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Abstract

Sea spray aerosols (SSA) are known to influence the climate directly by affecting the
absorption and scattering of solar radiation and, indirectly, by acting as cloud condensation nuclei
and ice nuclei. The chemical composition of SSA is driven by organic species and ions present in
the sea surface microlayer (SSML), the organic film that coats the ocean surface. These organics
are taken up into SSA and affect aerosol climate properties such as hygroscopicity and albedo. In
addition, metal ions have been shown to alter the surface organization, speciation, and solubility
of organic surfactants. Thus understanding the surface behavior of organics in SSA in response to
factors including but not limited to surface area, pH and interactions with cations is necessary to
fully realize the impact of SSA on climate.

Langmuir monolayers of dipalmitoylphosphatidic acid (DPPA), a simple surfactant
phospholipid, are utilized as proxies for studying the organic coating at the ocean surface and on
marine aerosols. There are two themes of study in this work. The first theme addresses selectivity
of metal cations binding to organics at the ocean surface resulting in enrichment in the sea surface
microlayer (SSML) and sea spray aerosol (SSA), and their impact on surface properties upon
binding. The second theme addresses the phenomena that speciation of organics is different at
interfaces such as the SSML and surface of SSA. The speciation of organic surfactants on SSA is
considered to be an important factor controlling the interfacial and climate properties of SSA.
However, correctly predicting the surface speciation requires the determination of the surface

dissociation constants (surface-pKa) of the protic functional group(s) present.
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Phase behavior, stability, and surface morphology of DPPA films with and without metal
cations were studied using surface pressure compression isotherms and imaged with Brewster
angle Microscopy (BAM). The surface speciation of DPPA was studied using surface tension pH
titration. The binding interactions of DPPA with cations was further investigated using surface
tension salt titration. Finally infrared reflection-absorption spectroscopy (IRRAS) was utilized to
probe the molecular level structure and interaction of DPPA with and without metal cations.

To explore metal enrichment selectivity, a systematic metal cation affinity study on
surfactant lipids containing various functional headgroups (-OH, -H2PO4, -COOH, -N(CH3)2) was
conducted. DPPA is a model lipid for studying a phosphate headgroup. The phosphate headgroup
is observed to exhibit the strongest trace metal binding, followed by the carboxylate headgroup.
Hydroxide and dimethylammonium headgroups does not exhibit significant trace metal binding.
Thus DPPA is determined to have the greatest impact on trace metal enrichment.

The impact of pH and cations on phase behavior, stability, and surface morphology of
DPPA was further investigated. At pH < 10, DPPA monolayers on water are found to be
predominantly neutral species and display the highest packing density. Cations are qualitatively
found to expand and stabilize the monolayer in the following order of increasing magnitude at pH
5.6:Na" > K" ~ Mg?* > Ca?*. Additionally, cation complexation is tied to the pH and protonation
state of DPPA, which are the primary factors controlling the monolayer surface behavior. The
binding affinity of cations to the headgroup and thus deprotonation capability of the cation, is
ranked in the order of Ca®" > Mg®" > Na" > K*. Nucleation of surface 3D lipid structures is
observed from Ca?", Mg?*, and Na', but not from K", consistent with the lowest binding affinity

of K*.
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A more expansive and quantitative order of metal cation binding affinities to phosphatidic
acid was investigated using the Langmuir- Szyszkowski model. The order of affinity strength is
quantitatively determined to be: AI** > Fe** ~> Zn?" > Mg?* > Ni*" > Mn?" ~ Ca**, an order not
predicted from molecular area expansion nor bulk properties such as solid formation constants of
metal-phosphonates.

Finally, the pKa to remove the second proton of DPPA (surface-pKa2) at the aqueous
interface was investigated by examining the molecular area expansion at basic pH, In addition, the
vibrational modes of the phosphate headgroup were directly probed and the stretches assigned to
understand DPPA charge speciation with increasing pH. Results show that a condensed DPPA
monolayer has a surface-pKa2 of 11.5, a value higher than previously reported (~7.9-8.5). This
surface-pKa2 is further altered by the presence of Na™ cations in the aqueous subphase, which
reduced the surface-pKa2 from 11.5 to 10.5. It is also found that the surface-pKaz value of DPPA is
modulated by the packing density (i.e., the surface charge density) of the monolayer, with a
surface-pKa2 as low as 9.2 for DPPA monolayers in the 2D gaseous phase over NaCl solutions.
The experimentally determined surface-pKa2 values are also in good agreement with those
predicted by Gouy-Chapman theory, validating these methods and showing that surface charge
density is the driving factor behind changes to the surface-pKa>.

These studies signify that phospholipids such as DPPA are significant source of trace metal
enrichment within the SSML and SSA. The environment dependent speciation of DPPA further
shows that the interfacial properties of SSA are significantly impacted by the presence of an
organic coating and ions. Thus all these factors must be taken into consideration when attempting

to understand the impact of SSA on climate and the environment.
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Chapter 1. Introduction
1.1 Motivation

The ocean is the largest source of aerosol emissions, releasing an estimated 2-100 x 10'° g
of sea spray aerosols (SSA) per year.! SSAs are known to impact climate directly through light
scattering and absorption, and indirectly by acting as cloud condensation nuclei and ice nuclei.?”
SSA are produced in varying sizes through bubble bursting and wave breaking, and in the process,
incorporate oceanic ions and organics from the sea surface microlayer (SSML), the organic layer
that coats the ocean surface ocean surface.®!¢ It has been shown that organics affect SSA particle
size distributions which in turn impact their climate altering properties. '*17 In addition, metal ions
have also been shown to alter the surface organization, speciation, and solubility of organic species
in SSA. & 1819

The presence of a mixed organic coating complexed with inorganic ions at the surface of
sea spray aerosols alters not only their optical properties but other properties such as
hygroscopicity, i.e., an aerosol’s capacity to attract water molecules. As marine aerosols have
regional distributions of ions and organic matter that can be distinctly different, they will have, as
stated by Elliott et al.: “[...] different critical organic parameters not limited to interfacial
coverage, the two dimensional phase state, chemically dependent hygroscopicities, mass to carbon
ratio and even density.”'* 202! These parameters critically affect aerosol climate activity including
aerosol growth and volatility, radiative absorption and scattering, reactivity with atmospheric

gases, and cloud condensation nuclei activity 2227,



Interestingly, this complexity is generally not modeled in current atmospheric simulations
as primary organic aerosols are still treated as uniform, and differences in aerosol size and
hygroscopicity due to organic matter are typically neglected.”? Thus understanding the surface
properties of model organic films with environmentally-relevant ions at air-aqueous interfaces will
help to improve atmospheric aerosol climate modeling.

In addition, while there have been recent studies that revealed the impact of salt
concentrations and organics on these properties, there is a paucity of data on pH effects and surface
speciation of common organic surfactants relevant to sea spray aerosols.?3° A recent study by
Freedman et al. showed that the protonation state of organic molecules on aerosol particles affects
their solubility, that then directly influences the aerosols’ hygroscopic properties including
efflorescence, deliquescence, phase separation and mixing transitions.!” Thus, knowledge of the
surface speciation of an organic molecule is relevant to understanding its impact on the sea spray
aerosol properties.

In that regard, dipalmitoylphosphatidic acid (DPPA) monolayers can be useful and relevant
proxy systems for the SSML and organic coatings on marine aerosol surfaces.’! DPPA constitutes
a simple lipid model consisting of a phospholipid with two Cis length alkyl tails and a single
phosphate headgroup, but has great biological importance in cell membranes. Although it exists in
small amounts (~1%) due to its high turnover rate, DPPA is crucial for the maintenance of cell
membranes as it is a key metabolite in the synthesis and breakdown of larger membrane
phospholipids in addition to participating in other important cellular functions, e.g., vesicle fission
and fusion, cell signaling, and protein binding rate. **37 Besides being a minor phospholipid in the

cell membranes of mammals and plants, DPPA is also known to be widely distributed among



different species of marine microorganisms and has been found in SSA.3¥4° DPPA is also a source
of other marine relevant lipids such as dipalmitoylphosphatidylcholine, and decomposes into Cis
saturated fatty acids which are among the most abundant fatty acids found in both SSML and
SSA. 4 Thus we selected DPPA as an relevant and ideal simple model system for studying the
effects of speciation and ions on lipid surface behavior and morphology, including alkyl chain
conformation, hydration state, and ion interactions with the phosphate headgroup at air-aqueous

interfaces.
1.2 Dissertation Highlights

Chapter 2 covers the basic theory required for practical application and understanding of
surface tensiometry, Brewster angle microscopy (BAM) and infrared reflection-absorption
spectrometry (IRRAS), as well as the instrumentation setup used for experiments discussed in this
study. Chapter 3 reports on the preferential binding of various metal cations to a phosphate
headgroup over -COOH, —OH, and —N(CH3)2 headgroups with application to enrichment at the
ocean surface. Chapter 4 discusses the relative binding affinities of common ocean cations Na®,
K", Ca**, and Mg®" to DPPA under the influence of pH. It was qualitatively observed that the
binding affinity to DPPA was ordered Ca*" > Mg?" > Na* > K*. The phosphate protonation state
was found to be altered such that it remained partially protonated at higher pHs when it was
actually expected to be fully deprotonated. Chapter 5 investigates the pKa2 of DPPA in further
detail, employing titration and spectroscopy techniques to elucidate the precise pKa.> where DPPA
become predominantly fully deprotonated. The pKa> was found to be shifted to higher values up
to 3 pH units, but was also influenced by both monolayer coverage density as well as presence of

cations. Chapter 6 returns to the issue of selective preference of metal cations binding to phosphate



headgroups. Metal binding affinity constants to the phosphate headgroup of DPPA were
quantitatively determined and their underlying physical binding mechanisms investigated. The
binding affinities of metal cations to DPPA was found to be in the order AI** > Fe** ~>~ Zn?* >
Mg?" > Ni** > Mn** > Ca**, with Fe*" being variable due to its complex dependence on speciation
and pH. Finally, Chapter 9 discusses the conclusions and implications of this research on

atmospheric and biological interfaces.
1.3 Collaborations

Assistance in understanding DPPA spectra and peak assignments through theoretical
computational work were performed by Shelby L. Brantly and Dr. Steven A. Corcelli in the
department of Chemistry and Biochemistry at the University of Notre Dame. Harmonic vibrational
frequencies for truncated models of the DPPA molecule in two different protonation states were
computed with density functional theory (DFT) as implemented in Gaussian 09.** The DFT
calculations utilized the B3LYP*** functional and the 6-311++G(d, p) basis set. The optimized
geometries of the truncated DPPA molecules in protonation states that correspond to low and high
pH conditions, where the phosphate headgroup is singly deprotonated (—P0O, ™) and fully (—P03%")
deprotonated. The truncated models of DPPA were deemed satisfactory because vibrational
frequencies involving the phosphate headgroup were found to converge with respect to the chain

length in preliminary calculations performed with a more modest basis set (data not shown).



Chapter 2. Theory & Instrumentation

2.1 Theoretical Overview and Background

2.1.1 Surface Tensiometry

Fundamental thermodynamic principles of surface tension have been extensively discussed
elsewhere, hence only a cursory review will be given.***’ In summary, surface tension is the work
required to increase the area of a surface. Thus by definition the units of surface tension are
Joules/m?, however surface tension is commonly reported in units of mN/m, or less commonly,
dynes/cm. For neat water, the surface tension at 20°C is 72.8 mN/m. This high value is due to the
nature of an interface: in the bulk region of water, the intermolecular hydrogen bonding forces are
isotropic or equal in all directions. However at an air-aqueous interface, the forces are different
between the liquid phase and the gas phase above the liquid; thus there is an excess downwards
force into the bulk. The high surface tension of water reflects the strong preference of interfacial
water to go into the bulk and minimize surface area, reducing the excess energy at the interface.
For Langmuir monolayers, surface tension is often discussed as surface pressure (IT) where

I=Yo—¥m 2.1)

which is defined by the surface tension of neat water (y,) minus the surface tension of the
monolayer (). Thus a surface pressure of 0 mN/m is equivalent to a surface tension of 72.8
mN/m at 25°C.

Surface tension studies of a Langmuir monolayer employing a Langmuir trough are
reported as surface pressure-mean molecular area (I1-A) isotherms. Monolayers lie along a plane

at the aqueous-water interface and exhibit quasi 2-D phases that are analogous to 3-D liquid, solid



and gas phases. When the surface pressure of the monolayer is 0 mN/m, the monolayer is in the
gaseous phase (G). When an increase in surface pressure is observed, the monolayer transitions
into a liquid phase (L). Based on the slope of the isotherm and type of intermolecular interactions,
further liquid phase subcategories exist. When long range interactions are present and the
monolayer molecules are weakly interacting, as exhibited by a shallow isotherm slope, the
monolayer is in the liquid-expanded phase (LE). As the molecules draw closer and surface pressure
and slope of the isotherm increases, stronger short range interactions also occur resulting in
transition into a liquid-condensed phase (LC). A horizontal slope in the isotherm represents a
coexistence phase between LE and LC where both phases are present simultaneously. The LC
phase can be further divided into two subcategories based on the tilt of acyl chains; the lower slope
tilted-condensed phase (TC) and the higher slope untilted-condensed phase (UC). Upon further
compression, the monolayer exhibits its maximum surface pressure which is defined as the solid
phase. If compressed even further, the monolayer is disrupted, breaking up into 3-D structures,
which is the collapsed phase.

2.1.2 Brewster Angle Microscopy (BAM)

Brewster Angle Microscopy is a technique used to image the surface of insoluble Langmuir
films at the air-aqueous interface. Fundamental principles of BAM have been extensively
discussed elsewhere, hence only a brief review will be given here.’%-3?

BAM takes advantage of the phenomena that p-polarized light is perfectly transmitted, and

not reflected at the Brewster angle when it passes from a lower refractive index medium to a higher

refractive index medium. p-polarized light and its partner s-polarized light refer to light in which



the electric field oscillates either parallel or perpendicular, respectively, to the plane of incidence.

The reflectances R for p-polarized and s-polarized light are given by the Fresnel equations ©

ez an(d; — )\ (2.2)
Ry = ry| = <_ tan(6; + Ht))

sin(8; — 6,)\* (2.3)
B sin(6; + Ht)>

R, = Ifsf? = (
Where T are the complex reflection coefficients and 6; and 8, are the incident and refracted angles.
For p-polarized light, reflectance R, is 0 when 6; + 6, = 90°. For light passing between two
different isotropic medium, the incident and refracted light angles are related by Snell’s law
n; sin 6; = n; sin 6, (2.4)
where n; and n; are the refractive indices of the incident medium and refracting medium
respectively. At the Brewster condition, where R, is 0 and 6; + 8, = 90°, Snell’s law can be
rearranged as
n; sin 6; = n; sin(90 — 6,) (2.5)

Which can be further simplified to

tan6; = i (2.6)
L nl
Thus the Brewster angle is given by the simplified equation
6, = tan~! (E) 2.7)
l nl

At the Brewster angle, the refracted and reflected light are 90° apart. As the electric field
vector is transverse to the direction of propagation, the dipole moment induced by the electric field

of the refracted light is parallel to the direction of propagation of the reflected light. However,



since the dipoles cannot oscillate and propagate in the same direction, propagation of the reflected
light is impossible.

