonanoic acid at the
𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑏𝑢𝑙𝑘
surface (n=8). Mean  stdev: Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡 = −84.9 ± 0.4 kcal/mol and Δ𝐺𝑑𝑒𝑝𝑟𝑜𝑡
= −86.2 ±
0.6 kcal/mol. Computational data from Nicholas Wauer and Abigail Dommer in the Professor
Rommie Amaro’s group.
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Figure 6-11. Chemical shift of peak A vs. pH plot from NMR spectra for nonanoic acid in water
compared with in 0.5 M NaCl solution. The bulk pKa is calculated from eq. 6-8, 6-9 and 6-10.

Figure 6-12. Model fitting for nonanoic acid surface adsorption at pH 11.5 ± 0.5 with a constant
concentration of NaOH (20 mM) and a constant concentration of NaCl (0.5 M). The orange dots
represent the left-hand side of eq. 6-30 from the experimental data and the black line represent the
right-hand side of eq. 6-30 with best fit of the parameters.
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Figure 6-13. IRRAS spectra for 14 mM nonanoic acid in water compared to in 0.5 M NaCl
solution at pH 12.

Figure 6-14. Correlations between cA- and cHA versus total nonanoic acid concentration under the
condition of constant NaOH (20 mM).
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Chapter 7 Optical Properties and Photochemistry of
Aqueous Chromophoric Molecules in Marine Relevant
Environments

7.1 Abstract
Recent studies have shown that pyruvic acid can produce higher-molecular-weight
compounds upon irradiation in the aqueous phase. These compounds can contribute to the
formation of secondary organic aerosols. There have been several previous studies on the effect of
ionic strength on the photochemistry of pyruvic acid, however; few of them investigated the effects
of marine relevant salts such as NaCl and CaCl2. In this study, we examine the effect of NaCl and
CaCl2, namely the containing coordinating cations Na+ and Ca2+, on the speciation, absorption
properties and photoreactivity of pyruvic acid in aqueous solutions of varying pH. NMR shows
that both Ca2+ and Na+ further deprotonate pyruvic acid and decrease the diol to ketone ratio of
pyruvic acid than in pure water at the same pH, especially at more acidic pH (pH less than 4). The
absorption spectrum shows a strong red shift in the peak maxima for the n → π* transition of
pyruvic acid in NaCl/CaCl2 solutions. This dependence is much more pronounced for divalent
cations (Ca2+) compared to monovalent cations (Na+). In addition, the presence of NaCl/CaCl2
suppress the photolysis rate of pyruvic acid, which could be due to the deprotonation of pyruvic
acid by the cations and the lower photochemical reactivity for pyruvate, the deprotonated form.
This work also aims at a microscopic understanding of the absorption spectrum of pyruvic
acid and another marine-relevant molecular organic chromophore, namely benzoic acid, in
aqueous media by a combined experimental and theoretical approach. Computationally, hydrates
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of sizes up to 5 water molecules using two different species of pyruvic acid, the neutral acid and
the anionic form, were considered. Vertical excitation energies using the ADC(2) method
(algebraic-diagrammatic construction through second order) of these structures were performed.
Additionally, molecular dynamics simulation on MP2 (Møller-Plesset perturbation theory) ground
state of small clusters of pyruvic acid with four water molecules were calculated and used in
computing the vertical excitation spectrum along the dynamics. This is found to describe very
accurately the experimental spectrum. Vertical excitation energy calculations of the anionic ketone
form of pyruvic acid also confirm the same red shift on the n → π* transition peak in the presence
of Ca2+. The quantum chemical calculations for small cluster models of benzoic species (benzoic
acid and benzoate anion) with water molecules also yielded good quantitative agreement with the
experimental results. Overall, the results show that small hydrate models including the roles of
both neutral and deprotonated speciated forms provide a good quantitative description and a
microscopic interpretation of the experimental spectrum of pyruvic acid and benzoic acid in
aqueous solution.

7.2 Introduction
Atmospheric aerosols are ubiquitous in the atmosphere and impact climate by scattering or
absorbing solar radiation, modifying the concentration of trace gases in the Earth’s atmosphere,
and acting as cloud condensation nuclei (CCN).1–3 The scattering and absorbing properties of
aerosols largely depend on the composition of the aerosols. Sea spray aerosols (SSA) are a
ubiquitous component of primary aerosols throughout the troposphere, given that the ocean cover
over 70% of the Earth’s surface.4 SSA contains a variety of organic species present throughout the
ocean as it is generated from the wave breaking and bubble bursting from the sea surface
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microlayer (SSML).5–9 Secondary organic aerosols (SOA) can be formed from reactions such as
oxidation of the organic material in the atmosphere which produce higher molecular weight
compounds.10 Photochemical reactions have been found to play an important role in SOA
formation.11–21
Pyruvic acid, which is a key oxidation product of isoprene22–25 and can also be generated
during the photooxidation of methyl-substituted catechols,26 is largely found in the marine
atmosphere.27–30 Recent studies have found that pyruvic acid in aqueous phase can contribute to
SOA formation through photochemical reactions producing oligomers and other higher molecular
weight molecules.13,16–21,31–34 In addition, atmospheric aqueous pyruvic acid has demonstrated its
ability to act as a photosensitizer to the multiphase reactions of ozone with oxalic acid.35,36
Although pyruvic acid is a relatively simple three-carbon containing molecule, it has four
different species at equilibrium in aqueous solutions that has been found by previous NMR
studies.32,37–39 The protonated form of pyruvic acid is its ketone neutral form. Upon hydration of
the ketone, the resulting species becomes a geminal diol. Both the ketone and diol species can be
deprotonated to an anionic form. The four forms of pyruvic acid can be seen in Scheme 7-1. Most
interesting is that the photochemical properties of these four forms are found to be very different.32
The absorption spectra of the ketone form of pyruvic acid has an absorption feature corresponding
to an n → π* transition in the near-UV that is uncommon in small organic acids.40 The peak
position, near 320 nm, is strongly dependent on the pH of the solution.32 This peak is relevant to
the photochemical formation of oligomers of pyruvic acid in the atmosphere as it falls into the
range of the solar radiation spectrum.13,16–21,33,34,41–43 The diol form does not absorb at solar
wavelengths, and therefore it is not considered photoactive in the atmosphere.18,19,32,44,45 Under
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photolysis in the aqueous phase, the ketone form of pyruvic acid is first excited to the singlet
excited state and finally the triplet excited state through intersystem crossing. From there it forms
ketyl and acetyl radicals19,20 that initiate reactions, between radicals or radicals with pyruvic acid
molecules, yielding higher molecular weight molecules and other small products like acetic
acid.13,16–21,32–34,45–48 Many previous studies have found that the photolysis mechanism of aqueous
pyruvic acid is complex and strongly dependent on environmental conditions.13,20,21,33,41,45,49–54
Recent studies have shown that the photolysis decay rate and reaction mechanism of aqueous
pyruvic acid are dependent on the concentration of pyruvic acid,13,20,21,33,49,50 the presence of
molecular oxygen,13,20,21,33,49,50 as well as the pH of the aqueous solution.21,32 Is has also been
shown that pyruvic acid, at the air/water interface, has enhanced acidity over the bulk solution55
and can produce different products through different reaction mechanism upon irradiation.56

Diol

Ketone

Scheme 7-1. Four forms of pyruvic acid in aqueous solution.

Although most photochemical studies of reactions of aqueous pyruvic acid have been
studied at low ionic strength,13,19–21,32–34,42,56 there have been several previous studies on the effect
of ionic strength on the photochemistry of pyruvic acid.16–18,57–60 It has been found that the presence
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of salts enhance the thermochromism for aqueous pyruvic acid during post-photolysis thermal
aging.16–18 It has also been found that the presence of NaClO4 in a high ionic strength solution (up
to 5 M) can affect the absorption spectrum and photochemical degradation of pyruvic acid,57 and
the presence of Br – can enhance the uptake of ozone on aqueous pyruvic acid under irradiation.58
However, the photochemical properties of aqueous pyruvic acid in the presence of marine relevant
divalent cations at appropriate environmental concentrations have not been previously investigated.
Given the large ionic strength in the marine environment, it is of vital interest to investigate the
properties of aqueous pyruvic acid in the presence of marine relevant salt ions (namely Na+ and
Ca2+) in order to better predict the photochemical relevance of pyruvic acid within the SSA and
SSML. The most abundant cation in the ocean is Na+. Divalent cations including Ca2+, which was
recently reported as a component enriched in SSA, are also present.61 Therefore, the goal of this
study is to investigate the effect of chloride salts containing both Na+ and Ca2+ on the
photochemical properties of aqueous pyruvic acid. We also examine the effect of these ions on the
photolysis decay rate of aqueous pyruvic acid.
In addition to experimental data, vertical excitation energy calculations have also been
performed, for the first time, on a small model system of the anionic form of pyruvic acid
surrounded by water molecules with and without the presence of a Ca2+ cation, in order to support
the interpretation to the experimental data. The calculations give insight into the structure of
pyruvic acid in an aqueous environment, and into the impact of the cation’s proximity on the
vertical excitation energy of pyruvic acid. Additionally, computations elucidate the location of the
electronic excitation in terms of orbitals and atoms involved, and answers whether this location is
altered by adding a cation (for example by involving orbitals on the cation in the electronic
excitation). Since computational simulation methods can resolve chemical system at an atomic
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level, the combination of experimental and computational techniques is able to provide advanced
insight into the absorption properties of pyruvic acid in a solution with and without the presence
of Ca2+ cation. Benzoic acid is also a simple but important moiety within the large, more complex
naturally occurring humic substances found in soils, humic-like substances found in atmospheric
aerosols and chromophoric dissolved organic matter (cDOM) found in the sea surface microlayers
and, more recently found within sea spray aerosol.62–65 Therefore, its optical absorption spectra are
also investigated in this work through a combination of experimental and computational methods.
The systematic investigation of small molecules can provide some initial understanding of the
optical properties of these more complex light-absorbing substances.

7.3 Experimental Section
7.3.1 Experimental Methods and Materials
Pyruvic acid (98%) was purchased from Sigma-Aldrich and distilled under reduced
pressure to remove impurities. CaCl2 and NaCl salts were purchased from Fisher Scientific and
baked at 200 °C overnight to remove organic contaminants. Aqueous solutions were prepared
using Milli-Q water with an electric resistance of 18.2 MΩ. Pyruvic acid was prepared as 10 mM
solutions in Milli-Q water, or as salt solutions of varying salt concentrations. Solution pH was
determined using an Oakton 700 pH meter and was adjusted by either hydrochloric acid (1 N stock
solution, Fisher Chemical) or sodium hydroxide (1 N stock solution, Fisher Chemical).
Photolysis experiments were performed in an anaerobic environment by purging with
nitrogen to displace dissolved oxygen and subsequently sealed with parafilm. We chose to perform
our experiments under anaerobic conditions to eliminate the effect of dissolved oxygen on the
photolysis of aqueous pyruvic acid, as it has been previously shown that the photolysis of aqueous
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pyruvic acid is highly sensitive to the concentration of dissolved oxygen and will deplete oxygen
quickly if a certain sparger is not equipped.13,20,21 A nitrogen enriched environment has the benefit
of representing the conditions similar to that of some coarse-mode aerosols (diameter > 14 μm) as
this kind of aerosols may be oxygen-depleted due to the rapid pyruvic acid photolysis.13,20,21 All
the photolysis experiments were performed at an unadjusted pH (2.3 ± 0.1). For all the experiments
in pure water or NaCl/CaCl2 solutions, 70 ml of solution were made and irradiated with a 575 Watt
metal halide arc lamp (Optical Energy Technologies INC.) for 5 hours, with 3.5 ml of sample
extracted via syringe, wrapped in foil and refrigerated (at 4°C) at a series of time points of
irradiation for NMR tests. The time between two samples ranged from 5 minutes to an hour. Before
each irradiation, 3.5 ml was saved as the control. The solutions before and 5 hours after irradiation
were stored in a freezer (-20°C) for the following mass spectrometry tests. The samples were
allowed to reach room temperature before testing. The NMR tests on the photolysis samples were
performed 1 to 8 hours after the samples were taken within the same day. The mass spectrometry
tests were performed several days after the sample were taken. The output spectrum of the lamp
used for the photolysis can be found in Figure 2-8. The lamp was not filtered as if has been found
that the photochemical products of aqueous pyruvic acid observed using an unfiltered lamp with
UV extended to about 220 nm are not significantly different from the photochemical products
observed using a filtered lamp (λ > 300 nm).42 The rate of pyruvic acid photolysis was found to
increase with the use of unfiltered lamp source due to the increased flux.42 The metal halide lamp
also generates several high intensity peaks in the output spectrum (Figure 2-8), which could also
increase the rate of photolysis caused by the increase in flux.
1

H NMR experiments for pKa studies were performed using a 300 Bruker AVA NMR

spectrometer with wet suppression of H2O. NMR samples were prepared with 10% (v/v) D2O
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(99.9%, Cambridge Isotope Laboratories, Inc.) for NMR field frequency lock. No correction was
made for the deuterium isotope effect when measuring pH. Photo decay studies of pyruvic acid
were performed using either a 300 Bruker AVA NMR spectrometer or a 500 JEOL ECA NMR
spectrometer with wet suppression of H2O. The wet suppression methods have been used in many
related studies under similar conditions.18,20,66 The quantitative 1H NMR measurements for pyruvic
acid photolysis analysis were performed with a constant receiver gain. The 1H NMR spectra for
pyruvic acid in water solution and 0.17 M CaCl2 solutions before photolysis, 1 hour after
photolysis and 5 hours after photolysis are shown in Figure 7-8.
UV-Vis spectral information of each sample was obtained using a PerkinElmer Lambda 35
UV-Vis spectrometer in the wavelength range from 200 to 700 nm. As only the ketone form
absorbs in the ultraviolet and visible regions in these experiments, the intensity of the peak arising
from the n → π* transition is proportional to the concentration of the ketone form in the sample
despite the slightly difference in peak maxima for the protonated and deprotonated ketone. The
calibration curves for the UV-Vis intensity versus the ketone fraction in the sample can be seen in
Figure 7-9.
The samples before and 5 hours after irradiation were filtered with Bond Elut PPL solid
phase extraction cartridges at pH 2 and then eluted with methanol. The eluted samples were then
analyzed with negative-ion electrospray ionization mass spectrometry (ESI-MS) for detection of
photolysis products. The ESI-MS spectra for pyruvic acid in water after irradiation without PPL
extraction can be seen in Figure 7-10 (a) in order to compare with previous studies of pyruvic acid
photolysis without PPL extraction, as the PPL may have a preference on adsorbing different types
of organic molecules and therefore affect the ratio of the products analyzed with and without PPL
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extraction. There is no obvious difference found between Figure 7-10 (a) and previous studies.32–
34

The ESI-MS spectra for pyruvic acid in water and other NaCl/CaCl2 solutions after irradiation

with PPL extraction are shown in Figure 7-10 (b), (c), (d), (e).
7.3.2 Simulation Methods
Simulation methods below were used by Dorit Shemesh and Natalia Karimova in the
Professor Benny Gerber’s group.
7.3.2.1 Pyruvic acid
Pyruvic acid in aqueous solutions were simulated by embedding pyruvic acid in a small
cluster of water molecules. The clusters with water molecules were built by starting with the one
pyruvic acid molecule and adding each time one water molecule. Clusters with up to five water
molecules were built in this way. The structures were then optimized. The same was done for the
anionic form of pyruvic acid. The diol forms were not considered in the calculations, since both
forms are not observed in the atmospherically relevant region (above 290 nm).
The effect of the addition of Ca2+ ion on the absorption spectrum was also modelled
computationally. The size of the water cluster needed to fulfill the following conditions: (1) the
experimental data (see Results section) shows that at a solution pH of 4, the system is mainly
composed of the anion ketone; (2) since pyruvic acid underwent deprotonation, the additional H+
should also be present in the solution, i.e. the presence of H3O+ is necessary. The smallest cluster
with includes the anionic ketone form and H3O+ has 6 additional water molecules. Below that
number of water molecules, the anionic pyruvic acid undergoes spontaneous protonation to form
pyruvic acid. Thus, a smaller water cluster doesn’t accurately represent pyruvic acid in aqueous
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solution. The effect of addition of Ca2+ ions was modeled by the same cluster and the addition of
Ca2+ at the COO- group.
The model system, with and without Ca2+ ion, was optimized using the MP2 potential
energy surface with the resolution-of-the-identity (RI) approximation67 for the evaluation of the
electron-repulsion integrals implemented in Turbomole.68 The basis set SV(P)69 was successfully
employed. Ten vertical excitation energies and their respective intensities were calculated using
the ADC(2) method.70 ADC(2) has been used in previous studies, and has been proven to be
accurate for spectrum calculations and for photochemical reaction dynamics of organic systems.71–
75

A Lorentzian with a full width at half maximum of 5 nm was added in order to add finite

temperature effects into the stick spectrum. The resulting orbitals can be seen in Figure 7-11. The
excitation states, energies, orbital descriptions of the transitions as well as oscillator strengths and
dipole moments can be seen from Table 7-1.
7.3.2.2 Benzoic acid
Theoretical calculations were performed for a neutral molecule of benzoic acid and its
anion in the gas phase and stabilized by water molecules. All calculations were performed using
Q-Chem program.76 Geometry optimizations employ the B3LYP functional and basis set 6-31+G*.
Additionally, for hydrated species, dispersion corrections from Grimme’s DFT-D2 method were
used.77
Excitation spectra are calculated using the Time-dependent Density Functional Theory
(TDDFT)78 method such as B3LYP79,80 which was assessed with standard People (6-31+G*, 6311+G*, 6-311++G**) and Dunning (aug-cc-pVTZ and aug-cc-PVQZ) basis sets.81,82 High-level
calculations such as the Algebraic Diagrammatic Construction (ADC)71,83,84 were performed as the
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benchmark TDDFT. Shemesch et al.84 demonstrated that ADC level of theory can be successfully
applied for study of photoinduced reactions of carboxylic acids, such as acrylic acid. The ADC(3)
and ADC(2) methods with 6-31+G*, 6-311+G*, 6-311++G** basis sets were applied for
simulation of the optical absorption spectrum of the global minimum of the isolated BA molecule.
To include all possible speciated forms into the total optical spectrum the combinations of
AIMD with TDDFT was suggested. To explore this, we applied ab initio molecular dynamics
(AIMD)72,85 method for systems C6H5COOH∙(H2O)7 and C6H5COO-∙(H2O)8 at constant energy in
the ground state, with potentials at the B3LYP/6-31+G* level of theory. Initial velocities were
sampled for the equilibrium structure of interest from a Boltzmann distribution at 298 K. A total
of 10 reactive trajectories per system were propagated for up to 7.0 ps using a time-step of 0.4 fs.
From each trajectory, we extracted a structure every 40 fs of the simulation, and their vertical
excitation energies and oscillator strengths were calculated with the B3LYP/6-311++G** (with CPCM). For each excitation energy, the vertical transitions were convoluted with a Lorentzian line
shape with a width of 20 nm, and all of the resulting Lorentzians were added to yield the excitation
spectrum. This approach was previously used by Shemesh and co-workers86 for simulation of βhydroxyalkyl nitrates.

7.4 Results and Discussion
7.4.1 The effect of salt ions on the speciation of aqueous pyruvic acid
The effect of pH on the photo-absorption properties of pyruvic acid in water has been
investigated in detail and reported elsewhere.32 In this work, we focus on the effect of salts, namely
NaCl and CaCl2, on the speciation, photo-absorption properties and photochemical reactivity of
pyruvic acid in aqueous solutions. In order to understand the effect of NaCl/CaCl2 on the photo-
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absorption properties and photochemical reactivity of pyruvic acid, it is important to understand
how pyruvic acid behaves in aqueous solutions in the presence of Na+ and Ca2+ ions. It has been
known that although pyruvic acid has a simple structure, it exists as a mixture of four different
forms in aqueous solution, making it a relatively complex system to study. 32 In aqueous solution,
pyruvic acid exists in its ketone and diol forms, and can be further deprotonated at different pKa’s,
as shown in Scheme 7-1. We performed 1H NMR studies for 10 mM pyruvic acid in water, 0.17
M CaCl2 solution, 0.5 M NaCl solution and 0.5 M NaCl + 0.01 M CaCl2 solution in order to
determine the ratio of ketone to diol form at varying pHs in different solutions. The KH is defined
as the integration of the 1H NMR peak of the diol form methyl hydrogens (~1.6 ppm) versus the
ketone form methyl hydrogens (~2.4 ppm).66 The KH versus pH curves are shown in Figure 7-1(a).
The ratio of ketone and diol forms of pyruvic acid in water solution at different pHs have been
examined previously.19,32,33,37,42,87 These results are compared with those obtained in this study
(see Figure 7-12 and Table 7-2). Figure 7-1(a) shows that the ratio of diol form is lowered as the
pH increases (less acidic) in water solution and NaCl/CaCl2 solutions. In all cases, the ratio of diol
form versus ketone form became stationary at pH values above 4, reaching a ratio of roughly 10%
diol form and 90 % ketone form. However, at pH values below 4, the presence of Na+ and Ca2+
lowered the diol ratio of pyruvic acid. In very acidic conditions (pH near 1), the KH value decreased
in the presence of 0.17 M CaCl2 from that of pure water (from 2.2 to about 1.9). Similarly, the KH
value decreased to about 2 in the presence of 0.5 M NaCl and 0.5 M NaCl + 0.01 M CaCl 2. This
decrease in the ratio of diol form in the presence of NaCl/CaCl2 could arise due to the fact that
cations, especially divalent ions like Ca2+, are known to deprotonate carboxylic acids88–90 and that
the diol versus ketone ratio may be associated with the protonation state of pyruvic acid. Therefore,
in a situation such as this (i.e. where the presence of cations such as Na+ and Ca2+ increase the ratio
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of its deprotonated form), pyruvic acid is exposed to an environment similar to that of a purely
water solution at high pH, which is normally associated with a lower diol ratio.

Figure 7-1. (a) KH versus pH curve for 10 mM pyruvic acid in water, 0.5 M NaCl, 0.5 M NaCl +
0.01 M CaCl2 and 0.17 M CaCl2 solutions. KH is defined as the integration of 1H NMR peak of the
diol form methyl hydrogens (~1.6 ppm) versus the ketone form methyl hydrogens (~2.4 ppm). The
percentage composition of the (b) ketone and (c) diol forms of pyruvic acid in above solutions at
different pHs.