For an air-water interface, when a p-polarized light source and detector are positioned at
the Brewster angle (~53.1°), no reflection is observed. However when a Langmuir monolayer is
present, the refractive index is altered; thus the Brewster angle is also altered. Reflection of p-
polarized light is once again possible. This change in reflection allows light contrast of water and
monolayer. BAM images of water-rich regions will appear dark, while monolayer-rich regions
will appear bright.

2.1.2 Infrared Reflection-Absorption Spectroscopy (IRRAS)

IRRAS is a surface sensitive variant of infrared (IR) spectroscopy. By reflecting an IR
beam off an aqueous surface, the IR spectra of the surface species can be collected. This provides
information such as packing orientation, degree of headgroup dissociation and binding/interaction
with ions and other organics.”*>’ IRRAS spectra are reported as reflectance-absorbance (RA)

spectra, where RA is defined as

R
RA = —log (R_>
0

where Ro and R are the reflectances of the bare and monolayer-covered aqueous surfaces,

(2.8)

respectively.
For a thin anisotropic film like a monolayer, the reflection coefficients of p-polarized and

s-polarized light for IRRAS are modified from the Fresnel equations and are given

sin(8; — 0,) — %sin 0; I 2.9)

s =7~ i2m .
sm(@i + Qt) - HSIH Qi Ii
t
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where

I; = (py® = 1A (2.11)
and
j = (ms” =), 2.12)
an

where n,,, and n,,, refer to the complex refractive indices of the anisotropic monolayer
perpendicular and parallel to the surface normal, and / the monolayer thickness.*®

Based on the Fresnel equations, IRRAS absorption bands can be positive or negative
depending on the angle of the incident beam.’% % In the case of s-polarized light, IRRAS bands
are negative at all practical angles (up to ~70°). For p-polarized light, IRRAS bands are negative
below the Brewster angle and positive above the Brewster angle. For unpolarized light, the bands
will shift from negative to positive slightly above the Brewster angle due to the joint contribution
of s- and p-polarized bands. IRRAS peak intensities are also angle-dependent. In the case of a lipid
monolayer, the peak intensities are maximized around ~57° and ~47° due to the sigmoidal nature
of p-polarized angle intensities. A more in-depth explanation and analysis of IRRAS angular
dependence can be found in Ref 58. In addition to angular dependencies, IRRAS peak intensities
are also affected by experimental parameters including ambient water vapor backgrounds, IR beam
energies and optics placement. Further in depth discussion on IRRAS optimization is presented in

Appendix C.



2.2 Instrumentation

2.2.1 Compression Isotherm Setup

Surface pressure-molecular area (IT-4) compression isotherms of DPPA monolayers on
neat water and salt solutions were obtained using a computer-controlled Langmuir trough (KSV
Minitrough, Biolin Scientific, Finland). The trough is made of Teflon and has dimensions of 168
mm x 85 mm. The monolayer is symmetrically compressed using two Delrin-coated barriers.
Surface pressure was measured during compression by the Wilhelmy plate method. Filter paper
(Ashless grade, Whatman) was used as Wilhelmy plates. Prior to each experiment, the presence of
extraneous surface-active contaminants was checked by sweeping the surface of the aqueous
solution with the barriers until no significant change in the surface pressure (<0.1 mN/m) was
observed. A measured amount of DPPA was spread dropwise onto the aqueous surface using a
glass microsyringe (1725RN, Hamilton, Reno, NV). After spreading, solvent evaporation was
allowed for approximately 10 min. The barriers were compressed at a rate of 5 mm/min/barrier.
All experiments were performed at room temperature (21 £ 1.5 °C) and atmospheric pressure and
humidity. Isotherms were repeated in sets of triplicates, with a maximum allowed error of £0.25
A% A maximum difference of +0.5 AZ exists between sets due to small daily fluctuations in
temperature.
2.2.2 BAM Setup

BAM images were collected simultaneously with the compression isotherms on a custom-
built BAM setup.’%® A picture of the setup is shown in Fig. 2.1. The laser source (Research
Electro-Optics, Boulder, CO) emits 5 mW p-polarized light at 543 nm. The output laser beam is

first attenuated by a half-wave plate (Ekspla, Lithuania) then filtered by a Glan polarizer (Ekspla,
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diameter 14 mm) before reaching the aqueous surface at the Brewster angle (53.1° on water; this
value was slightly adjusted for the various salt solutions). The reflected beam is collected by a 10x
infinity-corrected super-long working distance objective lens (CFI60 TU Plan EPI, Nikon
Instruments, Melville, NY; NA 0.21) and collimated by a tube lens (MXA22018, Nikon
Instruments; focal length 200 mm) onto a back-illuminated EM-CCD camera (iXon DV887-BV,
Andor Technology USA, Concord, MA; 512 x 512 active pixels with 16 um x 16 um pixel size).
Because the inclined position of the imaging optics results in only a narrow region of the image
being well focused, final images were cropped down from their full size (800 um x 800 pm) to
show the most resolved region. The lateral resolution of the BAM images was ~1.3 um. In the
BAM images shown here, a blue color scale was chosen to enhance imaging contrast. Light and
dark blue areas correspond to regions with high and low lipid coverage, respectively.
2.2.3 IRRAS Setup

IRRAS spectra were collected using a customized setup built in the chamber of a FTIR
spectrometer (Spectrum 100, Perkin Elmer, Waltham, MA). The setup consists of a breadboard
upon which sits a Langmuir trough (KSV Minitrough, Biolin Scientific, Finland) and two planar
gold mirrors (2 inch diameter) held above a trough or petri dish surface. The input and output
mirrors were mounted on a horizontal sliding bar facing directly down onto the trough and their
angles adjusted with rotation mounts. The input mirror was positioned at an incident angle of 46°
(relative to the surface normal), chosen to maximize signal intensity. The incident IR beam is
reflected off the input gold mirror onto the aqueous surface, and then reflected back up towards
the output gold mirror, before being redirected towards a HgCdTe (MCT) detector. All spectra

were obtained as a single beam measurement, with spectra taken on the bare aqueous surface used
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as the background spectrum. Spectra covered a range from 800 to 3000 cm™' and were averaged
over 5 min with a resolution of 4 cm™!. Measurements were repeated at least three times to ensure
reproducibility. Post-processing of spectra was performed in OriginPro 9.0, where the baseline
was corrected by fitting a fourth-order polynomial in the region of interest. Final spectra shown
are an average of at least three baseline-corrected spectra.
2.2.4 Surface Tension pH Titration Setup

For pH titration experiments, the tip of a buret containing 7 mL of 0.1 M HCI was immersed
just below the surface of'a 70 mL, pH 13 solution contained in a large (10 cm diameter) glass Petri
dish. The solution was slowly stirred with a magnetic stir bar. A DPPA monolayer was then spread
on the aqueous surface at a specific MMA and then titrated. A platinum Wilhelmy plate was used
to measure the surface tension change over the course of the titration, while the pH was monitored
(Accumet Basic AB 15 pH Meter, Fisher Scientific). Titrations were also repeated in triplicate.
Surface-pKa values were determined by fitting the experimental data with sigmoidal dose response
curves in OriginPro 9.0 (OriginLab, Northampton, MA), with an estimated error of +0.2.
Experiments were performed at ambient temperature (21.0 + 1.5 °C) and pressure.
2.2.5 Surface Tension Salt Titration Setup

For salt titration experiments, a Teflon petri dish (2.5 inch diameter, 1 inch height) with a
septum opening on the side was custom built. 40 mL of solution was stirred in the petri dish with
a magnetic stir bar. A DPPA monolayer was spread dropwise on a pH 3 aqueous surface at a
specific condensed phase MMA, allowed 10 minutes to evaporate, and the surface tension
measured by a platinum Wilhelmy plate. The concentrations of lipid spread were determined by

the mean molecular area in the middle of the condensed phase, inferred from surface pressure-
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molecular area isotherm data. This corresponded to a mean molecular area (MMA) of ~45 A? and
surface pressure of ~15 mN/m for DPPA, DAG, and DAP, and ~21 A? and ~18 mN/m for SA.
Salt solutions were titrated by syringe injection from the side septum opening, and allowed 15
seconds of stirring, followed by 15 seconds of equilibration time before surface tension
measurements. The surface tension of DPPA continues to decrease slightly and will not truly
equilibrate even after several hours due to monolayer relaxation. However, this decrease is slow
but linear. Previous experiments with DPPA have tested longer equilibration times up to several
minutes, the data sets end up being parallel to each other. Thus we chose 15 seconds as a shorter
time but keep it consistent throughout for all measurements. After each measurement, 30 seconds

elapsed before the next syringe injection. (Measurements were taken with a minute between

injections.)

Figure 2.1 Langmuir Trough inside BAM setup.
13



Green arrow represent direction of BAM laser, blue arrows represent direction of trough barrier
compression.

BT

Figure 2.2 IRRAS Setup inside chamber of FTIR Spectrometer..
Red lines represent direction of IR beam.
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Figure 2.3 (a) Petri dish and (b) Langmuir trough with IRRAS setup.
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Figure 2.4 Surface tension pH titration setup.
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Figure 2.5 Surface tension salt titration setup.
Metal bars are for stabilization of petri dish while titrating in salts through septum.
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Chapter 3. Trace Metal Binding to Surface Functional Groups

Reproduced in part with permission from Zhang, T; Fiamingo, M.E.; Allen, H.C. “Trace
Metal Enrichment driven by Phosphate Functional Group Binding Selectivity” JGR

Oceans, 2018. Copyright American Geophysical Union.

3.1 Introduction

Studies have found a wide range of trace metal ions including Cd, Cr, Cu, Fe, Mn,
Ni, Sr, and Zn to be enriched in both SSML and SSA, at higher relative enrichment factors
than alkali and alkaline earth metal ions, although the latter still dominate in absolute
concentration by several orders of magnitude.” ®'-®> The enrichment of these trace metals
is closely tied to biological activity, from microorganisms such as phytoplankton, bacteria,
and viruses. These marine microorganisms not only release surface active organic
molecules during biological activity but also when they breakdown and lyse, compounds
such as transparent exopolymers, polysaccharides, fatty acids, sterols, alkanes and
others.** ®7! By binding trace metal ions, these surface organics enable surface metal
enrichment, and ultimately, uptake into SSA. Although field studies have measured
biological activity and metal enrichment of ocean surface waters, they are complicated by
the geographical and temporal variation in the organic composition of SSML. Thus there
has been less cohesive work on the physical underpinnings of trace metal binding to these
organic compounds.’>”* For example, formation constants for some trace metals with

phosphate and carboxylate ligands are not well documented in the literature. In other cases,
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the literature focuses on inorganic complexation, thus there is a knowledge gap for
delineating metal binding to SSML relevant lipids.

In this study, the interactions of several ocean surface enriched metals (Ca, Mg,
Mn, Ni, Zn, Al, Fe) with organic surfactants are investigated using surface tension salt
titration (STST). To understand how these ions selectively interact with different classes of
organic compounds, we selected several very similar model lipids but with varying
headgroups to represent these classes, and stearic acid to test the carboxylate headgroup
(Fig. 3.1). A pH of 3 was used for all aqueous solutions to remove the variable of headgroup
charge and to reduce ion precipitation effects for inter comparison purposes. By observing
the impact of ions on the surface behavior of these surfactants, we seek to further
understand the underpinnings of organic dependent trace metal enrichment in SSML and

SSA.

3.2 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA) monosodium salt (>99%), 1,2-
dipalmitoyl-sn-glycerol (DAG, >99%) , and stearic acid (SA, >99%) were purchased from
Sigma-Aldrich (St. Louis, MO) and dissolved in 4:1 (v/v) chloroform-methanol (HPLC
grade, Fisher Scientific, Waltham, MA) mixture. 1,2-dipalmitoyl-3-dimethylammonium-
propane (DAP, >99%) was purchased from Avanti Polar Lipids (Alabaster, AL) and
dissolved in chloroform. CaClz, MgCl2, MnClz, NiClz, ZnClz, AlCl3, and FeCls, salts were
also purchased from Fisher Scientific (>99%). Aqueous solutions of pH 3 and 5.6 were
obtained by addition of HCI (trace metal grade, Fisher Scientific, Accumet Basic AB 15

pH Meter, Fisher Scientific). All pH and salt solutions used ultrapure water with a
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resistivity of 18.2 MQ-cm (Milli-Q® Advantage A10, MilliporeSigma, Burlington, MA).
The salt solutions were prepared at pH 3, thus injection of pH 3 salt solution into pH 3

subphase rules out the change in pH due to salts themselves.
3.3 Results & Discussion

There are many different organic molecules with varying functional groups present
in the SSML such as saccharides, phospholipids, and fatty acids. All of these organics
present binding sites for metal cations, and can contribute to the selectivity of SSML cation
enrichment. To investigate the differences in metal cation binding between phosphate ester
and other functional groups, we selected the following lipids: 1,2-dipalmitoyl-sn-glycero-
3-phosphate (DPPA), 1,2- dipalmitoyl-sn-glycerol (DAG), 1,2-dipalmitoyl-3-
dimethylammonium-propane (DAP) and stearic acid (Fig 3.1).

DPPA has been well documented in our previous works as an ocean relevant
organic surfactant with high surface activity and a simple phosphate headgroup.'® > Here
it remains our representative phosphate lipid model. In this study, it remains our
representative phosphoric acid lipid model. To investigate metal cation interactions with
saccharide OH groups, 1,2-dipalmitoyl-sn-glycerol (DAG) was chosen as it is a molecule
similar to DPPA, but lacking the phosphate, leaving only the exposed OHs of the glycerol
backbone. 1,2-dipalmitoyl-3-dimethylammonium-propane (DAP) was chosen as it is
similar to a common phospholipid DPPC with a choline-like headgroup, but without a
phosphate ester group DPPA, DAG, and DAP all possess two C16 alkyl chains, although
their respective headgroups differ, allowing for strict comparison between cation binding.

Stearic acid was chosen to model the carboxylic acid headgroup. While the dipalmitoyl
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lipids are firmly constrained to the interface due to their dual Cie alkyl tails, single tail fatty
acids are more soluble, thus the Cis stearic acid was selected over Cie palmitic acid for its
relative insolubility.