Based on Lopalco et al.,66 the pKa of ketone and diol forms of α-keto-carboxylic acid can
be obtained from a graph of KH versus pH. The details associated with this method of calculation
are included in the Appendix. The pKa for the ketone and diol forms of pyruvic acid in water in
this work were calculated as 2.1 ± 0.1 and 3.5 ± 0.1, respectively. These values are in agreement
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with the literature pKa values of 2.18 and 3.6 for the ketone and diol form of pyruvic acid,
respectively, in water.32,91 The presence of ions, especially divalent ions like Ca2+, are known to
have the ability to deprotonate carboxylic acids by forming a COO-M+ (M stands for divalent ions)
complex.88,89,92 The apparent pKa’ (see eq. 7-3 and SI) of ketone and diol forms of pyruvic acid in
the presence of 0.17 M Ca2+ in this work were calculated to be 1.3 ± 0.1 and 2.6 ± 0.1, respectively.
From Cannan et al.,88 the MA+ (A stands for carboxylic acid) association constant can be defined
as “C” (see eq. 7-1 below). They derive an expression for calculating C (see eq. 7-2 and 3 below)
when the concentration of ion is much larger than the concentration of the acid (Tm=(M2+), where
Tm stands for the total concentration of the divalent ion in the system).88
C = (𝑀𝐴+ )/(𝐴− )(𝑀2+ )
𝐾𝑎 =
𝐾𝑎′ =

7-1

[𝐻 + ](𝐴− )

7-2

𝐻𝐴
[𝐻 + ][(𝐴− )+(𝑀𝐴+ )]
𝐻𝐴

= 𝐾𝑎 [𝐶(𝑇𝑚 ) + 1]

7-3

Therefore, we can obtain the log C values for both the ketone and diol forms of 10 mM
pyruvic acid solution in the presence of 0.17 M Ca2+ using Ka and Ka’ and Tm. The log C values
for ketone and diol form of pyruvic acid in the presence of 0.17 M Ca2+ are calculated to be 1.5 ±
0.2 and 1.6 ± 0.2 respectively. The log C value represents the affinity of the divalent ion to a certain
carboxylic acid. Our results suggest that Ca2+ associating with pyruvate has no obvious preference
between ketone versus diol forms.
The apparent pKa’ of ketone and diol forms of pyruvic acid were calculated to be 1.6 ± 0.1
and 3.0 ± 0.1 respectively in the presence of either 0.5 M NaCl or 0.5 M NaCl + 0.01 M CaCl2. If
eq. 7-1, 2 and 3 are calculated where M2+ is replaced by M+ (Na+), we can also calculate the log C
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values for pyruvic acid solution in the presence of 0.5 M NaCl (0.5 M NaCl + 0.01 M CaCl 2 also
treated as 0.5 M NaCl), which resulted as 0.6 ± 0.2 for both the ketone form and the diol form.
There is no obvious difference found between the log C values for the ketone and diol forms in the
presence of mostly Na+, which demonstrate that Na+ binding with pyruvate does not have a
preference between ketone versus diol forms. In addition, the log C values, which represent the
binding affinity, between pyruvate and Na+ is much smaller than that between pyruvate and
divalent ion Ca2+ for both ketone and diol forms.
Based on the ketone versus diol ratio at different values of pHs and the pKa for both the
ketone and diol forms of pyruvic acid in water and in NaCl/CaCl2 solutions, we derived Figure 71 (b) and (c) which shows the computational percentage of the four forms of pyruvic acid (ketone
anion, ketone neutral, diol anion and diol neutral) under different conditions. It is obvious that the
presence of Na+ and Ca2+ ions significantly affects the speciation of pyruvic acid in solution. At
pH above 5, the speciation of pyruvic acid with and without Na+ and Ca2+ ions converge to a
similar stage. However, at pH < 4, there is significantly more ketone-anion and diol-anion forms
of pyruvic acid in the presence of NaCl/CaCl2 as the Na+ and Ca2+ ions lower the apparent pKa’
for both ketone and diol forms of pyruvic acid. It is interesting to note that the presence of just one
type of salt ion in solution can lead to a significant difference in the speciation of pyruvic acid,
which could also affect its optical properties. This finding is relevant to marine atmospheric
chemistry based on the fact that the marine system has a high ionic strength with multiple ion types,
and the ion concentration can be enhanced in SSA when generated from the ocean surface,
especially Ca2+.8,16–18,20,93–95
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7.4.2 The effect of salt ions on the optical absorption of aqueous pyruvic acid
A previous study has found that ionic strength can affect the photo-absorption of dissolved
organic matter (DOM) through deprotonation of the DOM chromophores at increasing ionic
strength values.96 The binding between the carboxylic group of pyruvic acid and Na+ and Ca2+ ions
can also potentially affect pyruvic acid photo absorption properties.16–18,20 We collected a series of
UV-Vis spectra to test the effect of salts, namely Na+ and Ca2+, on the absorption spectra of pyruvic
acid solutions. Figure 7-2(a) shows the UV-Vis spectra ranging from 280 nm to 370 nm for 10
mM pyruvic acid in water and 0.17 M CaCl2 solution at two different pH values, highlighting the
n → π* transition of pyruvic acid. If we only look at the spectra in water solution in Figure 7-2(a)
(in blue), a blue shift is observed along an increase in peak intensity induced by the increase of pH.
The blue shift has been explained by Rapf et al.,32 where the interaction between deprotonated
species and water stabilize the ground state which increases the energy difference between the
ground state and S1 state, resulting in a blue spectral shift. The increase in peak intensity upon pH
increase is due to the fact that only the ketone form of pyruvic acid contributes to the absorption
peak area, as the diol form absorption is located at higher energy.32,44,97 The calibration curves for
the UV-Vis intensity vs. ketone form concentration in aqueous and NaCl/CaCl2 solution of pyruvic
acid (where R2 above 0.995) are shown in Figure 7-9. Figure 7-9 also demonstrates that in the
presence of salts such as Na+ and Ca2+, the ketone form of pyruvic acid is still the only photoabsorbing species.
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Figure 7-2. (a) UV-Vis spectra for 10 mM pyruvic acid in water and 0.17 M CaCl2 at different
pHs, highlighted to show the shift of the optical absorption peaks. The comparison of the
absorption spectra peak maximum of (b) 10 mM pyruvic acid in water and CaCl 2 solutions with
different concentrations as well as (c) 10 mM pyruvic acid in water, 0.5 M NaCl, 0.5 M NaCl +
0.01 M CaCl2 and 0.17 M CaCl2 solutions, at different pHs are shown. (d) The absorption spectra
peak shift (1/Δλ) of 10 mM pyruvic acid in NaCl and CaCl2 solution vs. in water at different pHs.

If we compare the UV-Vis spectra with and without Ca2+ in Figure 7-2(a), it is obvious that
the presence of Ca2+ induces a red shift of the n→ π* peak. We then plot the peak maximum of the
n→ π* transition in water and different concentrations of CaCl2 in Figure 7-2(b). It is obvious that
the UV-Vis absorbance intensity increases with increasing Ca2+ concentration at pH < 4, as the
presence of Ca2+ induces an increase in the ratio of the ketone form (Figure 7-1(a)). The presence
of Ca2+ induces a larger red shift at higher pH (less acidic) and higher Ca2+ concentration. The
pyruvic acid in 0.17 M CaCl2 solution even show a red shift with increasing pH, which could be
due to the larger red shift of the peak compared to pyruvic acid in water solutions at less acidic pH.
The reason for the larger red shift at higher pH could be due to the fact that at less acidic pH, there
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is a larger fraction of the deprotonated carboxylic group and therefore a larger concentration of the
MA+ complex (see eq. 7-1). This is the same with the case at higher Ca2+ concentration because
there is a larger (MA+)/(A-) (see eq. 7-1). The comparison between the effect of 0.5 M NaCl and
0.17 M CaCl2, which has the same ionic strength, and 0.5 M NaCl + 0.01 M CaCl2 on the photo
absorption spectra is also shown in Figure 7-2(c). It is not surprising that the presence of Na+
induces less of a red shift than Ca2+ at the same ionic strength as divalent ions are known to bind
tighter with carboxylic groups than monovalent ions.88 The sample with 0.5 M NaCl + 0.01 M
CaCl2 shows a slight increase in the red shift as compared with sample contain only 0.5 M NaCl,
which could be due to the additional Ca2+ ion. Our results are in agreement with another previous
study by Mekic et al. that has found the presence of sodium salts (NaCl, Na2SO4, and NaClO4)
induce a red shift and a hyperchromic effect of the n→ π* absorption band.57 Mekic et al. observed
larger red shifts and increased hyperchromic effects at higher ionic strength, which is in agreement
with the trend we obtained with different concentration of CaCl2.57 They concluded that the red
shift was due to the solvent polarity decrease upon addition of ions due to the high ionic strength
they used (up to 3.1 M).57 However, we show here that the red shift could be induced by the binding
between the cation and the carboxylic group of the pyruvic acid at lower ionic strength,
demonstrated by the vertical excitation energy calculations (vide infra). The peak shift (1/Δλ) of
pyruvic acid with 0.5 M NaCl, 0.5 M NaCl + 0.01 M CaCl2 and different concentrations of CaCl2
compared to pyruvic acid in pure water solution is plotted in Figure 7-2(d) to directly show the
effect of pH and Na+ and Ca2+ ions on the peak shift of the n→ π* transition. These findings have
strong significance in marine chemistry as the pH of aerosols can vary in a large range (from ~0
to ~8)98–102 and the concentration of Na+ and Ca2+ ions can be enhanced in aerosols.8,93–95 Therefore,
the wide range of conditions pyruvic acid may experience when aerosolized could easily lead to
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significant differences in photochemical properties of pyruvic acid, which will direct its chemical
reactivity in the atmosphere.
7.4.3 The computational calculations for the absorption spectra of pyruvic acid with water
clusters with and without Ca2+
Several studies have calculated the excitation energy to the S1 state for neutral pyruvic acid
in the gas phase.103,104 Sutradhar et al. have calculated the energy between S0 and S1 states for gas
phase neutral-ketone pyruvic acid to be 335 nm103 and Yang et al. have calculated the S0 to S1
transition energy for gas phase neutral-ketone pyruvic acid and neutral-ketone pyruvic acid with
one water molecule to be 373 nm and 365 nm, respectively.104 However, none of them have
implemented calculations for the excitation energy of the anionic form of pyruvic acid with several
water molecules that represent the aqueous phase. In the current study, our goal was to simulate
the anion ketone form of pyruvic acid system as it represents the systems of pyruvic acid at pH 4
in experiments where almost all the ketone form of pyruvic acid molecules are deprotonated. In
addition, six water molecules and one hydronium ion (H3O+) are added in order to represent the
acid aqueous environment. Simulations for other forms of pyruvic acid with several water
molecules have been recently reported.105
The computational model system employed for understanding the spectral shift of the n →
π* transition is shown in Figure 7-3. Figure 7-3(a) shows the model system without Ca2+, Figure
7-3(b) shows the model system with addition of the Ca2+ ion. The anionic ketone form of pyruvic
acid is stabilized by hydrogen bonds between the carboxylic group and the surrounding water
molecules. The anionic ketone form of pyruvic acid is not fully solvated, since the methyl group
does not form hydrogen bonds. The addition of the Ca2+ ion places the ion at the COO- group. The
positively charged Ca2+ ion is surrounded by the partially negatively charged oxygens atoms of
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the water molecules. The Ca2+ ion is solvated by three water molecules and is bonded to both
oxygen of the COO- group of anion ketone form of pyruvic acid. The first five vertical excitation
states and their properties (excitation energies, orbital transitions, description of the transition,
oscillator strength, and dipole moments) are provided in Table 7-1. We will only the discuss the
first excited state, since this state is relevant to the experimental measured region.

b

a

Figure 7-3. (a) Optimized structure of the anionic ketone form with 6 water molecules and H3O+.
(b) Optimized structure of the anionic ketone form with 6 water molecules, H3O+ and Ca2+. (redO, white-H, dark green-C, light green-Ca2+). Computational data from Dr. Dorit Shemesh in the
Professor Benny Gerber’s group.