To compare the relative binding affinity of various cations to surfactant
headgroups, the change in surface tension of the surfactant was monitored as salt solution
was titrated in. As the metal cations bind to the surfactants, they alter the surface
organization and the surface tension is expected to change. A larger change in the surface
tension represents increased binding and higher binding affinity. Surface tension values in
titration experiments were also background subtracted to account for the contribution of
increased buoyancy to surface tension from the additional titrant volume, as well as the
contribution of surface tension change due to relaxation of the monolayer over time, and
are plotted as change in surface tension instead of absolute surface tension. Salts
themselves also alter the surface tension of water, but this was minimal due to the low
concentrations involved, so there was no need to background subtract the salt contribution
to surface tension.”®

Fig. 3.2 shows the STST measurements of a DPPA monolayer spread to the
condensed phase MMA of 45 A2 (~15 mN/m surface pressure) on various salts at pH 3.
All salts are observed to decrease the surface tension with the exception of zinc. While
surprising, this behavior is consistent with surface pressure-area isotherm data discussed

in Chapter 6. In addition, formation of white insoluble Zn(OH): precipitate was observed

beyond 0.03M, limiting measurements at higher concentrations.
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Figs. 3 & 4 show the STST measurements of DAG and DAP with various salts also
at pH 3 in their condensed phase (also ~15 mN/m for both). An observed increase in surface
tension from the addition of AI** by 2 mN/m occurs for DAG compared to the larger
10mN/m change for DPPA. The other salts do not change the surface tension significantly
(< 0.5 mN/m), leading to the conclusion that the interaction of the hydroxy headgroup on
DAG with the aqueous salt solutions was weak or nonexistent. The sole sensitivity of AI**
to OH is attributed to its speciation: at pH 3, AI** favors formation of polynuclear species,
with oligomeric Alz(OH)4>* the dominant species. It is likely that the OH group of Al-OH
ligands are able to exchange with one of the DAG OH moieties resulting in binding of AI**
to DAG. However, this binding process occurs only at the highest observed concentration,
portraying a much weaker binding interaction between the functional group of DAG and
A",

DAP observed slightly larger changes in surface tension for each of the salt
solutions, indicating a stronger binding activity compared to DAG, but still not as
prominent than that of DPPA. AI** shows a slight increase in surface tension as well, ~1
mN/m, while Mg?*, Mn?* and Ni?" show a slight decrease in surface tension of ~1 mN/m
indicating weaker binding interactions are present. Although these changes in surface
tension point to cation-headgroup interactions, their magnitudes are on an order of
~1mN/m with large uncertainties, thus it cannot be concluded whether or not there was a
significant change in surface tension. While there is likely some interaction between lone
pair of electrons on the nitrogen atom and metal cations, they are still quite weak compared

to the phosphate ester interactions.
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Fig. 3.5 shows the salt titration of stearic acid with different salts in the condensed
phase (~18 mN/m). For Ca*’, Mg?", Mn*" and Ni**, the changes are also ~ImN/m,
indicating weaker binding affinity compared to the phosphate (DPPA). However it is well
known that Ca?" and Mg?* bind to the carboxylic acid headgroups of fatty acids, and
previous work on I1-A isotherms of Ca®" and Mg?" on palmitic acid have shown only small
expansion changes to the monolayer, which is consistent with the small changes in surface
tension we observe in the titration.”” Stearic acid shows dramatic surface tension increases
for Fe**, Zn?*, and A" of which Fe*" and Zn** reach the surface tension of pure water (72
mN/m). These metals are known to form metal-stearate soap complexes that are insoluble
or sparingly soluble, hydrophobic, and are commonly used in industry in oils and paints.
In addition, metal stearates have been known to crystallize into aggregates which would
precipitate out.”®> We can conclude that Fe** and Zn** deplete stearic acid from the surface
indicated by the approach to the A surface tension value of the aqueous solution without
lipid coverage, AI*" however still exhibits some activity, reaching a surface tension 8
mN/m less than that of water. Aluminum stearate has been used for over a century and is a
well-known defoamer in industry for reducing surface tension of water based fluids.” The
surfactant behavior of aluminum stearate would result in the small reduction in the surface
tension of water. Even though Fe**, AI**, and Zn** display strong binding to stearic acid,
the resulting metal-soap complex inevitably removes them from the surface. This has
important implications for SSML enrichment, as binding of fatty acids to Fe*" trace metals

would result in SSML depletion of both fatty acid and metal.
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With this study, we shed light on selective metal cation enrichment within the SSML. We
strongly assert that it will be closely tied to organic composition, which in turn is closely
tied to marine biological processes. From the magnitudes of the surface tension change
from metal cations on various organic monolayers at pH 3, the phosphate ester headgroup
has the highest affinity for metal cations, followed by the moieties of COOH, and N(CH2)2.
For AI’*, Fe**, and Zn*", enrichment at the SSML is likely therefore driven by phosphate
ester moieties rather than fatty acid COOH moieties as the latter depletes from the surface
upon metal cation binding. We further postulate that phospholipids which comprise the
majority of cell membranes could selectively surface enrich ions, but as lipids naturally
degrade into fatty acids, they deplete from the immediate surface, resulting in a time
dependent composition of SSML. This mechanism could contribute to the variations in
trace metal enrichment factors in SSML. For the divalent metal cations, the phosphate
ester headgroups bind strongly resulting in surface enrichment, in the order of Mg?* > Ni**
> Mn?" ~ Ca?’. Carboxylic acid and dimethylamine headgroups also contribute to the
surface enrichment of cations, with Ca*" favored over Mg®" for fatty acids, yet still not as
strongly as phosphate ester headgroups. It is somewhat surprising that the dimethylamine
headgroup exhibited binding to cations, which suggests that ammonium and ammine
containing compounds may also contribute to trace metal enrichment. The deprotonated
phosphate ester headgroup (and phosphate anion) remains the stronger Lewis base, and has

a higher metal cation affinity, and is likely the dominant source of metal cation enrichment

within the SSML.

3.4 Conclusion
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The enrichment of trace metals in the sea surface microlayer is primarily driven by
surface active organics, and although field measurements have reported polyanion
enrichment alongside trace metals, there is an insufficient physical understanding of the
mechanism behind trace metal enrichment. DPPA, DAG, DAP, and stearic acid were
experimentally compared as representatives of phosphate, hydroxide, dimethylammonium
and carboxylic acid functional groups found in the diverse soup of molecules in the SSML.
We find that although dimethylammonium and carboxylic acid groups exhibit binding and
affinity to trace metals, metal ion binding is still dominated by the strength of the phosphate
interaction with trace metals. AI**, Fe** and Zn?" are depleted from the aqueous surface
upon binding to fatty acids.

Ultimately it is the phosphate headgroup of DPPA that displays the greatest surface tension
change upon cation binding while still retaining the metal ions at the surface. Thus we have
identified phosphate as the most significant headgroup responsible for trace metal
enrichment at the SSML; we will focus on the mechanisms of metal binding to DPPA in
subsequent chapters. Interestingly, the phosphate anion is also enriched in surface waters,
and is known to be a strong metal binder.'® 38! However, other contributions to the trace
metal enrichment such as binding to SSML organics containing sulfate and nitrate groups
do exist. Further research into the binding affinities of trace metals to these functional

groups is needed to more fully understand trace metal enrichment in SSML and SSA.
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Figure 3.1 Structures of DPPA, DAP, DAG and SA.
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Figure 3.2 Surface tension changes of DPPA as a function of metal salt concentration on
pH 3 solutions.

Solid lines are the Szyszkowski fit discussed in Chapter 6. White and gray areas
correspond to condensation/expansion areas relative to on pure water in II-A isotherms
(Fig. 6). There is substantial surface tension change upon addition of trace metals.
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solutions. Dotted lines are for eye guide. There is no substantial surface tension change
upon addition of trace metals compared to DPPA except for Al.

27



304

1 - /\/\/\/\/W\j\
25 = Mg '
{-®--Mn WWW\/YO H
2.0 H--®-- Ni
il DAP .
-~ 154
-g. '.);I
Z 1.0 €
é J
e 054
‘m 004 Tor
= -05 _:i\._:_:-_:?' o _?‘“_-,-‘___ e T S k-
Q - __ R -,f‘__'__i____\______"l L T et i
3 -1.0 4 - il ' g ‘3’-------..__',_. h
5 5] | B 3 1
7
< 204
25
-3.0 J | J T T T J T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Concentration (M)
Figure 3.4 Surface tension changes of DAP as a function of metal concentration on pH 3

solutions. Dotted lines are for eye guide. There is no substantial surface tension change
upon addition of trace metals compared to DPPA.
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Figure 3.5 Surface tension changes of stearic acid as a function of metal concentration on
pH 3 solutions. Dotted lines are for eye guide.

Horizontal dotted line represents a surface tension of 72 mN/m (~ that of pure water). There
is no substantial surface tension change upon addition of most trace metals compared to
DPPA. Binding to Fe, Zn, and Al results in a surface tension around that of pure water
indicating depletion from the water surface.
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Chapter 4. Effect of Common Ocean Cations on DPPA

Reproduced in part with permission from Zhang, T; Cathcart, M.G; Vidalis, A.S.; Allen,
H.C. “Cation effects on phosphatidic acid monolayers at various pH conditions” Chemistry

and Physics of Lipids, 2016, 200, 24-31. Copyright Elsevier

4.1 Introduction

Phospholipids from the marine biota such as DPPA (Fig. 4.1) are important sources
of saturated fatty acids found in the sea surface microlayer (SSML) and at the surface of
marine aerosols.*® 44> In particular, derivative saturated fatty acids with Cis (palmitic
acid) and Cis (stearic acid) carbon alkyl chains are known to be the most abundant. These
surface-active organic compounds ultimately form thin films that affect aerosol growth and
volatility, radiative absorption and scattering, reactivity with atmospheric gases, and cloud
condensation nuclei activity.® >?7 In turn, the interfacial properties of these films are
directly influenced by the pH and ionic composition of the aqueous phase.

In this work, we examine the effects of pH and marine-relevant cations (Na®, K",
Ca?*, and Mg?") on DPPA’s phase behavior, stability, and surface morphology using
surface pressure-area isotherms and Brewster angle microscopy. Na*, K*, Ca*", and Mg?*
cations are the most abundant ions found in the ocean.?’ The investigation of these
properties is particularly applicable to marine aerosol surfaces, where enrichment of

specific cations may impact the surface morphology and organization of organic films.!*
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4.2 Materials

4.2.1 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA) monosodium salt (>99%,
lyophilized powder) was purchased from Avanti Polar Lipids (Alabaster, AL; M. 670.873
g/mol). The average molecular weight (M) is 670.455 g/mol due to the variability in the
Na* content. NaCl, KCI, MgClz, and CaCl: salts (>99%, ACS certified) were purchased
from Fisher Scientific (Waltham, MA). Chloroform and methanol (HPLC grade) as well
as trace metal grade HCI and NaOH were also from Fisher Scientific. Ultrapure water with
a resistivity of 18.2 MQ-cm and a measured pH of 5—6 (the water pH is slightly acidic due
to dissolved atmospheric CO2) was obtained from a Barnstead Nanopure filtration system
(D4741, Thermolyne Corporation, Dubuque, IA) equipped with additional organic
removing cartridges (D5026 Type I ORGANIC-free Cartridge Kit; Pretreat Feed).
4.2.2 Preparation of lipid and salt solutions

DPPA stock solutions were prepared by dissolution in a 7:3 (v/v)
chloroform:methanol mixture. All aqueous salt solutions were prepared at 0.6 M by
dissolution in pure water. Salts and salt solutions were pretreated according to previously
reported procedures to minimize the impact of organic contamination *2. NaCl and KClI
salts were baked at 650 °C, whereas MgCl2 and CaClz solutions were filtered at least thrice
using activated carbon filters (Whatman Carbon-Cap 75, Fisher Scientific) to remove
organic contaminants. A separate set of carbon filters was used for each salt to avoid any
ion cross-contamination. The concentration of these purified stock solutions was

determined by Mohr’s chloride titration method . Each solution was prepared by serial
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dilutions of the purified stock solutions. The pH of the prepared solutions was adjusted by

adding the required amounts of stock concentrated HCI and 10 M NaOH.
4.3 Results & Discussion

4.3.1 pH effects on DPPA monolayers

The IT-4 compression isotherms of DPPA on pure water at different pHs are shown
in Fig. 4.2. The region before lift-off as shown in the DPPA isotherm at pH 5.6 corresponds
to the gaseous (G)-liquid-condensed (LC) coexistence phase of DPPA. Lift-off into a tilted-
liquid condensed (TC) phase occurs at approximately 47.5 A%/molecule. (For isotherms at
pH < 10, the mean molecular area (MMA) at lift-off is determined by prolonging the
tangent of the slope of the TC transition down to I1=0 mN/m.) With a high phase transition
temperature of 67 °C, DPPA does not exhibit a distinct liquid-expanded (LE) phase like
DPPC, which indicates the presence of attractive van der Waals forces between the alkyl
chains and hydrogen bonding between phosphate headgroups causing DPPA to exist in a
highly ordered phase at room temperature.3**” DPPA has also been shown to form
hexagonal packing suggestive of hydrogen bonding interactions.?!: 8% A transition from
the TC phase to the untilted-LC (UC) phase is indicated by a kink in the isotherm at about
43.5 A%/molecule and 20 mN/m. At about 42 A%/molecule and 53 mN/m, the monolayer
reaches collapse. The limiting area of the DPPA isotherm at pH 5.6 corresponds
approximately to the area of two compact alkyl chains (2x20 A?) and is in relatively good
agreement with values published in the literature, even though there is a notable variability

depending on the experimental conditions (see Appendix A).
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Depending on the pH but also on the lipid packing density, the phosphate moiety
bears a charge that varies between 0 and -2e, where e is the elementary electronic charge.
As pH increases, the DPPA monolayer progressively deprotonates and goes from neutral
to increasingly negatively charged. However, a negatively charged monolayer attracts
excess protons (H") to the lipid/aqueous interface similar to how a negatively charged
surface attracts counter-ions for an electrical double-layer.”® The concentration of protons
at the surface ([H']s) being higher than in the bulk causes the pH in the local environment
of the phosphate group to be less than the bulk pH.”! This decrease in surface pH can be
quite significant depending on the lipid system and degree of ionization; for instance, it has
been reported to be as much as 4 pH units lower for stearic acid monolayers.”® Even a
compression of the monolayer can result in a decrease of surface pH due to the higher
charge density of the increasingly closely packed monolayer. Effectively, this means the
surface pKa of the monolayer is increased, and thus the bulk pH must then be higher to
observe deprotonation. To examine the effect of the different DPPA species (charged and
neutral), isotherms were obtained in a pH range (from 1.7 to 13.0) extending beyond the
apparent surface pKa values, which have been previously reported to be pKais = 3.2-3.8
and pKaz,s ~ 7.9-8.5 in aqueous dispersions and monolayers.”>*>

No significant changes in the monolayer MMA are observed below pH 10 (see inset
of Fig. 4.2). This contradicts previous observations made by Mifiones et al., that observed
a small condensing effect upon lowering the pH from 6 to 3, but agrees with Luckham et
al., who reported that DPPA isotherms at pH 1 and 5.6 are almost superimposable

(Luckham et al., 1991).°* This suggests that DPPA exists predominantly as a neutral (0)
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species at pH <~10. This is supported by a monolayer pH titration study by Patil et al. that
observed a pKa at only 8.7.”> However, while a deprotonated phosphate headgroup has
more repulsive electrostatic interactions than its neutral form, it also has more available
attractive hydrogen(H)-bonding sites to bond with neighboring headgroups.®® These two
opposing effects could cancel each other, effectively leading to identical isotherms. As
isotherms give a macroscopic picture and not molecular level information, differentiating
the two species may not be possible. However, the appearance of further expanded
isotherms at higher pHs indicate that there is significant electrostatic repulsion beyond the
condensing effect of increased H-bonding, such that two species do not have identical
isotherm behavior. The most likely explanation is that when both species exist, isotherms
may not distinguish the two due to the hydrogen bonding, but when the (-1) species starts
to dominate over the (0) species as the pH increases, electrostatic repulsion becomes
stronger and monolayer expansion is observed.

At pH 10.3 there is a noticeable difference in the isotherm attributed to the
emergence and dominance of singly deprotonated (-1) DPPA species. The lift-off area
expands from 47.5 to 51.5 A*/molecule and the UC phase disappears (Fig. 4.2). The surface
pressure as well as the collapse pressure increase due to the stronger electrostatic repulsion
between singly protonated DPPA molecules. At pH 13, an even greater expansion is
observed. Excess repulsion from the increased negative charges results in the immediate
onset of a condensed phase, with disappearance of any unique phase behavior leading up
to the first of two collapse phases. The first collapse onset begins around 53 mN/m just as

seen in the isotherms at lower pH, while the second collapse starts around 64 mN/m. The
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presence of two collapse pressures is indicative of immiscibility of two different
components.” This behavior can be explained by emergence of the (-2) species at pH 13.
While the (-1) species experiences more repulsion than the (0) neutral species and is further
expanded, both are still capable of hydrogen bonding and thus remain miscible and retain
a common collapse pressure.®* However, the (-2) species does not hydrogen bond well and
is immiscible with the (0) and (-1) species, resulting in a unique collapse pressure.
Therefore, the deprotonation of DPPA occurs at much higher pHs (10.3, 13) than expected
from reported pKa values (3.5, 8.3), an increase in pKa of about 5-7. This phenomena of
large pKa shifts for charged monolayers has also been reported for other species such as
fatty acids, and L-phenylalanine.”®'%
4.3.2 Cation effects on DPPA monolayers

Fig. 4.3 shows compression isotherms of DPPA monolayers on a series of 0.6 M
chloride salt solutions at pH 5.6. All salts are seen to expand the monolayer, inducing the
onset of the condensed phases much earlier and at larger MMAs than pure water. Thus at
any given fixed MMA, the salt isotherms reveal higher surface pressures, whereas at any

given fixed surface pressure, they show larger MM As. By inspection, the expansion of the
DPPA monolayer is cation-specific and follows the order Na* > K* = Mg?* > Ca*", with
respective lift-off areas of 51.5, 50.5, 50.5, and 48.5 A%/molecule. This ordering appears to
follow the trend of surface charge density. Due to the small and exposed phosphate
headgroup of DPPA, many factors must be considered such as ion size, hydration, and

surface charge density which all contribute to the ability of cations to complex with and
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disrupt the monolayer. The ionization state of the phosphate headgroup is also altered via

pH to compare the relative binding affinities of each cation for DPPA.

4.3.2.1 Monovalent cation interactions with DPPA monolayers

A comparison of cation-headgroup interactions at the various ionization states of
DPPA is first made between the monovalent cations. The effect of CI” co-ions can be
neglected as studies have shown that chloride does not display an affinity for lipid
headgroups.!®! Fig. 4.4 shows the I1-A4 isotherms of DPPA monolayers on 0.6 M NaCl and
KCl solutions at pH 2.5, 5.6 and 10.1. One immediately observes unique isotherms for each
pH, which greatly contrasts with those on pure water that are identical at pH 2.5 and 5.6.
This is evidence of the presence of different DPPA species induced by the cation
complexation. Thus, indicated here, in the presence of Na“ and K*, the DPPA monolayer
is populated predominantly by neutral (0) species at pH 2.5, singly protonated (-1) species
at pH 5.6, and fully deprotonated (-2) species at pH 10.2.

The isotherm of DPPA on NaCl at pH 2.5 shows only a minor expansion of the
monolayer compared to that on neat water at pH 5.6. The lift-off area is increased by ~1
A%/molecule while the phase transition area and surface pressure remain the same. The
isotherm of DPPA on KCl at nearly the same pH shows an even smaller expansion of ~0.5
A%/molecule. These very small area changes suggest that when the pH of the solution is
low, H" inhibits cation-induced deprotonation. However, Na*and K" can still complex with
the DPPA headgroup at very low pHs, albeit weakly. Although DPPA is predominantly
neutral at pH 2.5, there could be a small fraction of the singly protonated (-1) species

induced by cation complexation that contributes to the small expansion of the monolayer.
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At pH 5.6, the isotherm of DPPA on salts show similar expansion behavior compared to
that on water at pH 10.3, providing further evidence that DPPA is (-1) from cation-induced
deprotonation. At pH 10.1, the isotherm on monovalent salts show more ordering of the
condensed phase compared to that of water at pH 13.0, but are still similar as they share
the same protonation state (-2) as well as disappearance of the TC-UC phase transition.
The speciation of DPPA with Na"and K" fits well with the apparent surface pKa
values reported in the literature. This can be explained by the fact that not only H" but also
metal cations are attracted to negatively charged phosphate headgroups. The cations shield
the phosphate charge as well as displacing H" at the surface, thus effectively decreasing
the local [H']s concentration.”"> 1% This has an effect of restoring the surface pH to a value
more closely resembling that of the bulk. This is also in line with the
“electrostatic’/hydrogen-bond switch mechanism” of phosphatidic acid in that the H-
bonding and protonation state of DPPA are affected by local ions or charged groups and
consistent with observations made by Vaknin and co-workers.>>°! Similar results were
also reported from sum frequency vibrational spectroscopy studies for palmitic acid by
Allen and co-workers showing that cations including Na® and K deprotonate the
carboxylic acid headgroup at pH 5.6 where the headgroup is normally protonated on pure
water. 100, 103-105
The relative binding affinity of Na* vs. K is inferred from the differences in the
compression isotherms for each ionization state. Na" and K* have the same charge and

similar hydration radii (2.18 and 2.12 A, respectively) and thus one might expect the

monolayer to experience similar expansion.'°® However when comparing Na" and K*, Na*
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is consistently further expanded by ~1 A%/molecule at all pHs (Fig. 4.5). This difference
suggests K" interacts more weakly with the phosphate headgroup than Na* and, in turn, is
unable to induce deprotonation as effectively. The collapse pressures of DPPA with Na*
are also noticeably higher than that on water for the same protonation state, while the
collapse pressures with K™ by contrast display no increase. Na” complexation with the
headgroup has a stabilizing effect on the monolayers allowing for higher surface pressures
before collapse. This is also supported by nucleation structures observed in BAM images
discussed later in this paper. Mixed equimolar solutions of Na® and K* also reveal
isotherms identical to those of Na" (data not shown). This all indicates that Na*
outcompetes K", forms a more stabile complex with DPPA, and thus has a higher binding
affinity for the DPPA headgroup.

One possible explanation for the higher affinity of Na* over K is found in the
empirical law of “matching water affinities” proposed by Collins, which states that ions of
similar sizes form inner-sphere ion pairs due to their similar absolute free energies of
hydration.!®” Na* has a higher surface charge density than K and is a better match with
phosphate, allowing easier deprotonation and subsequent binding. MD simulations have
also observed weaker binding of K* than Na* to the phosphate '°!; it is clear that Na* ions
are attracted to the headgroup region.’!

An alternative explanation involves interaction of Na" with the carbonyl groups of
the DPPA alkyl chains. MD simulations have also shown a greater preference of Na* for

K+ 108-111

the carbonyl moieties than If Na" can penetrate into the headgroup region and

interact with the carbonyl moiety of DPPA, steric effects may be responsible for the greater
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expansion of the DPPA monolayer compared to K". Indeed both salt isotherms converge
at higher surface pressures, which is due to squeezing out of some ions from the DPPA
monolayer. This does not preclude the absence of Na" complexation with the carbonyl
groups, but it is very weak as Na" ions are eventually expelled from the headgroup region.
This agrees with MD simulations that show little impact on lipid conformations in the
condensed phase due to the low degrees of freedom.!!? However, All of the Na* ions are
not squeezed out and a portion remain complexed with the headgroup as seen by its impact
on the collapse pressure. This suggests that direct complexation with phosphate may be a

factor.

4.3.2.2 Divalent cation interactions with DPPA monolayers

There is great interest in the effect of divalent cations for both biological and
atmospheric studies and their increased binding affinity compared to monovalents.'!?
Divalent cations inherently have higher binding affinities relative to H" and monovalent
cations due to their higher surface charge densities. The effects of divalent ions on other
lipids have been well documented in many other studies; however, no studies have shown
the impact of Mg?" vs. Ca®" with pH effects for DPPA.

Ca?" and Mg?" are observed to affect the protonation of DPPA, similar to Na* and
K*. At pH 10, the DPPA monolayer is predominantly singly protonated (-1) on pure water,
but is fully deprotonated and bound by divalent cations. At pH 5.6, DPPA is mostly neutral
on pure water but becomes singly protonated in the presence of cations. However, at a

lower pH of 2.2, the DPPA isotherm on CaCl: remains the same as that of pH 5.6 (Fig.

4.6), which indicates that Ca*" still binds to DPPA. DPPA is likely strongly bound in the
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presence of Ca®’, existing as a 1:2 or 1:1 complex. This is further supported by expansion
areas: when increasing the pH from 5.6 to 9.2, the expansion of DPPA area in the TC phase
doubles from 1 to 2 A%/molecule. This expansion could reflect a change in the binding ratio
from a 1:2 to 1:1 Ca*":DPPA complexation. A similar change in the complexation ratio in
this pH range was also reported by Wang et al. for Ca** on dimyristoylphosphatidic acid
(DMPA), an analogue of DPPA with 14 carbon alkyl chains.”! Mg?* also causes similar
behavior, expanding the monolayer from 3 to 6 A%/molecule from pH 5.6 to 9.2. As only
divalent and not monovalent cations display area doubling, this is attributed to their ability
to complex neighboring DPPA molecules. Charge bridging by divalent cations can offset
electrostatic repulsions and stabilize the monolayer. This explains why isotherms on
divalent metal chloride solutions are more condensed than those on water for the same
DPPA protonation state. Without the presence of cations at pH 5.6, DPPA would remain
entirely protonated. However, adding Ca®" or Mg?* deprotonates the phosphate headgroup,
causing the monolayer to expand; but cation lipid bridging prevents the monolayer from

expanding as much as it would without ions.

In contrast to CaCl2, DPPA isotherms on MgClz at pH 2.2 are slightly less expanded
compared to pH 5.6 (Fig. 4.6). While this could indicate the presence of all three DPPA
species, it is unlikely that there would be any neutral DPPA species without any bound
Mg?*, particularly as an isotherm expansion is observed. It is more likely that there is a
lower fraction of Mg?" bound to the monolayer, resulting in a lower degree of
deprotonation and thus a reduced expansion compared to pH 5.6. Therefore, Ca®* displays

stronger interactions with the phosphate headgroup compared to Mg?". Ca?" has also been
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found to bind strongly with phosphatidic acid even at low micromolar concentrations.!!'*
However, a larger expansion of the monolayer is observed for Mg** than Ca*" at all pHs.
This can be reconciled and explained by Collins’ law of matching water affinities. Ca*"
should have a higher binding affinity to phosphate than Mg** by forming a tight inner-
sphere complex with phosphate. Mg?* has more size mismatch with phosphate, being a
small, hard cation, and holding its solvation shell more strongly than Ca**.!% Thus, Mg**
likely forms an outer-sphere solvent-separated complex with the phosphate headgroup. As
Ca?" forms tight inner-sphere complexes, it loses some of its hydration shell, which brings
the bridging DPPA molecules closer together. Yet, the isotherm differences between Mg**
and Ca?" cannot be accounted for based only on ionic and hydrated radii differences. Such
a small DPPA monolayer expansion below Ca®" cross-sectional area is surprising and
suggests that DPPA-ion interactions have little to do with steric effects.
4.3.3 Morphology of DPPA monolayers on water and salt solutions

Fig. 4.7 shows the BAM images of DPPA monolayers on water before and after the
onset of the condensed phase at pH 5.6. DPPA starts in the G-LC coexistence phase as
evidenced by the large bright areas of condensed lipid islands separated by dark lipid-poor
regions. The monolayer quickly forms a homogeneous layer that remains stable even
beyond the point of collapse. This is in contrast with an earlier study that reported small
bright spots attributed to nucleation and collapse structures with long white striated
streaks.” However, with NaCl, CaClz, and MgClz solutions, these striated crystalline
collapse structures are also observed (Fig. 4.8), indicating that cations are binding DPPA

in a way to act as nucleation sites, instead of simply folding it into multilayered structures.
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These nucleation sites may also act to stabilize the monolayer explaining the higher
collapse pressures. Interestingly, these striated collapse structures are not observed for
DPPA on KCl solutions as the images are indistinguishable from that on pure water (Fig.
4.8b). This indicates that K" does not nucleate crystalline aggregates, but instead forms less
stabile amorphous structures. K does not affect the collapse surface pressure compared to
Na*, Ca**, and Mg*" (Fig. 4.3), except at high pH. This is further evidence of the relatively
weak binding affinity of K*. On the other hand, Na*, Ca**, and Mg?*, have higher collapse
pressures correlated with the presence of the crystalline striations in the BAM images (Fig

4.8c-e).

4.4 Conclusion

DPPA molecules spread on neat water at pH < 10 are mainly comprised of neutral
species and form closely packed monolayers. A change in the protonation state increases
monolayer repulsion from the negative charges, resulting in weakening of the tight
packing. However, we observe that DPPA monolayers require pHs higher than expected
to deprotonate due to the negatively charged monolayers attracting H" to the surface.
Cations reverse this increased pKa trend by deprotonating the headgroup and shielding the
charges. Divalent cations are also able to further mitigate monolayer disruption by bridging
neighboring DPPA molecules. Based on the isotherm expansion, the following order of

binding affinity can be deduced: Ca®" > Mg*" > Na" > K". This trend agrees well with that
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predicted from the law of matching water affinities, further supporting the empirically
derived rule.

The unique surface behavior of DPPA is attributed to its small phosphate headgroup
size and sterically open structure. As the headgroup is unencumbered by large moieties
such as those found in other glycerophospholipids, the monolayer is able to pack tightly
which inhibits steric insertion from ions. Thus it is electrostatics that primarily affects the
protonation state and ultimately governs its monolayer behavior. DPPA headgroup
interactions with cations and the resulting impact on the monolayer is extremely sensitive
to environmental conditions of pH and relative abundance of ions. The extent of these
interactions and their effect on DPPA surface speciation and surface pKa will be
investigated by surface-sensitive spectroscopy and discussed in the next chapter

DPPA-salt systems were chosen as proxies to further understand the surface
properties of marine aerosols. DPPA monolayers on salt solutions serve as a model system
of the organic layer on marine aerosols; it enables examination of surface processes such
as film condensation and expansion, changes in lipid domain morphology (including
refractive index changes), and cation-phosphate complexation, all of which have the
potential to influence the evaporative and radiative properties, as well as the surface
reactivity of marine aerosols. It is expected that charge speciation of the organic layer
induced by pH and ionic composition of the aqueous core will impact marine aerosol
processing and ultimately have direct and indirect effects on climate changes. Thus a better
understanding of marine aerosol surface properties can benefit and help improve existing

atmospheric simulations and climate modeling.
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Figure 4.1 Chemical structure of (singly protonated) DPPA.
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Figure 4.2 Compression isotherms of DPPA monolayers on water at various pH.
Inset: Expansion of mean molecular area relative to water at pH 5.6 in the TC (10 mN/m)
and UC (40 mN/m) phases.
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Figure 4.3 Compression isotherms of DPPA monolayers at pH 5.6 on different 0.6 M
chloride salts aqueous solutions.