The first excited state of both systems can be described by the orbitals shown in Figure 74(a) and consist for both systems of an n → π* transition. Other orbitals are shown in Figure 7-11.
For the anionic ketone form of pyruvic acid system without Ca2+, the transition is from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). For the
anionic ketone form of pyruvic acid system with Ca2+ the transition is from the HOMO to the
LUMO+1. The HOMO and LUMO+1 in the system with Ca2+ are similar to the HOMO and
LUMO in the system without Ca2+ ion. Based on the calculation, there are no orbitals involving
the Ca2+ ion.
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The simulated spectra of the n → π* transition in Figure 7-4(b) show a similar red shift as
experimental results where the system contains a Ca2+ ion, which illustrates that the COO-Ca+
complex decreases the transition energy between the S0 and S1 states. The S0 to S1 transition energy
for the anionic ketone form of pyruvic acid is calculated to be 4.04 eV (307 nm) without the Ca2+
ion and 3.91 eV (317 nm) with the Ca2+ ion. The energy between the S0 to S1 transition may not
be exact due to the low number of water molecules in the systems, however, it represents the
correct trend of the red shift in the spectra of pyruvic acid in the presence of the Ca2+ ion.

Figure 7-4. (a) Orbitals for pyruvic acid anion ketone with H2O and with and without Ca2+ for n
→ π* transition which contribute to the peak interested in this work. (b) Simulated ketone anion
form of pyruvic acid absorption spectra with 6 H2O and H3O+ and with 6 H2O, H3O+ and Ca2+.
Computational data from Dr. Dorit Shemesh in the Professor Benny Gerber’s group.

7.4.4 The effect of salt ions on the photochemical reactivity of aqueous pyruvic acid
The effect of Na+ and Ca2+ on the photochemical reactivity of pyruvic acid was also
examined. It has been previously established that pyruvic acid can undergo photochemical decay
in aqueous solution when irradiated,32–34,41 and we have established here that the presence of Na+
and Ca2+ ions can affect the photo absorption properties of pyruvic acid. It is therefore interesting
to ascertain whether the photochemical reactivity of pyruvic acid will be affected by the presence
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of the Na+ and Ca2+ ions. Corresponding data for the photochemical decay determined from 1H
NMR quantitative measurements absolute integrated intensities for 10 mM pyruvic acid in the
following solutions: water, 0.5 M NaCl solution, 0.5 M NaCl + 0.01 M CaCls solution and 0.17 M
CaCl2 solution, are summarized in Figure 7-5. The result shows that the presence of Na+ and Ca2+
decrease the photo decay rate of pyruvic acid in an aqueous system. The effect of Na+ and Ca2+ on
the reaction between excited pyruvic acid and dissolved oxygen (regenerating pyruvic acid and
forming acetic acid)13,20,21,33,42 are not studied by this work as this work was done in an anaerobic
condition. However, the anaerobic environment can represent the condition within some coarsemode aerosols (diameter > 14 μm) as these types of aerosols may be oxygen-depleted due to the
rapid pyruvic acid photolysis.13,20,21

Figure 7-5. Photochemical decay of 10 mM pyruvic acid in water, 0.5 M NaCl, 0.5 M NaCl +
0.01 M CaCl2 and 0.17 M CaCl2 solutions from NMR absolute integrated intensities.

Reed Harris et al.33 have previously defined the rate constant, Jaq, for the electronic
excitation of the reactive ketone form from the ground electronic state to the 1nπ* (S1) state,
followed by intersystem crossing and internal conversion to the 3nπ* (T1) state (see eq. 7-4), and
subsequently characterized the relationship between Jaq and the decay of pyruvic acid (see eq. 7-
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5) in an anaerobic environment. KH is the ratio between the diol and ketone forms of pyruvic acid
and is obtained from 1H NMR spectroscopy throughout the photolysis process. Effective values
for KH for pyruvic acid in water and in NaCl/CaCl2 solutions are used (Table 7-3) for calculations
of J values because KH values vary throughout the photolysis process. The Jaq for the photolysis of
10 mM pyruvic acid in water is calculated as 2.62 ± 0.05 × 10-4 s-1 , and for the photolysis of 10
mM pyruvic acid in 0.5 M NaCl, 0.5 M NaCl + 0.01 M CaCl2, and 0.17 M CaCl2 solutions are
1.22 ± 0.07 × 10-4 s-1, 1.23 ± 0.03 × 10-4 s-1 and 1.07 ± 0.03 × 10-4 s-1, respectively. The calculated
Jaq values in our results are higher than the Jaq values for 0.1 M and 0.02 M pyruvic acid in
anaerobic water solutions from Reed Harris et al.,33 which can be due to the fact that the lamp we
used for the photolysis was unfiltered and the metal halide lamp generated several high intensity
peaks (Figure 2-8) that provide more photons. Another previous study has demonstrated that the
aqueous pyruvic acid photolysis rate is positively dependent on the photon absorption rate.20 The
Jaq values calculated in NaCl/CaCl2 solutions are significantly smaller than that in water, which
demonstrate the suppression of aqueous pyruvic acid photolysis due to the presence of NaCl/CaCl2.
CH3 C(O)CO2 H + hν

𝐽𝑎𝑞
→

[CH3 C(O)CO2 H]∗
2𝐽𝑎𝑞

[𝑃𝐴] 𝑇𝑜𝑡𝑎𝑙 = [𝑃𝐴]0𝑇𝑜𝑡𝑎𝑙 exp (−
𝐾

𝐻 +1

𝑡)

7-4
7-5

The presence of Ca2+ ions causes a red shift in the pyruvic acid absorption spectrum.
Therefore, due to the absorption of more photons in the solar spectrum, the photochemical decay
rate of pyruvic acid in the presence of Ca2+ may be higher than that in water solution. However,
previous studies have found that the deprotonated form of pyruvic acid has a slower photolysis
rate under high pH conditions which is explained by a decreased efficiency for intersystem
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crossing to the triplet state and decreased availability of sites for hydrogen abstraction of the
deprotonated form.21,32 Therefore, we postulate that the deprotonation of pyruvic acid caused by
the presence of Na+ and Ca2+ will also decrease the photolysis rate.
A previous study has observed a threefold increase in the photolysis decay rate of pyruvic
acid in aerated solutions in the presence of NaClO4 with an effect ionic strength of 3.1 M.57 The
reason for this discrepancy could be due to the different conditions (aerated solution versus
nitrogen environment, different salts, and the much higher ionic strength in the previous study)
used between the two studies. This previous study stated that the log of the rate constant should
increase linearly with the increase of effective ionic strength based on the Debye-McAulay
approach (primary kinetic salt effect, type II).57 However, the primary kinetic salt effect could be
a competitive effect with the salt ion induced deprotonation effect on the pyruvic acid photolysis.
It means that it is possible that the rate constant of pyruvic acid photolysis initially decreases with
increasing salt concentration, and then increase after the ionic strength increase above a point. On
the other hand, the ionic strength effect could possibly by itself cause an initial decrease, and then
increase on the reaction rate with increasing ionic strength. This “reaction rate first decrease with
the adding of salt up to an effective ionic strength of 0.5 M and then increase with further addition
of salt” phenomenon has been found for some NO3-radical reactions with substituted phenols that
have electron transfer and H-atom abstraction mechanisms.106
The photo products produced from the photolysis of pyruvic acid in water and in different
NaCl/CaCl2 solutions versus the fraction of reacted pyruvic acid is plotted in Figure 7-13. The
formation of oligomeric species was calculated from the absolute integrated NMR peak intensives
at 1.4 to 1.25 ppm. Figure 7-13 shows no obvious difference in the formation of small polymers
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between the photolysis of pyruvic acid in either water or NaCl/CaCl2 solutions. MS spectra in
Figure 7-10 (b), (c), (d) and (e) also demonstrate that there is no obvious difference between the
products of pyruvic acid photolysis in water compared to that in these NaCl/CaCl2 solutions. We
conclude that the presence of coordinating cations, namely Na+ and Ca2+, did not obviously affect
the product branching ratio for pyruvic acid photochemistry in the pure water or in NaCl/CaCl 2
solutions, although it suppresses the photolysis rate due to the deprotonation process and the lower
photochemical reactivity of pyruvate compared to pyruvic acid.
7.4.5 The computational calculations for the absorption spectra of pyruvic acid with water
clusters compared with the experimental spectra of aqueous pyruvic acid at pH 4
A combination of the theoretical calculated absorption spectrum of the anion ketone with
four water and that for the neutral ketone with four water molecules was used in order to obtain a
better comparison with the experimental aqueous pyruvic acid absorption spectrum at pH of 4. The
best predicted fit for the experimental spectrum occurs at 37.5 % ketone water cluster and 62.5 %
anion ketone water cluster of calculated spectra. The dominant contribution comes therefore from
the anion ketone as also seen in the experimental obtained ratio at pHs around 4. However, the
experimental obtained ratio predicts a much larger percentage of the anion ketone. The theoretical
prediction uses a relatively small water cluster for describing the bulk solution, therefore an
accurate ratio between the anion and the ketone water clusters cannot be expected. The
theoretically predicted spectrum in Figure 7-6 describes very accurately the peak location at around
325 nm (compared to 316 nm from experimental results at pH 4) and the surrounded area. However,
the rise of the second peak at lower wavelength is not well described. The theoretical spectrum
uses two excitation states for calculating the spectrum. Inclusion of higher excited states might
therefore be necessary for the correct description of the second excited state and for a better
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description of the area below 260 nm. Additionally, there might be more species such as protonated
neutral pyruvic acid or the enol form of pyruvic acid, that should be included in the calculations
in order to correctly describe the region below 260 nm. For wavelengths greater than 375 nm, the
theoretical spectrum still shows a tail, whereas there is no absorption measured for the
experimental spectrum. This might be due to usage of clusters of only 4 water molecules. A better
description might be reached by employing much larger clusters that resemble more closely the
local environment of pyruvic acid in solution.

Figure 7-6. Combined theoretical spectrum obtained by running MD simulations on the ketone
with four water molecules and the anion with 4 water molecules. The percentage is as follows:
37.5 % of the ketone water cluster spectrum combined with 62.5 % of the anion water cluster
spectrum. The theoretical spectrum is compared to the experimental spectrum at pH=4.
Computational data from Dr. Dorit Shemesh in the Professor Benny Gerber’s group.

7.4.6 The computational calculations for the absorption spectra of benzoic acid and
benzoate with water clusters
To consider the contribution to the total optical absorption spectrum of all possible structures,
AIMD trajectories were simulated and used to calculate total TDDFT optical absorption spectrum
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of largest systems: C6H5COOH∙(H2O)7 and C6H5COO-∙(H2O)8. It was found that in the case of
C6H5COO- that additional explicit solvent molecules are needed to be included in combination
with a continuum representation for the extended solvent environment to be able to reproduce the
experimental spectrum correctly. Method for calculation of vertical excited states along AIMD
trajectories is B3LYP/6-311++G** with including additional solvent effects by C-PCM.

Figure 7-7. Comparison of the theoretical and experimental spectral data. Theoretical spectrum
presented here is an average spectrum of all structures along AIMD trajectories. Optical absorption
spectra of (a) C6H5COOH∙(H2O)7 versus the experimental data at pH 2.5; and (b) C6H5COO–
∙(H2O)8 versus the experimental data at pH = 8.0. Method B3LYP/6-311++G** (with including
solvent effects by C-PCM). Theory – red curve, experiment – black. Computational data from Dr.
Natalia Karimova in the Professor Benny Gerber’s group.

Overall, the total theoretical optical absorption spectra of C6H5COOH∙(H2O)7 and
C6H5COO-∙(H2O)8 systems from the AIMD simulations are presented in Figure 7-7. The maximum
of the B-band was found at 5.16 eV (240 nm) for C6H5COOH∙(H2O)7 and 5.41 eV (229 nm) for
C6H5COO-∙(H2O)8. As shown in Figure 7-7a-b, offsetting the theoretically predicted peaks by 4
(for ionized BA) and 10 (neutral BA) nm leads to a very good agreement with the experimental
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data. In the case of the neutral structure C6H5COOH∙(H2O)7, the 10 nm shift is related to the effect
of the extended solvent environment model (C-PCM).

7.5 Conclusions
Overall, these studies produce insights into environmental factors such as pH, and the
presence of NaCl/CaCl2 with coordinating cations on the photochemistry of atmospherically
relevant chromophoric molecules. We have investigated the effect of Na+ and Ca2+ on the
speciation and photooptical properties of aqueous pyruvic acid. Based on NMR data, both Na+ and
Ca2+ are shown to decrease the diol to ketone ratio in pyruvic acid solution under pH 4. The
presence of Na+ and Ca2+ are also shown to deprotonate both the ketone and diol forms of pyruvic
acid. The presence of 0.17 M Ca2+ reduces the pKa for the ketone and diol forms to 1.3 ± 0.1 and
2.6 ± 0 .1 respectively, while the presence of 0.5 M Na+ reduces the pKa to 1.6 ± 0.1 and 3.0 ± 0.1,
as compared to 2.1 ± 0.1 and 3.5 ± 0.1 for the ketone and diol forms in pure water. The presence
of Na+ and Ca2+ ions induces a red shift of the pyruvic acid n → π* transition around 320 nm, and
the presence of Ca2+ induces a significantly larger red shift than the presence of Na+ at the same
ionic strength. The effect of Ca2+ on the red shift of pyruvic acid n → π* transition is dependent
on the Ca2+ concentration and pH, which could be explained by how likely Ca2+ ion can form a
complex with the carboxylic group on pyruvate. Computed vertical excitation energies also
indicated a similar red shift of the n → π* transition peak in the presence of a Ca2+ ion in the
pyruvic acid system with water molecules. The comparison of pyruvic acid photolysis with and
without NaCl/CaCl2 indicate that the coordinating cations decrease the photolysis rate due to their
deprotonation effect on pyruvic acid while it does not change the reaction pathway and product
branching ratio.
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Computational calculations also demonstrated that the small cluster models are sufficient
for describing the optical absorption spectra of solvated pyruvic acid and benzoic acid correctly
and the possibility of microscopic understanding of the absorption spectra of organic molecules.
The relevance of this work is directed towards the complex photochemistry of small
organic acids in marine environments. By understanding the detailed photochemical properties of
pyruvic acid and benzoic acid as a model species in a marine relevant system, one can better predict
the photochemical properties of light absorbing species in more complex and realistic
environments.

7.6 Acknowledgements
Chapter 7, in part is a reprint of the material published by American Chemical Society in:
Luo, M., Shemesh, D., Sullivan, M.N., Alves, M.R., Song, M., Gerber, R.B. and Grassian, V.H.
(2020). The impact of pH and NaCl and CaCl2 salts on the speciation and photochemistry of
pyruvic acid in the aqueous phase. The journal of physical chemistry A, 124(25), 5071-5080. The
dissertation author was the primary investigator and author of this paper.
Chapter 7, in part, is a reprint of the material published by The Royal Society of Chemistry
in: Shemesh, D., Luo, M., Grassian, V.H. and Gerber, R.B. (2020). Absorption spectra of pyruvic
acid in water: insights from calculations for small hydrates and comparison to experiment.
Physical Chemistry Chemical Physics, 22(22), 12658-12670. The dissertation author was the
investigator of all experimental measurements and experimental data analysis and co-author of this
paper.
Chapter 7, in part, is a reprint of the material published by The Royal Society of Chemistry
in: Karimova, N.V., Luo, M., Grassian, V.H. and Gerber, R.B. (2020). Absorption spectra of

209

benzoic acid in water at different pH and in the presence of salts: insights from the integration of
experimental data and theoretical cluster models. Physical Chemistry Chemical Physics, 22(9),
5046-5056. The dissertation author was the investigator of all experimental measurements and
experimental data analysis and co-author of this paper.
This work was supported by the National Science Foundation through the Center for
Aerosol Impacts on Chemistry of the Environment (CAICE), an NSF funded center for Chemical
Innovation (CHE-1801971). We want to thank Professor Veronica Vaida for helpful discussions
and her insights on pyruvic acid photochemistry. We also acknowledge Dr. Samantha Doyle for
her help in distillation of the pyruvic acid and Dr. Anthony Mrse for NMR analysis. Additionally,
this work used the Extreme Science and Engineering Discovery Environment (XSEDE),107 which
is supported by grand number grant number TG-CHE17006. The authors would also like to thank
Professor Juan Navea for helpful discussions.

7.7 Appendix
7.7.1 Supporting Figures and Tables

210

Figure 7-8. The 1H NMR spectra for 10 mM pyruvic acid in (a, b, c) water and (d, e, f) 0.17 M
CaCl2 solution before photolysis, 1 hour after photolysis and 5 hours after photolysis.

Figure 7-9. Calibration curves for the UV-vis absorption intensity versus the concentration of the
ketone form of pyruvic acid. The concentration of the ketone form of pyruvic acid is calculated
from the ketone to diol ratio from 1H NMR spectra.
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Figure 7-10. ESI-MS spectra of 10 mM pyruvic acid after 5 hours of photolysis (a) in water, (b)
in water after PPL extraction, (c) in 0.17 M CaCl2 solution after PPL extraction, (d) in 0.5 M NaCl
solution after PPL extraction, and (e) in 0.5 M NaCl + 0.01 M CaCl2 solution after PPL extraction.
The abundance of peak m/z = 159 in (b)-(e) (compare to the abundance of peaks m/z = 177 and
m/z = 175 in (a)) is due to the preferential bonding of PPL to different types of organic molecules.
The intensity of peak 159 in the dark controls which performed without irradiation under the same
conditions is about a thousand time lower than data shown here following irradiation. Therefore,
this peak m/z = 159 is due to a photolysis product, and it is also seen from other studies. 32,42 The
peak m/z = 175 has been discussed previously in the literature as DMOHA32,34,42 or oxo-C7
product.19–21,45,49
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Figure 7-11. Simulation results for the orbitals of anion ketone pyruvic acid with (a) 6 water
molecules and one H3O+ molecule and (b) 6 water molecules and one H3O+ molecule and one Ca2+
ion. Computational data from Dr. Dorit Shemesh in the Professor Benny Gerber’s group.
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Table 7-1. The excitation states, energies, descriptions of the orbitals involved in the transitions,
as well as oscillator strength and dipole moment of anion ketone pyruvic acid with (a) 6 water
molecules and one H3O+ molecule and (b) 6 water molecules and one H3O+ molecule and one Ca2+
ion. Computational data from Dr. Dorit Shemesh in the Professor Benny Gerber’s group.
a. Ground state dipole moment: 2.71 Debye
State

Energy
(eV)

Energy
(nm)

Orbital Excitation

Description

Oscillator
strength

Dipole
moment
(Debye)

S1

4.04449

307

HOMO → LUMO
85 %

nπ*

0.00078230

4.15

S2

5.39789

230

HOMO-2 → LUMO
82%

nπ*

0.01344129

6.07

S3

6.08906

204

HOMO-4 → LUMO
40 %

nπ*

0.00191028

4.62

HOMO → LUMO+5
23 %
S4

6.28199

197

HOMO-1 → LUMO
91 %

ππ*

0.04567554

8.06

S5

6.79211

183

HOMO-4 → LUMO
32 %

nπ*

0.01332134

5.13

HOMO → LUMO +5
23%
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Table 7-1. (continued) The excitation states, energies, descriptions of the orbitals involved in the
transitions, as well as oscillator strength and dipole moment of anion ketone pyruvic acid with (a)
6 water molecules and one H3O+ molecule and (b) 6 water molecules and one H3O+ molecule and
one Ca2+ ion. Computational data from Dr. Dorit Shemesh in the Professor Benny Gerber’s group.
b. Ground state dipole moment: 34.71 Debye
State Energy
(eV)

Energy Orbital Excitation
(nm)

Description Oscillator
strength

Dipole
moment
(Debye)

S1

3.91120 317

HOMO →
LUMO+1 86%

nπ*

0.00006113 33.31

S2

5.43232 228

HOMO-2 →
LUMO+1 69%

nπ*

0.00482496 37.47

S3

6.23193 199

HOMO-4 →
LUMO+1 38%

nπ*

0.00382165 36.10

S4

6.45779 192

HOMO-1 →
LUMO+1 73 %

ππ*

0.09370015 38.02

S5

6.99176 177

HOMO → LUMO
84%

n→
Rydberg

0.00842892 26.25
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Figure 7-12. The comparison between results for the percentage of diol form of pyruvic acid in
water solution (10% (v/v) D2O) at different pH in this work (red full circle) with results from other
studies for 10 mM (green open star and orange open circle),32,42 0.5 mM (green open triangle),42
and 100 mM (7% (v/v) D2O) at 23 ºC (blue open square),33 and 100 mM at 20 ºC (pink open
triangle)19 and 25 ºC (99.8% D2O) (brown open triangle),87 and 1.3 M at 25 ºC (purple open
diamond).37 Additional details of the solution phase parameters for these experiments are given
Table 7-2.
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Table 7-2. The experimental parameters for experiments shown in Figure 7-12.