The isotherm on water is also shown for comparison. Inset: Expansion of mean molecular
area relative to water at pH 5.6 in the TC (10 mN/m) and UC (40 mN/m) phases.
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Figure 4.4 Compression isotherms of DPPA monolayers on 0.6 M monovalent (Na*, K*)
chloride salt solutions at various pHs.

The isotherms on water are also shown for comparison. The DPPA isotherm on water at
pH 2.6 is not shown as it is superimposable to the one at pH 5.6.
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Figure 4.5 Mean molecular area expansion of DPPA monolayers on 0.6 M salt chloride
solutions relative to water at various pH in the TC (10 mN/m) and UC (40 mN/m) phases.
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Figure 4.6 Compression isotherms of DPPA monolayers on 0.6 M divalent (Mg?*, Ca®")
chloride salt solutions at various pHs.

The isotherms on water are also shown for comparison. The DPPA isotherm on water at
pH 2.6 is not shown as it is superimposable to the one at pH 5.6.
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Figure 4.7 BAM images of a DPPA monolayer on water (pH 5.6) (a) in the G-LC phase
(50 MMA), (b) at the onset of the TC phase (38 MMA), and (¢) in the UC phase just
prior to collapse (<34 MMA). Scale bar is 100 pum.

Circular interference patterns are due to dust particles.

Figure 4.8 BAM images of DPPA monolayers in the collapse phase at pH 5.6 for (a)
water, (b) NaCl, (c) KCl, (d) MgClz, and (e) CaCl: salt solutions. Scale bar is 100 um.
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Chapter 5. Effect of pH and Salt on surface pKa of DPPA

Reprinted (adapted) with permission from (Zhang, T; Brantley, S.B.; Verreault, D.; Allen,
H.C. “Effect of pH and Salt on Surface-pKa of Phosphatidic Acid Monolayers” Langmuir,

2018, 34 (1), 530-539.) Copyright (2018) American Chemical Society.

5.1 Introduction

The protonation state of an organic surfactant has a major impact on its monolayer
behavior, surface organization and morphology.!!>!!® Often, bulk pKa values are used to
determine speciation for surfactants, but it has been shown that the pH and pKa of an
organic surfactant can be very different at the surface compared to the bulk.!'*'?2 However,
the actual surface speciation of a surfactant is not readily apparent and there needs to be a
way to accurately account for the difference between bulk and surface-pKa. While this has
implications for all fields that deal with interfaces such as biological membranes and
colloidal chemistry, one particular field of interest is aerosol chemistry, where surfactant
speciation state directly affects aerosol properties.

Elucidating the surface speciation of organic surfactants commonly found on sea
spray aerosols remains a non-trivial task even for relatively simple model systems. First,
the bulk pH of sea spray aerosols can vary over a large range (from -0.51 to 9).!23-1%4
Secondly, the surface-pKa can shift by a significant amount; for instance, it is known that

palmitic and stearic acid, two fatty acids commonly occurring in marine aerosols, are

protonated up to 4 pH units higher at the surface (surface-pKa > 8) than in the bulk of
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aqueous solution due to two-dimensional ordering and ionic strength effects.”’"8

Significant pKa shifts have also been reported for other types of organics adsorbed at
aqueous surfaces.”® 12> Adding to the complexity, salts as those found in seawater have also
been reported to affect surface pH and pKa.!'® 125126 Thus, to fully understand the impact
of an organic surfactant on sea spray aerosols, one must account for both pH and salt effects
(0.1 M Na" in this study) on surface speciation.

In this work, dipalmitoylphosphatidic acid (DPPA) was selected as a relevant
organic surfactant model to determine the impact of pH and salts on its protonation state.
DPPA has a lone phosphate headgroup that makes it suitable for studying phosphate acid
speciation within the interface. While we examined the general impacts of pH and specific
cation effects on DPPA monolayer stability and protonation in Chapter 4, the surface
speciation was not fully investigated. We had placed the surface-pKa2 somewhere in the
range of 10-13, which we look to more accurately determine in this chapter. Using
compression isotherms, surface tension pH titration, and surface-sensitive vibrational
spectroscopy together with computer simulations, we go into further detail investigating
the change in surface speciation of DPPA with pH, as well as with the addition of NaCl
(0.1 M Na® in this study), the most abundant salt in seawater.?’ We experimentally
determine the surface-pKa2 values under the different conditions between the three
techniques and compare it with calculated pKa2 values using the Gouy-Chapman (GC)

model to evaluate whether the surface pKacan be accurately predicted.

5.2 Materials
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1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA) monosodium salt (>99%,
lyophilized powder) was purchased from Sigma-Aldrich (St. Louis, MO) and used without
further purification. DPPA solutions were prepared by dissolution in a 4:1 (v/v)
chloroform-methanol (HPLC grade, Fisher Scientific, Waltham, MA) mixture. pH-
adjusted aqueous solutions were obtained by addition or dilution of stock pH 1 and 13
solutions prepared from NaOH (99%, Mallinckrodt,St. Louis, MO) and HCI (trace metal
grade, Fisher Scientific). NaCl (>99%, ACS certified, Fisher Scientific) was added to a set
of pH solutions as a background electrolyte. All pH and salt solutions used ultrapure water
with a resistivity of 18.2 MQ-cm (Barnstead Nanopure Filtration System, model D4741,
Barnstead-Thermolyne Corporation, Dubuque, IA) and a measured pH of 5-6. All

references to pH in this paper refer to bulk pH unless specified as surface pH.
5.3 Results & Discussion

5.3.1 DPPA Speciation on Water and NaCl Solutions through Surface Tension pH
Titration and Molecular Area Expansion

To measure the surface-pKa2 of DPPA, DPPA monolayers were examined using
surface tension pH titration. This method has been successfully applied in our prior work,
and also by Kanicky and Shaw, to determine the pKas of various fatty acid monolayers
from the neutralization endpoint.’® 1?2 Following this method, HCI or NaOH is titrated into
the subphase of a DPPA monolayer and the effect of changing pH on the surface tension
is monitored. The surface tension is replotted as surface pressure for ease of viewing, as

surface pressure is simply defined as the difference between measured surface tension of
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the solution and the surface tension of water, and corrected for the extra surface tension
contribution from the added titrant volume.

Fig. 5.2 shows the surface tension pH titration curves plotted as surface pressure
obtained by titrating from pH 13 to pH 5 DPPA monolayers at different lipid molecular
areas. As the starting pH 13 solution was pH-adjusted with NaOH, the initial Na*
concentration was already set to 0.1 M, which makes this technique more suited to
determine the surface-pKa.2 of DPPA on NaCl solutions than on pure water. The Na*
concentration also remains fairly constant throughout the titration, as the titrant adds less
than 10% to the total volume. Following Fig. 5.2 from low to high pH, it can be seen that
in the most condensed phase (44 A%/molecule) the surface pressure starts to rise around pH
5.5 and increases monotonically with the pH. In addition, the onset of the surface pressure
increase shifts to higher pHs with increasing MMA. These results are consistent with the
surface pressure-area isotherms presented later, as the singly deprotonated and fully
deprotonated DPPA species, which are increasingly present at higher pHs, are subject to
stronger repulsive interactions from neighboring molecules, especially at small MMAs.
Eventually the surface pressure reaches a maximum at pH > 12 for all MMAs.

The titration data was fit with a sigmoidal dosage response curve where the
injection of HCl and resulting change in pH are treated as the dose and the surface pressure
change as the response. This fit enables extraction of the 50% response value which
corresponds here to the surface-pKa. The fitted midpoint of the titration curve for the highly
condensed DPPA monolayer (44 A%/molecule) gives a surface-pKa2 value of 10.5. The

surface-pKa2 value decreases for DPPA at higher MMAs in the less condensed phases. For
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example, at 60 A%/molecule, where DPPA is in the gaseous phase at pH 5.6, the surface-
pKa2 has dropped from 10.5 to 9.2. At larger MMAs, the monolayer is not as tightly packed
and the DPPA molecules are much further apart, thereby reducing the surface charge
density and resulting in less proton affinity and a surface-pKa2 value closer to that of the
bulk. Taken together, these results clearly show that the DPPA surface-pKa2 is dependent
on the coverage and, in turn, on the surface charge density of the monolayer. Moreover,
these values are still greater than literature values of ~7.9-8.5 reported for vesicles, aqueous
dispersions, and mixed monolayers of DPPA %% 127128 \ye attribute this discrepancy
between previously reported pKa values to the sensitivity of DPPA to its local environment.
For a DPPA monolayer such as in our study, the lipid is constrained to a 2D phase allowing
for strong lateral interactions (e.g., chain-chain, headgroup-headgroup, etc.). However, the
addition of zwitterionic DPPC in mixed monolayers would reduce the surface charge
density and, in turn the difference between bulk and surface-pKa. We have also shown that
packing also affects surface-pKa2; DPPA has outsized acyl chains relative to its phosphate
headgroup and thus aqueous dispersions and micelles would have different packing and
surface charge densities in bulk solution compared to that of a pure monolayer. Therefore,
although our surface-pKa2 values differ from previously reported values, we maintain that
there is no fundamental disagreement. These previous measurements of 7.9-8.5 are more
reflective of bulk pKas whereas our measurements are surface-pKas.

The compression isotherms of DPPA monolayers on pure water and on strongly
basic aqueous solutions, with and without NaCl, were also measured (Fig. 5.3). In pure

water, it can be seen that DPPA isotherms progressively expand to larger MMAs with
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increasing pH. As previously reported, this monolayer expansion is induced by the change
in the protonation state of DPPA with pH.'® Another feature that appears at higher pHs is
the occurrence of both expanded and condensed monolayer phases. Typically, there are
strong attractive forces between headgroups and between alkyl chains of neighboring
DPPA molecules such that a liquid-expanded (LE) phase is never observed in DPPA
isotherms at low and neutral pHs, only liquid-condensed (LC) phases. However, as the
DPPA headgroups become progressively negatively charged with increasing pH, the
DPPA molecules are pushed further and further apart such that both LE and LE-LC
coexistence phases are observed. As reported in our previous work, the fact that the LE-
LC coexistence phase (seen as a plateau in the isotherm) is found only at pH > 11 is taken
as evidence that a highly charged DPPA species, most likely the fully deprotonated species,
is present in a significant amount.'®

Further analysis of the isotherm molecular area expansion in the tilted-LC phase
(30 mN/m; see the dotted horizontal line in Fig. 5.3a) relative to water shows that the onset
of the expansion occurs somewhere between pH 9 and 10. The DPPA monolayer further
expands with increasing pH, except over a very small pH range (~11.3-11.5) which
appears as a kink with a flatter slope in Fig. 5.3c. For a condensed monolayer, at pH 10,
the singly deprotonated DPPA species is predominant and yet due to the smaller sized
headgroup relative to the tails, the monolayer is observed to expand; then, the further
increase in pH leads to the occurrence of the fully deprotonated species. Between pH 11.3
and 11.5, the two negatively charged species may enhance hydrogen bonding which would

temporarily counter the area expansion. This would suggest that the surface-pKa> of the
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DPPA phosphate headgroup can be found in that pH range. However, as the fully
deprotonated species become predominant at even higher pHs, DPPA molecules are
repelled even more strongly, causing another sharp increase in molecular area.

To account for the potential binding effect of Na* ions at highly basic pHs,
compression isotherms were also measured for NaCl solutions with at least a constant 0.1
M Na" background concentration to match the Na* concentration of the pH 13 solution
(Fig. 5.3b). (Compression isotherms on NaCl are identical from 0.05-1.2 M, reported in
earlier work.!®) An expansion in the isotherms was also observed on pH-adjusted NaCl
solutions, far more than that on pure water at the same pH. As discussed previously, the
presence of Na* cations in the aqueous subphase causes an expansion of the monolayer due
to their insertion in the DPPA headgroup and interaction with the phosphate moiety.'® As
with pure water, the same expansion trend of DPPA with increasing pH is obtained on
NaCl solutions, however, with one notable difference: the small kink previously found
around pH 11.5 has now transformed into a quasi-plateau region and has shifted to lower
pHs, between pH 10 and 11. This shift, which can be interpreted as a reduction of the
surface-pKa2 of the condensed DPPA monolayer from 11.5 to 10.5, is consistent with our
surface titration results. We attribute this to the charge screening of the monolayer by Na*,
which reduces the local surface H' concentration that otherwise exists near the negatively
charged headgroups. This also serves to reduce the surface charge density, bringing the

surface-pKa closer to reported literature values.
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5.3.2 Theoretical Peak Assignments of DPPA Phosphate Modes at Low and High
Basic pHs

To more directly observe DPPA species present at lower and higher basic pHs, the
protonation state of the phosphate headgroup was examined by looking at the phosphate
modes with IRRAS. While surface-pKa2 values are determined from surface tension pH
titrations and compression isotherms, these measurements remain macroscopic. In contrast,
surface spectroscopic techniques such as IRRAS and vibrational sum frequency generation
(VSFGQG) spectroscopy allows direct probing of the phosphate protonation state. Using these
methods the protonation state of various chemical groups has been studied including
carboxylic/carboxylates, phenol/phenolates, amines, and phosphate groups of other
glycerophospholipids  such as  dipalmitoylphosphatidylcholine  (DPPC) and
dipalmitoylphosphatidylglycerol (DPPG), but so far not of phosphatidic acids.!%% 116, 119-120.
129-130 Spectral data of DMPA, a close analog of DPPA, has been reported previously, yet
not always consistently, such that the peak assignment of the phosphate modes (PO,
P0%™) of DPPA remains ambiguous.'*' Adding to that, there is a paucity of theoretical data
on the vibrational modes of DPPA. Therefore, a careful assignment and evaluation of the
transition moment strength of each band associated with the different phosphate
protonation states was first completed through DFT calculations.

The calculated IR spectra of the two DPPA charged species are shown in Fig. 5.4.
The calculated IR spectrum of the fully deprotonated DPPA species has a characteristic

doublet with peaks that appear at 1069 cm™ and 1108 cm™!. These features arise from the

asymmetric PO3 stretching (v,5(PO%7)) mode. If the POs* group was in a perfectly
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symmetric environment, the two PO3* asymmetric stretch vibrations would be degenerate.
However, these peaks are split because of the asymmetry of the fully deprotonated DPPA
species with respect to its phosphate group. Because of the two-dimensional ordering and
interactions between the DPPA molecules at the air-aqueous interface, this asymmetry is
likely present in the phosphate headgroup region. The other prominent peak at 905 cm™ in
the calculated spectrum comes from the symmetric PO%~ stretching (ug(PO37)) mode. In
contrast, the calculated spectrum of the singly deprotonated DPPA species has only two
peaks from PO; stretches: one at 1285 cm™ and another at 1058 cm™! corresponding to the
asymmetric (v,5(P03)) and symmetric (vg(PO3)) stretches, respectively. The smaller
intensity peaks in the latter spectrum generally do not involve phosphate vibrations, but
instead motions of the C-O bond in the DPPA backbone.
5.3.3 DPPA Speciation on Water and NaCl through Phosphate Vibrational Modes
Intensities

Fig. 5.5 shows the IRRAS spectra in the phosphate stretching region (950-1250
cm™) of DPPA monolayers on water and NaCl solutions with increasing pH. Due to the
steric freedom and varied hydrogen bonding network of the phosphate headgroup, there is
a large continuum of phosphate modes that overlaps with those of the DPPA backbone,
such as the C-O-P stretch at 1108 cm™!, and C-O-C asymmetric and symmetric stretches of
the carbonyl esters at 1170 cm™ and 1070 cm™, respectively.'!® 13! Because of this overlap,
the discussion will focus hereafter only on the main phosphate modes. By comparing the
relative peak positions and spectral features between the calculated and experimental

spectra, four phosphate modes can be identified: the v,5(PO3) and vs(PO3) modes of the
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singly deprotonated DPPA species, and the v,;(P0O3™) and vs(PO3~) modes from the fully
deprotonated DPPA species. The broad peak observed in the IRRAS spectra at 1168 cm’!
is readily assigned to the v,,(PO3) mode, which lies in the range reported by Pézolet et al.
for DMPA."3! The peak position of this mode contrasts with the asymmetric (PO;) modes
of other phospholipids which are typically observed around 1250 cm'. This shift is
attributed to various functional groups such as cholines and ethanolamines attached to the
phosphate of other phospholipids but absent with DPPA. The next broad and more intense
peak exhibits a doublet feature at 1095 cm™ and 1108 cm™! similar to the ones observed for
v,5(PO37) in the calculated spectra and therefore can be assigned to this mode. The next
expected peak would be the v, (PO3), which lies close to the v,4(PO37) in the calculated
spectra. Such a peak is also found in the IRRAS spectra at 1068 cm™'. Although it is fairly
weak, it disappears in response to increasing pH (see discussion below), thus confirming it
as a mode associated with the singly deprotonated DPPA species. It is also expected that
the v (P03 ) peak has the weakest intensity, as transition moment is greater for asymmetric
modes. The final major peak at 981 cm™ is assigned to the remaining vs(PO%™) mode.

At pH 11 and below, the v,4(PO3) and vs(PO3) modes are present, but not the
U,5(PO37) and vs(PO%~) modes. Starting at pH 11.3, a dramatic increase in intensity of
the v,5(PO3™) and vg(PO3~) modes can be seen. Interestingly, the 1095 cm™! peak of the
v,5(PO37) doublet is more intense than the other peak at 1108 cm™!, which can be attributed
to the asymmetry of the phosphate group. As the mode increases in intensity and width,
the two peaks merge into one broad peak with a small shoulder. Conversely, the v,(PO3)

and vg(PO3) peaks decrease in intensity. This trend continues until pH 12, whereupon no
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further increase in peak intensity of the PO%~ modes is observed. These results further
support the assignment of singly deprotonated and fully deprotonated phosphate
headgroups, respectively, to lower and higher basic pHs. It is also clear that between pH
11 and 12, the fully deprotonated DPPA species becomes predominant and that the surface-
pKa2 of DPPA is located in this range.

From a visual inspection of the spectra in Fig. 5.5a, the peak of the v,,(PO3~) mode
reaches about half its maximal intensity at pH 11.5. To get a more quantitative estimate of
the DPPA surface-pKa2 value from the spectral data, the peak area of the v,s(PO3~) mode
was plotted as function of increasing pH and the midpoint determined by fitting the data to
a sigmoidal curve, similar to the treatment of the surface tension pH titration data (Fig.
5.5¢). The fitted midpoint gave a surface-pKa2 of 11.5, a value consistent with the other
experimental results from surface tension pH titration and compression isotherms.

Another notable feature of the spectra is that although the v,,(PO3) mode shrinks
dramatically, it is still present at pH 12, while the vg(PO3) completely disappears at pH
11.3. It is possible that other overlapping DPPA modes could also be contributing to the
remaining intensity of the v,s(PO;) peak at pH 12 and above such as the CO-O-C
asymmetric stretch. A small red shift of the v,s(PO%™~) mode from 1095 cm™ to 1092 cm’!
with increasing pH was also observed. This could be due either to the v,,(PO3™) mode
itself having a different hydrogen bonding environment or to the interactions of Na* ions
with the phosphate headgroup. For example, at pH 11, the Na" concentration is 0.001 M
due to the use of NaOH to adjust the pH. Finally, it is worth mentioning that there are no

peaks that could be assigned to the fully protonated DPPA species although they should be
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present and predominant at pH 2. Because the fully protonated and singly deprotonated
species have the same symmetry, and that mode intensities decrease with decreasing
charge, it was not possible to differentiate these two phosphate modes and determine the
surface-pKai value with IRRAS. However, the surface-pKaz can be clearly determined with
spectroscopy as the singly deprotonated and fully deprotonated species have different
spectral signatures.

5.3.4 DPPA Speciation on NaCl solutions with Constant lonic Strength through
Phosphate Vibrational Modes Intensities

IRRAS spectra in the phosphate stretching region of DPPA monolayers were also
taken on NaCl solutions with a constant 0.1 M Na" background concentration to account
for Na" effects on surface-pKa (Fig. 5.5b). From the comparison with the spectra on water,
Fig. 5.5b immediately shows that the vibrational modes associated with the fully
deprotonated species emerge about one pH unit lower (at pH 10.5 instead of 11.5) on NaCl
solutions, also consistent with surface tension pH titrations and compression isotherms that
revealed that the presence of Na* decreases DPPA’s surface-pKaz.

One can also note that at pH 10 with a 0.1 M Na" background, the peak position of
the v,5(PO3™) mode has not shifted from 1095 cm™’. Yet, when the peak intensity of the
v,s(PO37) mode increases, it also follows the same ~3 cm! shift which is likely due to the
mode itself, and not from Na" interactions. In fact, this also indicates that Na* ions are not
interacting strongly to the phosphate headgroup, but rather complexed through longer
range electrostatic interactions, and are also not responsible for the increase in intensity by

changing the phosphate transition moment strength.!'*?
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5.3.5 DPPA Speciation on Water and NaCl Solutions using Gouy-Chapman Model
As shown by Vaknin and coworkers who previously calculated the species fractions
of dimyristoylphosphatidic acid (DMPA), a shorter chain analog of DPPA, in the presence
of Ca?",! the Gouy-Chapman (GC) model can be used here to predict the DPPA monolayer
speciation on water and NaCl solutions at different pHs. In order to determine the DPPA
species fractions at a given bulk pH, one assumes a model DPPA (L) monolayer spread on
an aqueous solution of fixed pH containing both hydronium (H") ions and sodium (Na")
counter-cations. It is further assumed that these ions bind competitively with DPPA
headgroups and that metal cations form 1:1 complexes. Under these conditions, the

equilibrium protonation (proton binding) and complexation (metal binding) reactions are

given by
LH? 2 LH™ + H{,q (2a)
LH™ 2 L~ + H{,, (2b)
LNaH® 2 LH™ + Na(,,, (2¢)
LNa™ 2 L*~ + Najy, (2d)

where LH? denotes the fully protonated DPPA species, whereas LH™ and L2~ refer to the
singly deprotonated and fully deprotonated species, respectively. LNaH® and LNa~
represent the Na'-lipid complexed species.

Taking into account the Boltzmann distribution of ions near the interface, the
different DPPA species fraction in a monolayer spread on a NaCl (1:1 salt) solutions can
be expressed as function of the equilibrium dissociation (Ka1, Ka2) and metal binding (K1,

Kn2) constants as well as bulk pH such as (see Appendix C)
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fLe- = 10@PHp—PKa1—PKaz) o 2FYo/RT )—1 (3a)

_ = 10®PHp—PKa1) o FYo/RT p—1 3b
fin- =10 e D (3b)
— p-1

fLHg =D (3¢)
fina- = 10(PHb=PKa1~PKa2)1 (= (PNap+PKm2) o FPo/RT p—1 (3d)
fLNapO = 10PHp—PKa1) 19— (PNap+pKm1) p—1 (3e)

with
D=1+ 10(pr—pKa1)(eFllJo/RT + 10—(pNab+me1)) €))

+ 10(2pr—pKa1—pKa2)(eZFTl)o/RT + 10—(pNab+me2)eF1,b0/RT)

where pHs and pNays relate to the bulk H" and Na* ion concentrations, respectively. F
represents the Faraday constant, R the ideal gas constant, 1, the surface potential, and T
the absolute temperature.
The surface charge density of a DPPA monolayer spread on a 1:1 salt solution (e.g.,
NaCl) is given by (see Appendix C)
o) = 00[(10(pr—pKa1) + 10(2pr—pKa1—pKaz)10—(pNab+mez))eF¢o/RT ®)

+ 10(2PHb=PKa1~PKaz) g2F¥o/RT| =1

where 0, = —2e/A;, is the maximal surface charge density of the fully dissociated (and
non-complexed) DPPA headgroups, whereas e and Az are the electronic charge and lipid
MMA, respectively. The maximal surface charge density can be experimentally
determined at each pH from the MMA of the compression isotherms found in Fig. 5.3. To
solve Eq. 5 for the surface potential, the GC model is invoked where the surface charge

density of a charged surface in contact with water or 1:1 salt solutions is given by

oY) = \/ZEOSrRTCb(e_Fll’o/RT + eF¥o/RT _ 2)
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where &, and &, are the vacuum permittivity and relative permittivity of the aqueous phase
(water or NaCl solution), and C» the total bulk ion concentration.'** Eqs. 5 and 6 can be
simultaneously solved numerically to get the surface potential as function of the bulk pH,
from which the DPPA species fractions (Egs. 3a-e) can then be calculated (Table 5.1).
Fig. 5.6 shows the speciation curves of DPPA monolayers on water and NaCl
solutions (see inset) as predicted by the GC model. For DPPA monolayers on water, the
crossing point of the LH™ and L2~ species fractions points to a surface-pKaz of 11.8, a value
which lies in close agreement with the range determined experimentally from the
compression isotherms. In the case of 0.1 M NaCl solutions, the surface-pKa2 appears to
be around 11.0, a value slightly higher than those estimated from the isotherm data. The
small discrepancy could be due to two factors, that the GC model remains usually valid for
salt concentrations up to 0.1 M and for charged surfaces with surface charge density not
exceeding ~0.35 C/m?, and the errors in the surface potential (1) from the experimentally
determined maximal surface charge density (g;).'!® In addition, the assumption that the
DPPA phosphate headgroups can be considered as smeared charges is most appropriate
when the Debye screening length is much larger than the headgroup size.!** At 0.1 M NaCl,
the screening length (~1 nm) starts approaching the headgroup size which could be a factor
causing the observed discrepancy. However, theory does still fit and explain the
experimental data well, which indicates that the pKa differences between bulk and interface
is primarily explained by surface charge density. A negatively charged surface, especially

one that is closely packed such as that observed in a full monolayer has a more acidic
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interfacial pH than that of the bulk. However, addition of Na" screens the negatively
charged phosphate headgroups to some degree, reducing the surface charge density and in
turn, surface acidity and the surface-pKa. Although only Na® was tested, it is reasonable to
think that other ocean-relevant cations such as K*, Ca*’, and Mg?" would also have an
impact on a DPPA monolayer’s surface-pKa2 value. As it has been shown that these cations
display different binding affinities to the DPPA, we hypothesize that more strongly bound
ions such as Ca** and Mg*" would screen more effectively the negatively charged
phosphate headgroups and decrease the surface-pKa2 closer to bulk values compared to
weakly bound ones like K*.'® It also has been reported that there is a size-dependent organic
and salt composition for organic-coated sea spray aerosols. Thus, following our results, we
would expect that even aerosols with similar organic composition would display different
hygroscopicities as their size, ion abundances and pHs vary, due to their resulting

differences in surface-pKa values and surface speciation. '’
5.4 Conclusion

The surface speciation of monolayers and coatings made of organic surfactants is
often characterized in terms of acid dissociation constants found for bulk systems (e.g.,
aqueous dispersions). However, in the case of monolayers, the choice of such constants
can lead to incorrect estimations of the actual proportion of species fractions at a given pH.
In this study, using three independent methods, compression isotherms, surface tension pH
titration, and IRRAS, the surface-pKa2 value of a condensed DPPA monolayer was found
to be 11.54+0.2 (summarized in Table 5.2), much higher than previously reported values of

7.9-8.5.9193: 127128 However, as 0.1 M NaCl is added, the surface-pKa2 value decreased to

65



10.5. We also found that surface-pKa2 was dependent on surface coverage, from 11.5 for a
full condensed phase monolayer, to 9.2 in the 2D gaseous phase. In addition, these results
are consistent with predicted values from GC theory with associated assumptions for
surface potential based on surface charge density.

Surface-pKaz is shown to be greatly affected by surfactant surface packing as well
as ion interactions. These effects ultimately lead back to surface charge density as the key
driving force behind the differences between bulk and surface-pK. values. Thus when
estimating speciation for surfactants, one must account for ion concentrations as well as
surface packing density to accurately predict their surface behavior. By incorporating these
parameters into more accurate surface-pKa estimates for surfactants, aerosol models can be

improved to better understand their impact on climate.
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Figure 5.1 Optimized structures of truncated models of the DPPA molecule with
protonation states of the phosphate headgroup corresponding to (a) low pH conditions
where the headgroup is singly deprotonated (—PO3;H ™) and (b) high pH conditions where
the headgroup is fully deprotonated (—P02™).
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Figure 5.2 Surface pressure pH titration curves of DPPA monolayers on water at different
MMAs.
A sigmoidal fit (curve) of the experimental data (symbol) was used to determine the
surface-pKa value at the titration midpoint.
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Figure 5.3 Surface pressure-area isotherms of DPPA monolayers on (a) water at various
pHs, and on (b) NaCl solutions at various pHs and concentrations.
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Figure 5.5 Calculated IR spectra of the singly deprotonated (black) and fully protonated
(red) truncated DPPA molecules in the range between 800 and 1400 cm! that includes the
phosphate stretching region (950-1250 cm™!) vibrational modes.
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Figure 5.6 IRRAS spectra in the phosphate stretching region of DPPA monolayers at
different pHs (a) on water (b) on 0.1 M NaCl.
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Figure 5.8 DPPA species fractions as predicted by the Gouy-Chapman model.
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The predicted DPPA species fractions for NaCl solutions at constant ionic strength are
shown in the inset. Curves are used here only as an eye guide.