Study

pH

PA

This work

1.1 - 8

concentration
10 mM

2.4 – 10.5

10 mM

2.4

10 mM

1 M HCl
1 M NaOH
37% HCl
1 M NaOH
No adjustment

3.5

0.5 mM

No adjustment

2.06

100 mM

No adjustment

1

100 mM

Rapf
(2017)
Rapf
(2017)
Rapf
(2017)
Reed
Harris (2014)
Guzman
(2006)
Cooper
(1975)
Pocker
(1969)

6
(no correction
for deuterium
isotope effect)
1.1 – 6.2

10 mM

pH adjustment

70%
perchloric acid
99% DCl
99% NaOD

1.3 M

Concentrated
HCl or NaOH

D2O
concentration
10% (v/v)
D2O
Did not
specify
Did not
specify
Did not
specify
7% (v/v)
D2O
Did not
specify
99.8% D2O

Did not
specify

Method
1H NMR wet
suppression
1
H NMR wet
suppression
1
H NMR wet
suppression
1
H NMR wet
suppression
1H NMR wet
suppression
Did not
specify
1H NMR

NMR with
frequency
sweep mode

Table 7-3. Effective values of the KH over 5 h photolysis for pyruvic acid in water or in salt
solutions.
effective KH value
10 mM pyruvic acid in water

0.61

10 mM pyruvic acid in 0.17 M CaCl2
solution

0.49

10 mM pyruvic acid in 0.5 M NaCl
solution

0.44

10 mM pyruvic acid in 0.5 M NaCl + 0.01
M CaCl2 solution

0.41
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Figure 7-13. The formation of small polymers from the absolute integrated NMR peak intensities
(between 1.25 and 1.40 ppm) during pyruvic acid photolysis in water or NaCl/CaCl2 solutions.

7.7.2 Supporting Calculations
Calculation for pKa using KH versus pH curves from Lopalco at el.66
Acid dissociation constants were calculated from KH versus pH curve. KH is defined is as
the integration of 1H NMR peak of the diol form methyl hydrogens (~1.6 ppm) versus the ketone
form methyl hydrogens (~2.4 ppm).66 Therefore, we have eq. 7-6:

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑃𝑑𝑖𝑜𝑙

𝐾𝐻 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑃

𝑘𝑒𝑡𝑜𝑛𝑒

7-6

If we define the equilibrium constants of hydration for the neutral and anion pyruvic acid,
we can get 𝐾𝐻𝑛𝑒𝑢𝑡𝑟𝑎𝑙 and 𝐾𝐻𝑎𝑛𝑖𝑜𝑛 in eq. 7-7 and 7-8:

[𝐻𝐴𝑑𝑖𝑜𝑙 ]

𝐾𝐻𝑛𝑒𝑢𝑡𝑟𝑎𝑙 = [𝐻𝐴

7-7

𝑘𝑒𝑡𝑜𝑛𝑒 ]
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[𝐴−

𝐾𝐻𝑎𝑛𝑖𝑜𝑛 = [𝐴−𝑑𝑖𝑜𝑙

]

7-8

𝑘𝑒𝑡𝑜𝑛𝑒 ]

The dissociation constants for the ketone and diol forms can be written as eq. 7-9 and 710:

𝐾𝑎𝑘𝑒𝑡𝑜𝑛𝑒 =

𝐾𝑎𝑑𝑖𝑜𝑙 =

[𝐻 + ][𝐴−
𝑘𝑒𝑡𝑜𝑛𝑒 ]

7-9

[𝐻𝐴𝑘𝑒𝑡𝑜𝑛𝑒 ]

[𝐻 + ][𝐴−
𝑑𝑖𝑜𝑙 ]

7-10

[𝐻𝐴𝑑𝑖𝑜𝑙 ]

Then KH can be expressed in eq. 7-11 and 7-12:

[𝐻𝐴𝑑𝑖𝑜𝑙 ]+[𝐴−
𝑑𝑖𝑜𝑙 ]

𝐾𝐻 = [𝐻𝐴

7-11

−
𝑘𝑒𝑡𝑜𝑛𝑒 ]+[𝐴𝑘𝑒𝑡𝑜𝑛𝑒 ]

𝐾𝐻 =

𝑛𝑒𝑢𝑡𝑟𝑎𝑙
𝑎𝑛𝑖𝑜𝑛 𝑘𝑒𝑡𝑜𝑛𝑒
[𝐻 + ]𝐾𝐻
+𝐾𝐻
𝐾𝑎

7-12

[𝐻 + ]+𝐾𝑎𝑘𝑒𝑡𝑜𝑛𝑒

Therefore, the dissociation constant of ketone form of pyruvic acid 𝐾𝑎𝑘𝑒𝑡𝑜𝑛𝑒 can be
determined by fitting the KH versus pH curve with eq. 12. The dissociation constant for diol form
pyruvic acid can then be determined from eq. 7-13:

𝐾𝑎𝑑𝑖𝑜𝑙 =

𝑎𝑛𝑖𝑜𝑛
𝐾𝑎𝑘𝑒𝑡𝑜𝑛𝑒 𝐾𝐻

7-13

𝑛𝑒𝑢𝑡𝑟𝑎𝑙
𝐾𝐻

In the presence of Ca2+, all the [𝐴− ] terms in all the equations above changed to [𝐴− +
𝑀𝐴+ ] where M represent calcium. Therefore, the apparent dissociation constant 𝐾𝑎′ for pyruvic
acid in CaCl2 solution can be expressed as:

𝐾𝑎′ =

[𝐻 + ]([𝐴− ]+[𝑀𝐴+ ])

7-14

[𝐻𝐴]
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Chapter 8 Brewster Angle Microscopy (BAM) and Water
Evaporation Experiments

8.1 Abstract
In this chapter, Brewster Angle Microscopy (BAM) imaging experiments and water
evaporation experiments were performed in order to investigate how lipase or lipopolysaccharides
(LPS) molecules affect the structure and ordering of different surfactant monolayers. It has been
found that the presence of surfactant monolayers, such as DPPC monolayers and fatty acid
monolayers at the air/water interface are able to reduce water evaporation, while the presence of
lipase or LPS in the subphase will disrupt the ordering of the surfactant monolayers and allow
water to evaporate faster compared to the systems with surfactant monolayers only. From the BAM
images, the morphologies of different fatty acid monolayers at the air/water interface at different
compressing states can be observed. In addition, the morphologies of a mixture of fatty acid (MixFA) monolayer with and without the presence of LPS in the subphase were also observed from the
BAM images. It has been concluded that when LPS is added to the subphase it can diffuse to the
surface and cause phase separation between the fatty acid molecules and the LPS molecules at the
air/water interface at high surface pressure. The IRRAS spectra of the above systems indicate that
the Mix-FA monolayer on LPS subphase is still highly ordered but generates less signal intensity,
which could be due to the phase separation and reduced Mix-FA surface coverage. How lipase or
LPS affect the structure and ordering of the surfactant monolayers is of great interest as the packing
and orientation of the surfactant coating on the aerosol surfaces can affect their climate-relevant
properties.
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8.2 Introduction
In the previous chapters (Chapter 4 and 5), the interaction between lipase and different
surfactant monolayers have been investigated and discussed. However, lipase is not the only
biological species in the ocean and SSA. Lipopolysaccharides (LPS) are also ubiquitous in the
marine system and have been observed in SSA.1–3 LPS consist of lipids covalently bonded to
polysaccharides and are a major component of the outer-cell membranes of gram-negative
bacteria.4 It has been found that LPS are surface-active.5,6 Therefore, LPS are also able to insert
into the surfactant monolayers at the SSA surface and impact the monolayer structure. The packing
and orientation of the organic coating on the SSA surface cam impact the uptake of water vapor
and other atmospheric trace gases, which in turn influence the size, lifetime, and composition of
the SSA particle as well as its climate-relevant properties.7 Thus, it is crucial to characterize the
impact of LPS on the morphology of the surfactant monolayers, and to understand how these
interactions might affect SSA surface chemistry. Here we chose a mixture of dominant fatty acids
present in SSA to mimic the surfactant coating at the SSA surface.3,8
Here we performed BAM imaging experiments to better understand the morphology of
different monolayer systems at the air/water interface with different conditions. BAM is a noninvasive optical technique for surface characterization. It has been widely used for characterizing
one molecule thick monolayers at the air/water interface.9,10 The BAM uses p-polarized light at
the Brewster Angle of incidence.10 Therefore, before having the monolayer at the air/water
interface, there is no reflection from the air/water interface and the background is dark. When a
condensed phase of a monolayer with a different refractive index is present at the air/water
interface, light reflection will occur, and a high contrast image can be generated, which can be
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used to investigate the morphology of the monolayer at the air/water interface. By using a BAM
coupled with the Langmuir trough, BAM images can be obtained during the monolayer
compression process. Therefore, the morphology change of the monolayers during compression
can be studied.
The water loss from SSA through the SSA surface directly affects the size and lifetime of
the SSA particle as well as its climate-relevant properties.7 It has been previously shown that the
surfactant monolayers at the air/water interface have the ability to reduce water evaporation.11–13
This ability of diminishing the rate of water evaporation came from the highly ordered structure
of the surfactant monolayers.11–13 In these earlier studies, they only investigated the water
evaporation rate with the presence of surfactant monolayers at the air/water interface with no
organics in the subphase. However, it has been found that there are many organic and biological
species, for example lipase and LPS, present in the SSA.1–3, 14 Additionally, in our previous studies
(Chapter 4 and 5), we have concluded that the presence of lipase significantly disrupts the
structural ordering of the lipid monolayers. Therefore, given the importance of the water
evaporation rate from aerosol surfaces in atmospheric chemistry and the ability of lipase to disrupt
the monolayer structure, we aim here to better understand the impact of lipase as well as LPS on
water evaporation through the air/water interface. Here, we performed the water weight loss
experiments with systems of DPPC and Mix-FA monolayers with and without the presence of
lipase or LPS in the subphase.
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8.3 Experimental Methods
8.3.1 Materials and sample preparation
DPPC (>99%) was purchased from Avanti Polar Lipids. Palmitic acid (>99%), stearic acid
(>98.5%), and Myristic acid (>99.5%) were purchased from Sigma Aldrich. Chloroform (>99.9%)
was purchased from Fisher Scientific. Lauric acid (99%) was purchased from ACROS. The
reagents above were used without further purification. The DPPC solution was prepared in
chloroform with a concentration of 1 mg/ml. The four fatty acids solutions were first prepared in
chloroform with a concentration of 1 mg/ml and then mixed with a molar ratio of stearic acid (SA) :
palmitic acid (PA) : myristic acid (MA) : lauric acid (LA) = 3 : 4 : 2 : 1 (Mix-FA). Lipase from
Pseudomonas cepacia (≥30 U/mg) was purchased from Sigma Aldrich. Lipopolysaccharides from
Escherichia coli (O111:B4) was purchased from Sigma Aldrich. Milli-Q water with an electric
resistance of 18.2 MΩ was used for the aqueous subphase. NaCl salt purchased from Fisher
Scientific was purified by baking at 200 °C overnight to remove organic contaminants and was
prepared as a 0.4 M salt water solution. The concentration of the NaCl solution was chosen to be
near the seawater concentration. The lipase solution was made in 0.4 M NaCl with a concentration
of 16.5 mg/100 ml. The LPS solution for the water evaporation experiments was made in 0.4 M
NaCl with a concentration of 25 mg/100 ml. The LPS solution for the BAM experiments was made
in 0.4 M NaCl with a concentration of either 1 mg/100ml or 10 mg/100 ml.
8.3.2 Water evaporation experiments
Plastic petri dishes were used to hold 5 ml of each solution and 10 μL of DPPC or Mix-FA
was spread onto the surface of the solutions using a microsyringe. The monolayer was then left for
5 minutes to allow for solvent evaporation. Then the weight loss was monitored by an analytical
balance. Temperature was 22 ± 1 °C and relative humidity 30 ± 6%, and these values were
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monitored throughout the experiment. All experiments were done in triplicate. The surface
pressure was measured by a computer-controlled film balance (KSV NIMA LB, S/N
AAAA100505).
8.3.3 BAM experiments
The BAM instrument (KSV NIMA, MicroBAM) was used with either a petri dish or a
computer-controlled film balance with a Langmuir trough (KSV NIMA LB, S/N AAA100505).
For every BAM experiment, a black glass plate was placed in the subphase under the BAM head.
The black glass plate absorbs/redirects the refracted beam and therefore prevents it from reaching
the detector. The schematic of the BAM with the Langmuir trough setup can be seen in Figure 210. For trough experiments, Mix-FA in chloroform was spread onto the subphase in the trough
using a microsyringe. One barrier was taken off from the trough in order to place the BAM
instrument. Therefore, only one barrier was used to compress the monolayer. The compression
rate was 10 mm/min. Images were taken during the compression. The surface pressure was
monitored throughout the experiments with the computer-controlled film balance.

8.4 Results and Discussion
8.4.1 Water evaporation experiments
The comparison for the water evaporation between the systems of pure NaCl solution
(NaCl only system), NaCl solution with DPPC monolayer (DPPC only system), lipase solution
with DPPC monolayer (lipase-DPPC system), and LPS solution with DPPC monolayer (LPSDPPC system) can be seen in Figure 8-1a and b. The NaCl only system showed the fasted water
weight loss while the DPPC only system showed the slowest water evaporation. It can be
concluded that the DPPC monolayer serves as a cover at the air/water interface and blocks the
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water molecules from transferring from the liquid phase to the gas phase. The lipase-DPPC system
and the LPS-DPPC system showed a water weight loss in between the NaCl only system and DPPC
only system, while the lipase-DPPC system showed a slightly faster water evaporation compared
to the LPS-DPPC system. This result demonstrates that the lipase and LPS molecules in the
subphase can come up to the air/water interface and disrupt the structure of the DPPC monolayer,
which results in faster water evaporation.
The surface pressure experiments shown in Figure 8-1c also demonstrate that the presence
of lipase or LPS in the subphase can disrupt the DPPC monolayer. It can be seen that the surface
pressure decay rates from 10 minutes to the end of the experiments for the lipase-DPPC (red) and
LPS-DPPC (yellow) systems are greater than that for the DPPC only system (green). This indicates
that the DPPC monolayer in the lipase-DPPC and LPS-DPPC system are less stable than that in
the DPPC only system (see Chapter 3).

Figure 8-1. a) Water weight loss measured over a two hour period for 0.4 M NaCl solution with
and without DPPC monolayer and Lipase/LPS in 0.4 M NaCl solution with DPPC monolayer with
one standard deviation. b) Bar graph for the normalized water weight loss at 120 minutes for the
above four systems with one standard deviation. c) The surface pressure decay curves for the above
three systems with DPPC monolayers.
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Similar results were obtained from the water evaporation experiments using Mix-FA
monolayer instead of the DPPC monolayer. The comparison for the water evaporation between
the systems of pure NaCl solution (NaCl only system), NaCl solution with Mix-FA monolayer
(Mix-FA only system), lipase solution with Mix-FA monolayer (lipase-Mix-FA system), and LPS
solution with Mix-FA monolayer (LPS-Mix-FA system) can be seen in Figure 8-2a and b. The
water evaporation rates for the NaCl only, lipase-Mix-FA, and LPS-Mix-FA systems are almost
the same, whereas the Mix-FA only system expresses significant slower water loss. This not only
demonstrates that the lipase and LPS molecules can also disrupt the Mix-FA monolayer, but also
indicates that the Mix-FA monolayer more easily disrupted compared to the DPPC monolayer.

Figure 8-2. a) The water weight loss over a two hours for 0.4 M NaCl solution with and without
Mix-FA monolayer and Lipase/LPS in 0.4 M NaCl solution with Mix-FA monolayer with one
standard deviation. b) Bar graph for the normalized water weight loss at 120 minutes for the above
four systems with one standard deviation.
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8.4.2 BAM experiments
The BAM images for different fatty acid monolayers on water subphase in a petri dish can
be seen from Figure 8-3. The bright features indicate the monolayer domains. It can be found that
longer chain fatty acids (SA-C18, PA-C16, MA-C14, LA-C12) show brighter and larger domains.
With that being stated, LA does not have a long enough chain to show any feature from the BAM
image (Figure 8-3d).

Figure 8-3. BAM images for a) SA, b) PA, c) MA, d) LA monolayers on water subphase in a petri
dish.

The BAM instrument can also be coupled with the Langmuir trough so that the BAM
images of the monolayers during compression can be obtained. Figure 8-4 reflects the BAM
images for different fatty acid monolayers on 0.4 M NaCl subphase during compression. Using
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this method, the information of how domains of the fatty acid merge together to form a full surface
coverage as well as the morphology of the monolayers at different phases can be clearly obtained.
For the compression of a SA monolayer, free domains can be seen at the beginning of the
compression (Figure 8-4a). Then, during compression, larger homogeneous domains are
developed and come close together (Figure 8-4b and c). During this stage, the surface pressure is
still around 0 mN/m. The existence of these domains indicates two-dimensional aggregation of the
monolayer in the gas-tilted condensed co-existence (G-TC) phase (see Chapter 2). Those domains
then finally merge to form a full surface coverage and then the surface pressure starts to increase
above 0 mN/m, which indicates the monolayer enters the tilted condensed (TC) phase (see Chapter
2). Figure 8-4d shows the BAM image of the monolayer in the TC phase. Further compression
results in the loss of contrast in the BAM image when the surface pressure is higher than around
20 mN/m as can be seen from Figure 8-4e. This transition toward loss of contrast indicates the
molecules are entering the untilted condensed (UC) phase (see Chapter 2) and orienting themselves
into an upright position, perpendicular to the aqueous surface.9,10
The BAM images for the compression of the PA monolayer (Figure 8-4f - j) are very
similar to the ones for the SA monolayer, except that PA has smaller domains compared to SA.
This can be observed especially from Figure 8-4h.
The carbon chain in MA is shorter than that in PA and SA so the BAM images for the MA
monolayer contain darker features and smaller domains. The BAM image barely start to show
features when the surface pressure is already around 15 mN/m (Figure 8-4k), where the monolayer
is already in its TC phase. The merging process can still be seen during compression (Figure 8-4l
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– n). With further compression, MA can also enter the UC phase and the BAM image at this phase
show a loss of contrast (Figure 8-4o).

Figure 8-4. BAM images for different fatty acid monolayers (SA: a-e, PA: f-j, MA: k-o) on 0.4 M
NaCl subphase during compression in the Langmuir trough.

Next, the effect of LPS in the subphase on the morphology and ordering of the Mix-FA
monolayer was investigated. The isotherm for the above systems can be seen from Figure 8-5. It
can be observed that the isotherm of the Mix-FA is similar to a typical fatty acid isotherm and
contains the G-TC phase, TC phase, and UC phase (see Chapter 2). However, with the presence
of LPS in the subphase, the lift-off point (where surface pressure start to rise above 0 mN/m) is
significantly shifted toward higher mean molecular area, indicating the insertion of LPS molecules
in the monolayer at the air/water interface. There is no distinct phase but a gradually increased
surface pressure during the compression of the Mix-FA monolayer on the LPS subphase, which
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indicates that the LPS molecules at the air/water interface insert into and disrupt the Mix-FA
monolayer.

Figure 8-5. Isotherms for Mix-FA monolayer on 0.4 M NaCl subphase and when LPS is added to
the salt solution subphase.

The BAM images for Mix-FA monolayer on 0.4 M NaCl subphase or LPS solution
subphase during compression can be found from Figure 8-6a-e. The BAM images for Mix-FA
monolayer on 0.4 M NaCl subphase reveal a consistent trend with that for PA and SA monolayers,
namely, a progression from domains to a full coverage to loss of contrast. It can be observed that
the individual domains for the Mix-FA on the NaCl subphase (Figure 8-6a) are smaller compared
to the domains for PA and SA (Figure 8-4b, c, g, and h). This may indicate that the Mix-FA is not
a homogeneous mixture and thus forms separate domains for fatty acids. This can also be
demonstrated by Figure 8-6b-d. When the monolayer enters its tilted condensed phase (Figure 86b-d, Figure 8-5), non-homogeneous features can be observed. Although the monolayer forms a
full surface coverage, there are distinct separations between brighter domains and grey areas in the
BAM images (Figure 8-6b-c), which indicates that the Mix-FA monolayer forms separate domains
for the mixed fatty acids. The brighter domains should indicate the PA and SA region due to their
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longer chains and resulting brighter features, while the greyer area should consist of MA and LA
due to their darker features. In Figure 8-6d, it can be observed that there are holes in the monolayer,
which indicates that the monolayer is less ordered9 compared to the homogeneous PA and SA
monolayers (Figure 8-4d and j). Further compression results in the loss of contrast (Figure 8-6e)
which is consistent with the previous BAM images for PA, SA and MA monolayers.
The BAM images of the Mix-FA monolayer on LPS subphase starts with tiny dot-like
domains (Figure 8-6f). Upon compression, a full surface coverage with non-homogeneous features
can be observed (Figure 8-6g-h). However, there are no distinct domains in these images, which
demonstrates a different morphology from the Mix-FA monolayer without the presence of LPS.
The difference between Figure 8-6f-h and Figure 8-6a-c indicates that the LPS molecules disrupt
the structure and ordering of the Mix-FA monolayer. Upon further compression, obvious phase
separation between the bright region and dark region can be observed (Figure 8-6i-j). This phase
separation at high surface pressure has never been observed in any of the fatty acid monolayers. It
indicates that with high surface pressure, there is an aggregation of the fatty acid molecules which
is separated from the LPS molecules at the air/water interface. The fatty acids generate the bright
feature in the BAM image while the dark region represents the LPS molecules. Further
compression results in the loss of contrast at a surface pressure above 50 mN/m (Figure 8-8), which
indicates that the LPS molecules might be squeezed out at high enough surface pressure from the
monolayer into the subphase.
When increasing the concentration of LPS to 10 times higher, it can be observed that the
LPS subphase can form a full surface coverage (Figure 8-9a). After spreading the Mix-FA, the
morphology does not change (Figure 8-9b). Upon compression, the phase separation between the
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fatty acid and LPS can also be observed (Figure 8-9c). Further compression results in the collapse
of the fatty acid domains and formation of three-dimensional structure (bright dots in Figure 8-9d).
This might be due to the high concentration of the LPS which makes it difficult to be squeezed out
form the air/water interface to the subphase.

Figure 8-6. BAM images for Mix-FA monolayer on 0.4 M NaCl subphase (a-e) and LPS solution
subphase (f-j) during compression in the Langmuir trough.

Since the phase separation occurs around 30 mN/m, it would be interesting to obtain the
orientation information of the monolayers at this surface pressure. The IRRAS system (see Chapter
2) is able to obtain the ordering information of the surfactant monolayer at the air/water interface
and therefore IRRAS experiments was performed. The IRRAS spectra for the C-H stretching
region for Mix-FA monolayer with and without the presence of LPS in the subphase at 30 mN/m
can be found from Figure 8-7. It can be observed that the peak positions between the two
mentioned systems are the same, which indicates that the Mix-FA monolayer on LPS subphase is
still highly ordered (see Chapter 5). However, the Mix-FA monolayer on LPS subphase has
decreased IRRAS signal intensities, which could be due to the phase separation and reduced Mix-
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FA surface coverage. This indicates that the findings from the IRRAS experiments are consistent
with that from the BAM experiments.