Table 5.1 Predicted species fraction (%) for DPPA monolayers on water and 0.1 M NaCl
aqueous solutions at different pHs and MMAs.?

pH, MMA (A?) Species Fraction (%)
Water 01 M Water 0.1 M NaCl
NaCl
L> LH™ LH,° L LH LHy° LM~ LMH®
5.6 43.59 45.83 0.0 1.8 98.2 0.0 15.7 0.8 0.0 83.5
10.0 45.59 49.74 0.1 89.6 10.3 0.7 22 0.0 17.2 64.7
10.5 46.03 - 0.6 98.1 1.3 - - - - -
11.0 4751 50.12 5.2 94.7 0.1 5.2 0.5 0.0 42.7 41.6
11.3 49.93 - 15.8 84.2 0.0 - - - - -
11.5 51.34 - 27.2 72.8 0.0 9.8 0.2 0.0 58.9 26.7
11.7 51.51 - 39.5 60.5 0.0 - - - - -
12.0 52.38 51.94 57.3 42.7 0.0 13.8 0.1 0.0 72.8 134
12.5 53.83 - 78.4 21.6 0.0 - - - -
12.7 55.82 - 84.1 159 0.0 - - - -
13.0 56.79 56.79 89.9 10.1 0.0 24.2 0.0 0.0 80.7 1.3

4 For the calculations, the following parameters were used: 7'=295.15 K, &, = 79.46 '3, g nacioam = 79.45
136 pKa1 = 3.0, pKe2 = 7.1 %1, pK,i = -0.44 and pK,.» = +1.00 '37; ? Values smaller than 0.05 were set to zero.

Table 5.2 Summary of the surface-pKa values of condensed DPPA monolayers
determined experimentally and from the GC model.

Method pKaz
Water 0.1 M NaCl
Surface tension pH titration - 10.3-10.7
Compression isotherms 11.3-5 10-11
IRRAS 11.5 10.5
GC model 11.7 10.7
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Chapter 6. Effect of Trace Metal Ocean Cations on DPPA

Reproduced in part with permission from Zhang, T; Fiamingo, M.E.; Allen, H.C. “Trace
Metal Enrichment driven by Phosphate Functional Group Binding Selectivity” JGR

Oceans, 2018. Copyright American Geophysical Union.

6.1 Introduction

Trace metals have been found to be selectively enriched in the sea surface microlayer
(SSML) due to association with organics, but the underlying cause of this selectivity has
not been as well studied. The phosphate headgroup was observed to exhibit the strongest
trace metal binding and greatest impact on surface metal enrichment. By applying the
Langmuir- Szyszkowski model to the surface tension salt titration of DPPA, the cation
surface affinities for phosphatidic acid were determined, with AI** > Fe’" ~> Zn?" > Mg?*
> Ni** > Mn?" ~ Ca?", an order not predicted from bulk properties such as solid formation
constants of metal-phosphonates. Thus cation binding to surface active organic molecules
with phosphate ester head groups is indicated to be a significant source of trace metal
enrichment within the SSML. In this study, the interactions of several ocean surface
enriched metals (Ca, Mg, Mn, Ni, Zn, Al, Fe) with DPPA are investigated using Brewster
angle microscopy (BAM), surface tension salt titration (STST), and infrared reflection
absorption spectroscopy (IRRAS). We focus on the phosphate headgroup, quantifying its

metal cation surface binding affinity through changes in surface tension of DPPA.
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6.2 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA) monosodium salt (>99%), 1,2-
dipalmitoyl-sn-glycerol (DAG, >99%) , and stearic acid (SA, >99%) were purchased from
Sigma-Aldrich (St. Louis, MO) and dissolved in 4:1 (v/v) chloroform-methanol (HPLC
grade, Fisher Scientific, Waltham, MA) mixture. CaClz, MgCl2, MnClz, NiClz, ZnClo,
AICl3, and FeCls, salts were also purchased from Fisher Scientific (>99%). Aqueous
solutions of pH 3 and 5.6 were obtained by addition of HCI (trace metal grade, Fisher
Scientific, Accumet Basic AB 15 pH Meter, Fisher Scientific). All pH and salt solutions
used ultrapure water with a resistivity of 18.2 MQ-cm (Milli-Q® Advantage A10,
MilliporeSigma, Burlington, MA).
6.3 Results & Discussion

6.3.1 Surface Pressure — Area Isotherms & Brewster Angle Microscopy

To further explore binding differences between metal cations to the phosphate ester
headgroup of DPPA, compression n-A isotherms of DPPA along with BAM on various
salt solutions were first performed as a general indicator of cation affinity. Fig 6.2 shows
the m-A isotherms of DPPA on various salt solutions at pH 5.6. The n-A isotherm of DPPA
has been discussed earlier in this thesis, exhibiting a tilted-condensed (TC) and untilted-
condensed (UC) phase, and a collapse pressure of 55 mN/m.'® %3 138 The salts can be
grouped into three categories. The first category contains Ca?*, Mg?*, Ni**, and Mn?" and
display similar behavior, in which the DPPA monolayer is expanded, a single broad liquid-

condensed (LC) phase is present, and a higher monolayer collapse pressure is observed. As
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discussed in an earlier chapter, Mg>* displays a higher binding affinity to phosphate than
Ca®" due to the larger expansion and impact on the monolayer. Mn** and Ni*" display
similar trends, with the Mn** isotherm almost identical to that of Ca**, and Ni*" slightly
more expanded than Mg?*. From qualitative analysis of the isotherms, one orders the metal
ion affinity to DPPA solely on the basis of monolayer expansion as Ni?* > Mg?* > Ca®" ~
Mn?",

The second category of salt contains only ZnClz, which condenses and orders the
monolayer to a large extent. This trend explains the unique decrease in surface tension
observed in the Zn?" surface tension titration of DPPA (Fig. 6.2). While Zn?" is known to
exhibit condensing effects on other phospholipids such as DPPC, these other lipids have
larger headgroup radii relative to alkyl tails.!** However, the alkyl tails in the case of DPPA
have a larger radii than the lone phosphate headgroup and thus are the limiting size factor
in how tightly the monolayer can pack. Zn*" is observed to completely eliminate the TC
phase, so that the alkyl chains of DPPA are oriented as vertically as they can be, and packed
as tightly as DPPA allows. This indicates a strong binding effect of Zn?>" on DPPA, and
thus Zn?" is ordered ahead of the other ions Ni*", Mg?*, Ca*" and Mn?",

The third category of salts contains the trivalent ions Al and Fe. On the basis of
charge alone, we expect a higher binding affinity than the divalent ions; the isotherms with
Al and Fe salts show a very early binding effect even when the lipid is more dispersed at
larger MMAs. In addition, the isotherm slopes are smaller, and extend over very large

MMAs, suggesting that the tails are fairly disordered. Also, a lower collapse pressure of
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<50 mN/m is observed indicating the monolayer is not as stable compared to that of on
neat water or in an aqueous divalent salt solution.

To further investigate the monolayer behavior and the effect of binding, Brewster
angle microscope images were obtained simultaneously during n-A isotherm compression.
Fig. 6.3 shows the BAM images of DPPA on aq. MnClz, NiClz, ZnCl2, AICI3, and FeCl3
solutions during the condensed and collapsed monolayer phases (row a and row b,
respectively). BAM images of DPPA on water, CaCl2 and MgClz are found in the previous
chapter.!® MnClz, NiClz, and ZnCl: all show similar images to those reported on CaClz and
MgCl.. DPPA on aq. divalent salt solutions exhibits a very homogenous monolayer in the
condensed phase, and forms white striated strands upon monolayer collapse. (DPPA on
water displays a homogenous film for all phases.) DPPA on aq. ZnCl: in particular exhibits
a dense almost mat-like bundle of collapse fibers with fewer water gaps than other salts,
an indication of zinc’s high ability to bind and condense DPPA homogeneously. In contrast
to the divalent salts, trivalent cations of FeCls and AICIs have noticeably different BAM
images. DPPA under the influence of FeCls and AICIs no longer exhibit a full coverage
monolayer, but instead aggregate into island-like domains, which also remain when the
monolayer has collapsed. Although AICI3 causes a small amount of striated collapse
structures, there continues to be the presence of large island domains as well as dark regions
which are water rich areas. We assert that AICIs and FeCls bind to DPPA strongly, greatly

disrupting the monolayer relative to the divalent salts.
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6.3.2 Surface Tension Salt Titrations

To quantify the surface binding affinity of various ions to DPPA, we employ a
unique approach: treating the ions as surfactants and fitting the STST data in Fig. 6.1 to the
Langmuir-Szyszkowski equation. This model describes the relationship between surface
tension and concentration of the surface active species

Y =vo—TRTIn(1 + KC) (6.1)

where 7 is the surface tension of the solution, yo the surface tension of water, I" the surface
excess, R the gas constant, T the temperature, K the surface adsorption constant, and C the
concentration,!40-141

Although the Langmuir-Szyszkowski model has been well studied and documented
for single component non-ionic organics, by making several assumptions we can treat the
metal ions as behaving similarly. First we view the condensed phase DPPA monolayer as
a solid surface. Although DPPA itself is a surfactant, its double 16-carbon alkyl tails
strongly constrains it to the interface. DPPA has been shown to be highly surface active at
all ionization states from (0) to (-2), with no change in solubility observed as its ionization
state changes unlike single chain fatty acids that display increased solubility as they
become more negatively charged.'?> As shown in chapter 2, BAM images of DPPA in the
condensed phase (>0 mN/m surface pressure) revealed a homogenous film covering the
water surface '%. In addition, DPPA is very stable at the air-water interface. Thus, we treat
the DPPA monolayer as a solid phosphoric acid-water interface. Second, although cations
are not surfactants by definition, they act as pseudo-surfactants by binding to a phosphate

ester headgroup-water interface. While the DPPA monolayer displays lower surface
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tension than that of water, the surface tension is altered by the presence of ion binding as
observed both in the isotherm (Fig. 6.2) and STST (Fig. 6.1) measurements. By changing
the surface tension of the DPPA surface, the metal ions meet the definition of a surfactant,
although they are still labeled “pseudo-surfactants” as they are not inherently surfactants.
Third, the Langmuir-Szyszkowski equation is designed for nonionic surfactants as it does
not account for electrical double layer (EDL) effects. At our working pH of 3, DPPA is
fully protonated and the monolayer is neutral. To bind to DPPA, a cation must displace a
hydrogen, but the negative charges on the phosphate ester headgroup are still neutralized
by cations resulting in a net neutral monolayerFinally, we assume that the “pseudo-
surfactant” behavior of cations is similar enough amongst each other to constitute a
homological series, as the only thing changing is the cation.'*! Thus we treat I' as a constant
for all metal cations (I'=2 for our fit).

In addition, to accurately discuss metal ion binding, the issue of speciation must be
accounted for. We use the program ChemEQL (EAWAG, Diibendorf, Switzerland) to
calculate the thermodynamic equilibrium concentrations of various salt species at different
pH. At pH 3, not only is the DPPA monolayer charge neutral, but most of the salts Ca*",
Mg?*, Mn?*, Ni** exist primarily as their free (aquo) ion form in solution. However, Zn?",
AI(IIT), and Fe(III) have a significant fraction of complexed species (Fig. 6.5). For Zn, up
to pH 8, there is a ~20% fraction of ZnCl1" species, but the dominant species in solution is
still the free ion Zn?**. Al and Fe solutions are even more fractionated with multiple
competing hydroxide complexes, with AI(OH)3 being the dominant species for Al, and no

clear dominating species for Fe at pH of 3.
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The surface tension changes of the divalents fit well to the Langmuir-Szyszkowski
model, with calculated K and fit values listed in Table 6.1. As mentioned earlier, white
insoluble Zn(OH). precipitate forms beyond 0.03M, limiting fitting to the lower
concentrations, and increasing the fit error. From the fit, the order of binding affinity to
surface phosphate is Zn?* > Mg?* > Ni*" > Mn?* ~ Ca?". While we have observed stronger
binding affinity of Mg®" over Ca*" in previous work, it is surprising that Ni*" and Mn*"
have lower fitted adsorption constants. In other phosphate studies in bulk solution such as
phosphonic acids and phosphonates, the typical order observed was Zn?" > Mn?" > Ni*" >
Mg?" > Ca?".!%"1%5 The order is also very different when comparing Ksp value for solid
metal-phosphates, with the order Ca** > Zn** > Ni** > Mn?*" > Mg?". Clearly the metal
cation affinities for bulk phosphates differ from that of surface phosphate ester headgroups
and we theorize that this trend is closely dependent on the water and hydrogen bonding
structure around the phosphate ester - ion interactions. DPPA monolayers form a strongly
hydrogen bonded network and the phosphate headgroups are well hydrated.'® Of our
selected divalent ions, Ca?" and Mn** have smaller hydrated radii and less water molecules
in their hydration shell (7 and 9 respectively), whereas Mg*", Ni?*, and Zn*" have larger
hydrated radii with ~10 water molecules in their shell (Table 6.2).'% Metal ion binding
with surface phosphate ester headgroups appears to be water mediated and favors cations
with larger hydration sheaths. In addition, Zn*" has an abnormally high fit K value. Despite
the formation of insoluble hydroxy species impeding the fit, the high value suggests that

there is another mechanism at play, separate from the phosphate ester - water interactions.
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To further explore the differences between metal cations, we turn to IRRAS studies,
discussed below.

In contrast to the divalent cations, the trivalent ions Fe** and AI** do not fit to the
Szyszkowski model. The Szyszkowski model assumes a complete homogenous phosphate
headgroup surface; in the BAM images (Fig. 6.3), the divalent metal ions reveal that they
meet that requirement, whereas AI** and Fe** do not. The presence of water rich regions in
the BAM images for AI** and Fe*" means there is no longer a fully covered surface as the
trivalent ions induce large aggregate formation, thus explaining the poor fit. This difference
in binding mechanism between trivalent and divalent metal ions is also different enough to
constitute our prior assumption invalid, thus I' is no longer constant for AlI** and Fe*"
cations. In addition, as observed from speciation plots, the free metal ion is not the
dominant species for AI*" and Fe**, with different competing surface adsorption constants
complicating the fit. However, even though we cannot quantitatively compare surface
adsorption constants between divalent and trivalent ions, it is still quite clear that trivalent
metal ions have higher binding affinity than divalent metal ions.

6.3.3 Infrared Reflection Absorption Spectra of DPPA with Metal lons

To further investigate the molecular mechanism of metal cation binding differences
to DPPA, IRRAS spectra were taken of DPPA on various salt solutions in the condensed
phase (30mN/m). Fig. 6.4 shows the IRRAS spectra of DPPA in the PO stretch region. The
IRRAS spectrum of DPPA has been discussed in chapter 2, with a vas-PO2" mode at 1168
cm™! and a vas-PO3* doublet mode at 1108 and 1095 cm™. The 1095 cm™ peak of the

doublet results from a phosphate oxygen orienting closer to the surface and interacting with

80



the lipid backbone, breaking the expected Cs symmetry. The vas-PO3* doublet is sensitive
to deprotonation, increasing in intensity, and merging into a single large peak centered at
1095 when the monolayer is fully deprotonated.”” Metal ion binding to the DPPA
phosphate ester headgroup might be expected to display similar spectral behavior, but does
not. For Ca**, Mg?", and Ni**, the vas-PO3? mode remains a low intensity doublet, with no
spectral shift. Although it is clear from surface tension data that there is interaction between
the metal ions and the phosphate ester headgroup, the lack of a blue shift implies no
dehydration of the phosphate ester, and thus a significant hydration sheathe is expected to
be present between the two.!'% 147 Mn?* behaves only slightly different, with the 1108 cm’
! peak far more intense than the 1095 cm™ peak. This implies a different binding
coordination geometry as the Mn?" is likely interacting more with the phosphate oxygens.
While the reason is unclear, it has been well documented in the literature that Mn?" interacts
with all 3 phosphate groups of adenosine triphosphate (ATP) compared to Mg?" which only
interacts with 2 phosphate groups.!*® Mn?" is described in these biological systems as a
cooperative binder; the difference in coordinating with more phosphate headgroups could
explain the different interaction of Mn with regard to the 1095 cm™ P-O stretch. However,
the overall intensities of all four ions (Ca?", Mg?*, Mn?", Ni**) remain low as the 1095 cm’
! peaks are not larger than the intensity of their respective vas-PO3™ peaks. This strongly
suggests that the metal ions are binding via solvent shared mechanisms, with the phosphate
headgroups retaining its hydration and hydrogen bonding network.