Figure 8-7. IRRAS spectra for Mix-FA monolayer on 0.4 M NaCl subphase and LPS solution
subphase at 30 mN/m.

8.5 Conclusions
In conclusion, how lipase and LPS molecules affect the structure and ordering of different
surfactant monolayers was investigated by the Brewster Angle Microscopy (BAM) imaging
experiments and water evaporation experiments. It has been found that the presence of DPPC and
Mix-FA surfactant monolayers at the air/water interface decreases the rate of water evaporation,
while the presence of lipase or LPS in the subphase will disrupt the ordering of the surfactant
monolayers and re-establish the water evaporation. From the BAM images, the morphologies of
different fatty acid monolayers at the air/water interface at different compressing states were
observed. Further, the morphologies of a mixture of Mix-FA monolayer with and without the
presence of LPS in the subphase were also observed from the BAM images. It has been concluded
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that LPS in the subphase inserts into and disrupts the Mix-FA monolayer and causes phase
separation between the fatty acid molecules and the LPS molecules at the air/water interface at
high surface pressure. The IRRAS spectra of the above systems indicates that the Mix-FA
monolayer on LPS subphase is still highly ordered but generates reduced signal intensity, which
could be due to the phase separation and reduced Mix-FA surface coverage. Overall, these studies
lend new insights into the interactions of fatty acid monolayers with LPS and lipase at the airwater interface. These insights improve our understanding of sea spray aerosol gas partitioning
and can inform prediction of the properties of these ubiquitous atmospheric particles.
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8.7 Appendix

Figure 8-8. BAM images for Mix-FA monolayer on LPS solution subphase at around 50 mN/m.
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Figure 8-9. BAM images for Mix-FA monolayer on LPS solution (with 10 times higher LPS
concentration) subphase during compression in the Langmuir trough.
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Chapter 9 Conclusions and Future Perspectives

The overall goal of this dissertation study was to investigate the behavior and properties of
some marine relevant organic species (surface active species at the air/water interface and soluble
organic species in the bulk) under different environmental conditions in hopes of better
understanding their impact on the climate relevant properties of sea spray aerosols (SSA) and sea
surface microlayer (SSML). The stability and structure of organic coatings on the surface of SSA
can impact the properties of SSA including their reactivity, hygroscopicity, and aerosol lifetimes.
The dissertation first introduced the investigation of the stability and behavior of surface-active
organics, such as palmitic acid, nonanoic acid, and lipids, at the air/water interface in the presence
of different chemically complex underlying bulk phase using surface sensitive techniques and
computational simulations. The different chemically complexities includes the presence of a
photosensitizer and solar radiation, the presence of marine relevant salts, as well as the presence
of environmentally relevant proteins. In addition, understanding the photochemistry in the
atmosphere is important as the solar radiation is present This dissertation also introduced the
investigation of the impact of salt ions, pH and speciation on the optical properties and
photochemistry of aqueous marine relevant chromophoric molecules, like pyruvic acid and
benzoic acid, using NMR, UV-Vis spectroscopy, and theoretical simulations.

In Chapter 3, the stability of palmitic acid monolayers on saltwater interfaces in the
presence and absence of simulated solar light with and without a photosensitizer in the underlying
salt subphase is investigated using surface sensitive techniques, namely the Langmuir trough
system and the Infrared Reflection Absorption Spectroscopy (IRRAS) system. It is found that the
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presence of the photosensitizer, in this case humic acid, is essential in significantly reducing the
stability of the monolayer upon irradiation. The mechanism for this loss of stability is due to
interfacial photochemistry involving electronically excited humic acid and molecular oxygen
reacting with palmitic acid at the interface to form more oxygenated and less surface-active species.
These oxygenated species can then more readily partition into the underlying solution. One of the
atmospheric implications of this study would be that the fatty acid coating on aerosols with
photosensitizers may not be as impermeable to water and other trace gases upon irradiation, which
could affect the size and lifetime of marine-derived and other aqueous atmospheric aerosols.

In Chapter 4 and 5, a combination of the experimental surface sensitive techniques and
molecular dynamics (MD) simulations were used to investigate the effects of the electrostatic
interactions between lipids and lipase at the air/water interface on the stability and structure of the
lipid monolayers and the structure and dynamics of the lipase. It has been found that the interaction
between the lipase with the lipids at the air/water interface can decrease the stability and disrupt
the ordering of the lipid monolayers, which in turn also can alter the reactivity and dynamics of
the lipase. This lipid-lipase interaction at the interface was found to be affect significantly by the
pH of the bulk solution, the surface concentration of the lipid monolayers, and the type of the lipids,
especially its headgroup charge. Taken together, these results represent a first glimpse into the
complex interplay between lipid surface structure and protein dynamics within enzyme-containing
aerosols. In the context of sea spray aerosol chemistry, where the aerosol surface modulates
atmospheric multiphase and heterogeneous reactions, understanding the surfactant-dependent
dynamics and fluctuation of protein to and from the surface could bring us closer to accurately
depicting SSA properties in atmospheric chemistry and climate models.
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In Chapter 6, an integration of experimental techniques with MD simulations was used to
investigate the behavior of nonanoic acid and its conjugate base between the air/water interface
and the bulk at various pH values, surfactant concentrations and the presence of salts. A framework
was established with which the behavior of the partially soluble species at the air/water interface
can be predicted from surface adsorption models and the surface pKa can be predicted from the
MD simulations. It is concluded that: (1) the surface adsorption of nonanoic acid is controlled by
the pH of the bulk phase and the very different surface activity of the two different components,
protonated versus deprotonated; (2) the surface acid dissociation constants for soluble surfactants
are therefore difficult to define and/or directly measure since the ratio of protonated and
deprotonated species on the surface does not directly connect with the surface acid dissociation
process and could be due to the difference in the surface adsorption properties of both forms; (3)
MD simulations with alchemical free energy methods were used to calculate the pKa shift of
nonanoic acid at the air/water interface versus in the bulk and these calculations suggest that
nonanoic acid in a monolayer at the air/water interface is less acidic than acids in the bulk by
roughly 1 pKa unit; (4) the presence of salt, namely NaCl, is found to slightly decrease the bulk
pKa of nonanoic acid and increase the surface adsorption of both protonated and deprotonated
nonanoic acid. Furthermore, a thermodynamic cycle between the four species (bulk nonanoic acid,
bulk nonanoate, surface nonanoic acid, surface nonanoate) plus the hydronium ions is established
based on the experimental and computational results. These results can be applied to other partially
soluble surface-active species that contain multiple solution phases with varying surface activities.
Understanding air/water and air/saltwater interfaces is critically important in aerosol chemistry as
the nature of the aerosol surface composition can impact a number of important properties
including aerosol reactivity, hygroscopicity and aerosol lifetimes.

249

In Chapter 7, a combination of experimental techniques with theoretical calculations was
used to investigate the absorption spectra and photochemistry of some aqueous chromophoric
organic molecules, namely benzoic acid and pyruvic acid, and the impact of the salts (NaCl/CaCl2),
the pH in the bulk and the speciation of the molecules. The calculated absorption spectra of benzoic
acid and pyruvic acid and their conjugated bases with several water molecules from the theoretical
simulations are in good agreement with the experimental results preformed in aqueous phase at
different pHs. The presence of the several water molecules in the simulation system was found to
play an important role for obtaining reasonable simulation results of the absorption spectra. The
presence of salts was not found to impact much on the absorption spectra of aqueous benzoic acid.
However, for pyruvic acid, it is observed that : (1) both Ca2+ and Na+ further deprotonate pyruvic acid
and decrease the diol to ketone ratio of pyruvic acid than in pure water at the same pH, especially at

more acidic pHs (pH less than 4); (2) the absorption spectrum shows a strong red shift in the peak
maxima for the n → π* transition of pyruvic acid in salt solutions and the dependence is much
more pronounced for divalent cations (Ca2+) compared to monovalent cations (Na+); (3) vertical
excitation energy calculations of anionic ketone from of pyruvic acid confirm the same red shift
on the n → π* transition peak in the presence of Ca2+; (4) salts suppress the photolysis rate of
pyruvic acid which could be due to the deprotonation of pyruvic acid by the ions and the lower
quantum yield for deprotonated pyruvic acid. The relevance of this work is directed towards the
complex photochemistry of small organic acids in marine environments. By understanding the
detailed photochemical properties of pyruvic acid and benzoic acid as a model species in a marine
relevant system, one can better predict the photochemical properties of light absorbing species in
more complex and realistic environments.
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In Chapter 8, the impact of lipase and LPS molecules on the structure and ordering of
different surfactant monolayers was investigated by the Brewster Angle Microscopy (BAM)
imaging experiments and water evaporation experiments. It has been found that the presence of
DPPC and Mix-FA surfactant monolayers at the air/water interface decreases the rate of water
evaporation, while the presence of lipase or LPS in the subphase will disrupt the ordering of the
surfactant monolayers and re-establish the water evaporation. From the BAM images, the
morphologies of different fatty acid monolayers at the air/water interface at different compressing
states were observed. Further, the morphologies of a mixture of Mix-FA monolayer with and
without the presence of LPS in the subphase were also observed from the BAM images. It has
been concluded that LPS in the subphase inserts into and disrupts the Mix-FA monolayer and
causes phase separation between the fatty acid molecules and the LPS molecules at the air/water
interface at high surface pressure. The IRRAS spectra of the above systems indicates that the MixFA monolayer on LPS subphase is still highly ordered but generates reduced signal intensity,
which could be due to the phase separation and reduced Mix-FA surface coverage. Overall, these
studies lend new insights into the interactions of fatty acid monolayers with LPS and lipase at the
air-water interface. These insights improve our understanding of sea spray aerosol gas partitioning
and can inform prediction of the properties of these ubiquitous atmospheric particles.

However, many questions remain regarding the photoreactions of the palmitic acid
monolayer at the air/water interface. Although we have proved the decrease in stability of the
palmitic acid monolayer in the presence of light and a photosensitizer and proposed a possible
reaction mechanism, we were not able to detect the reaction products due to the low concentration
of the monolayer for MS and the low IRRAS signal at lower wavenumber region. Further
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investigations are needed to detect the reaction products. Possible methods include keeping
replenish the surface material until it is able to be detected by MS or optimize the IRRAS signal
in the lower wavenumber. The photosensitized reaction of other long-chain fatty acids or lipids
can also be investigated based on the methods presented in this dissertation.

The electrostatic interactions between lipids and other biological species at the air/water
interface can also be investigated using the experimental and computational methods presented in
this dissertation. Other biological organic surfactants present in the ocean and SSA includes other
proteins and saccharides.

Finally, more complexity, for example divalent cations, can be

introduced to the system in order to understand the properties of the complex surface system closer
to the reality.

There are questions remain regarding the effect of salts on the photochemistry of pyruvic
acid. The mechanism that salts ion, namely NaCl and CaCl2, suppress the photochemical reaction
of pyruvic acid is not known. The photodecay rate of aqueous pyruvic acid under different ionic
strength needs to be investigated. Computational methods can be very helpful to provide
information on the effect of salt ions on the pyruvic acid reactivity.

In conclusion, the results and future work discussed throughout this dissertation can
provide better understanding of the behavior and properties of some marine relevant organic
species under different environmental conditions and their impact on the climate relevant
properties of SSA and SSML. The ultimate goal of this and other similar studies is to improve the
climate models by better predict the impact of SSA and SSML on climate.
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