In contrast, Zn**, AI**, and Fe*" ions show significant spectral differences compared

to Ca?*, Mg?", Mn?", and Ni** ions. For Zn?", the vas-PO3?"is blue shifted and forms a single
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peak centered at 1113 cm™!, with a dramatic increase in intensity. This blue shift is
indicative of phosphate dehydration, and when coupled with surface tension data showing
strong zinc binding, points to covalent interactions between Zn** and phosphate. Although
Zn*" binding to proteins has been well studied in biochemical systems, much less is
discussed in literature with regards to Zn>" binding such as to ligands or inorganic anions
including phosphate.'*’ It is known that Zn** has a much higher affinity for ligands than
alkaline earth metals like Ca*" and Mg?", this affinity also extends to water complexation.
Whereas the other divalent metal ions bind water electrostatically, Zn®" interactions with
water are significantly covalent in nature, as evidenced by its high heat of Zn®" ion
solvation.!®® This is also consistent with the high Szyszkowski K value compared to the
other divalent metal ions. In addition, due to its full d-shell and consequential lack of ligand
field stabilization, Zn>" is flexible in adapting to many coordination states.'* Compared to
the other ions, Zn?" can form tetrahedral complexes, which could allow it to sit neatly in
one of the tetrahedral pockets of the phosphate group. It is also known that alongside HS
and sulfate, phosphate is one the strongest inorganic anions for buffering Zn*" ions in
cells.'* We conclude that even though Zn?* covalently bonds with water ligands, the
phosphate ester ligand is more favorable for binding, and therefore there is a phosphate —
water exchange process with Zn?' resulting in stronger inner-sphere covalent binding
between Zn and DPPA.

Al also exhibits a blue shift to 1113 ¢cm™!, pointing to strong covalent interactions

13+

between the phosphate ester headgroup and Al**, analogous to Zn*". Aluminum is well

known to be a strong phosphate binder; it has been used as a phosphate binding agent for
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reducing intestinal phosphate absorption.!! It has been reported that phosphate ions
undergo ligand exchange with —OH to form strong inner-sphere complexes with aluminum
hydroxide.'>> We can conclude a similar case occurring here, that AI(OH);3 is undergoing
ligand exchange with the phosphate headgroup to form inner-sphere complexes, or binding
directly in the case of the free AI** ion.

The IRRAS spectra of DPPA on aq. FeCls solution is unique as the vas-PO3% peak
shows a strong increase in intensity, but the peak is still centered at 1095 cm™!, indicating
primarily deprotonation.”” However, the peak is also broad and still contains shoulders
including the 1108 cm™ doublet, and significant covalent contributions at 1113 cm™. It is
surprising that covalent 1113 cm™ peaks are not the dominant ones in the Fe*" spectra even
though iron compounds such as hematite (Fe2O3) and goethite (FeO(OH)) have been
studied to bind phosphate via strong inner-sphere complexation at low pHs.'**> However,
according to the Fe*" speciation plot, at pH 3 multiple species such as Fe3(OH)4*", FeCI**,
Fe**, and FeOH?" are all present and competing to bind to the phosphate headgroup. It is
known that Fe-phosphate complexation is quite complex, with a wide range of affinities
and labilities that is also pH dependent for each individual species. We can hypothesize
that weaker or ionic binding from the iron hydroxide and chlorides are contributing to the
broad range of non-covalently bound phosphate peaks. Even though Fe*" shows strong
binding, it is difficult to analyze with all the species present as each binds with the
phosphate differently. However, it is still clear that AI*" displays a higher phosphate

affinity than Fe**. Because Fe** displays a range of binding motifs both covalent and non-
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covalent, it is possible that some Fe** species have a lower affinity for phosphate at pH 3
relative to Zn?".

Finally, we note that the C=0O mode at 1740 cm™' and the CH2 scissoring mode at
1468 cm™' do not display any changes from pure water upon metal ion binding; thus no
dehydration of the C=0 moiety, and no change in the hexagonal packing structure (Fig.
6.6).>°> We attribute this to the packing of DPPA rigid intramolecular network, making the

C=0 less accessible to metal ion binding.
6.4 Conclusion

The enrichment of trace metals in the sea surface microlayer is primarily driven by
surface active organics, particularly organic phosphates, and although field measurements
have reported phosphate enrichment alongside trace metals, there is an insufficient physical
understanding of the mechanism behind trace metal enrichment. In this study, we have
quantified surface adsorption constants of trace metals to a phosphate headgroup-lipid
monolayer as a way of comparing binding constants to the SSML phosphate. We found
that trivalent cations have a higher binding affinity than the divalent cations in the order of
A" > Fe*" ~>~ Zn** > Mg?" > Ni** > Mn?" ~ Ca**, with Fe** being variable due to its
complex dependence on speciation and pH sensitivity. Unsurprisingly the trivalent metal
cations also organized the surface morphology of the DPPA monolayer differently than
divalent metal cations. Thus the driving forces of metal cation binding to surface phosphate
are in strength order: cation charge (3" > 2"), followed by the ability to form strong inner-

sphere complexes (inner-sphere > outer-sphere), and finally increasing hydration sphere
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size for weakly bound cations that interact mainly through electrostatics (10 waters in shell

> 6 waters in shell).
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Figure 6.1. Surface tension changes of DPPA as a function of metal salt concentration on
pH 3 solutions.

Solid lines are the Szyszkowski fit with the parameters given in Table 1. White and gray
areas correspond to condensation/expansion areas relative to on pure water in I1-A
isotherms (Fig. 6).
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Figure 6.3 BAM images of DPPA on various salts in the condensed phase (row a) and
collapsed phase (row b). Dark areas represent water rich regions. Bright areas represent
lipid rich regions.
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Figure 6.6 IRRAS unprocessed spectra in the C=0 and CH: scissoring region of DPPA on

various 0.1 M salt solutions. Spectra are offset for easy comparison. There is no shift in
either peak for any of the salts.

Table 6.1 Calculated K surface adsorption constants for divalent ions.

lon K R?
Ca?t 27x10'+£2.9x 10! .95
Mg2+ 9.1x10"+9.6x 10! .96
Mn?2+ 32x10'+1.6x 10! .99
Niz* 48x10'+3.4x 10 98
Zn?t 6.8x 10+ 1.6 x 10? .93
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Table 6.2 Hydration radii for various metal ions.*?

Ion Hydrated Radii Hydration Shell Size
Ca** 271 7.2
Mg>* 299 10
Mn?* 286 8.7
Ni** 302 10.4
Zn** 295 9.6
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Chapter 7. Conclusions & Implications

The work presented in this thesis was motivated by a growing interest in studying
the real world complexity of sea spray aerosols (SSA) in the lab through molecular
investigations of atmospheric relevant interfaces. DPPA and several other lipids were
investigated as models system to explore the impact organics and ions have on SSA.
Surface tensiometry was utilized as a direct way of studying the phase behavior and surface
organization of these lipids. Through changes in surface tension from monolayer
compression and titration, both cation binding and speciation changes to lipids were able
to be elucidated. This was further supported by visual imaging via Brewster angle
microscopy (BAM), which allowed direct observation of the monolayer characteristics and
surface morphology. Finally, infrared reflection-absorption spectroscopy (IRRAS) was
utilized to probe the workings of speciation change and ion binding on a molecular level.

For trace metals in the ocean, enrichment at the ocean surface, and subsequent
uptake into SSA is thought to be driven by binding to organics. For the studied ocean metal
ions Ca’, Mg?", Mn?*, Ni**, Zn>*, AI**, Fe’" preferential binding for the phosphate
headgroup of DPPA was observed over the other functional groups -OH, -COOH, and —
N(CHs3)2. This finding suggests that trace metal enrichment is driven primarily by
phospholipids, through interactions with their phosphate moieties.

With phosphate binding established as a strong driving force for surface enrichment
of metals, the most abundant ocean ions Na®, K*, Ca?", and Mg?" were found to alter the
surface behavior differently. K™ was found to only weakly interact with DPPA, having

almost no impact on DPPA monolayers, whereas Na®, Ca*", and Mg?* highly ordered and
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stabilized the monolayers, in the strength Ca** > Mg®" > Na®. The ability of cations to
stabilize organic films on the surface of SSA affects aerosol properties such as their ability
to reflect light (refractive index), and ability to exchange gas and uptake water
(hygroscopicity).!>*15° In the case of the DPPA which forms homogenous monolayers,
stabilization of the monolayer would likely inhibit both gas exchange and water uptake.
However, DPPA is not the only organic present in SSA, and is only one of several model
lipid systems, thus further study of ion interactions with various organics is necessary to
understand their full impact.

It was also observed that cation binding was influenced by pH, and more directly,
speciation of DPPA. However, the speciation of DPPA was found to be altered at an
interface, with DPPA staying protonated at higher pHs than expected. While the first pKai
of DPPA was unable to be elucidated due to the insensitivity of our techniques and the
similar behavior of the fully protonated and partially protonated species, the second pKaz
was found to be increased by 3 pH units from 8.5 to 11.5 for a condensed monolayer. This
was further altered by surface coverage and salts. This has implications for speciation of
organics in SSA, as SSA vary in both organic and ion composition depending on particle
size, and also vary in size and pH as they uptake both water and gases such as NOx and
SOx in the atmosphere.'*%1¢! Thus ongoing and further study is necessary to understand the
real world complex of aerosol climate effects in the laboratory.

Finally, the specific issue of ion binding affinity to DPPA was addressed, making
for a comprehensive but not yet complete understanding of DPPA interactions in this

thesis. The affinity of trace metals to bind to the surface headgroup of DPPA was
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determined, with the following order of binding strength: AI** > Fe*" ~> Zn?" > Mg*" >
Ni?* > Mn?" ~ Ca?". This order is different from that observed for bulk binding constants
for some inorganic phosphates, as well as other ocean relevant phospholipids.'*” This result
shows that the fundamental underpinnings of trace metal enrichment is complex in the real
world, and to understand it, further study with more ions and more model systems must be

done in the laboratory.
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Appendix A: Salts and solutions cleanliness

The emphasis on salts and solutions treatment for the removal of organic contaminants
was necessary due to the variability regarding the IT-A4 isotherms of DPPA on water
published in the literature. While the phase behavior of DPPA has been well documented,
reported MMA values at lift-off, at the TC-UC transition point, as well as at the onset of
collapse vary somewhat between sources (Table A.1). Besides different experimental
conditions (pH, temperature, spreading solvent, etc.; see Table A.2), other potential sources
of variations can include, for example, materials (DPPA, salts, water) purity, incomplete
DPPA dissolution, and cleanliness of the experimental procedure, in particular, removal of
organic contaminants. The effect of removing residual contaminants is significant,
improving reproducibility and determination of the true lift-off area. Previous studies by
Allen et al. showed that only ultra-high purity grade salts exhibit insignificant
concentrations of impurities without filtration for surface studies 32 162, We follow the same
procedures to successfully remove impurities. Baking at high temperatures and filtration
was adequate for the removal of organic contaminants. The possibility of divalent
contamination in monovalent salts was also addressed; for the ACS grade salts, maximum
Ca®" and Mg?" concentrations in NaCl and KCl salts were reported to be less than 0.002
and 0.001%, respectively. In addition, trace metal grade HCl and NaOH were used for
adjusting the pH of solutions. The presence of contaminants in lower grades of acid/bases

can also be a source of discrepancies in isotherms.
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Table A.1 List of published values of characteristic mean molecular areas at lift-off (Au),
TC-UC transition (At), and at the onset of collapse (Ac) from compression isotherms of
DPPA monolayers on water. Values given in parentheses are estimated from the published
data. Average values and standard deviations are boldfaced.

pH, T(K) Ao (A?) 4 (A?) A. (A?) Ref
5.6 n/a (48) (41) (39) 163
7 291 (46) n/a 4242 o4
5.6 294 (47) (45) (42) 165
n/a 291 (45) (41) 40 166
55 296 (42) (38) (37) 167
n/a 293 (45.5) (42.5) (40) 88
n/a n/a 55 44 42 168
5.6 293 (47) (44) (40) 138
6 293 52 41 (40) 94
n/a 298 50 (45) (39) 169
n/a 298 56 52 (48) 41
n/a 293 (48) (42) (40) 170
n/a 296 (62) (52) (40) 171
5.5-6.0 295 (45) (43) (40) 172
492+54 439+41 40.6+25
5-6 294 475 435 42 this
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Table A.2 Comparison of experimental conditions for compression isotherms of DPPA
monolayers on water obtained in this work and published in literature.

Source T Compression  Method™  Spreading Water pH, Ref
(Purity (%)) (K)'  rate! solvent™ subphase

(Resistivity

(MQ-cn))V
Koch Light 293  n/a LW Chl:Met (4:1, v/v) MQ 5.6 163
Sigma 291 0.1 AMM LW? Chl n/a 7 164
Sigma 294 n/a FW Chl or Chl:Met(?) MQ 5.6 165
Fluka 291 20 CMM LW Chl n/a n/a 166
Fluka (99) 296 7 MMM LW Chl DD 5.5 167
Avanti Polar n/a 25 CMM LW? Chl MQ (18.2) n/a 168
Sigma (>99) 293 8 AMM LW Chl MQ(182) 56 13
Sigma (99) 288, 8.5 AMM LW Chl:Met (4:1,v/v) MQ(I18) 6 %
Avanti Polar 298 4.6 AMM LW Chl:Met (9:1, v/v) MQ(18.2) n/a 169
Avanti Polar 298 4.6 AMM LW Chl:Met (9:1,v/v) MQ (18.2) n/a 4
Fluka (>98) 293 67.8 AMM LW Chl:Met (9:1, v/v) MQ(18.2) n/a 170
Sigma 296  ~0.6 NMM FW n/a n/a n/a 1
Avanti Polar 295 10 MMM LW Chl MQ 55— 72
Avanti Polar 294 5 MMM LW Chl:Met (7:3,v/v) MQ (18.2) 5-6 this

Abbreviations used:

! Temperature: RT, room temperature.

I Compression rate: AMM, A%/molecule-min; CMM, cm?*/min; MMM, mm/min; NMM, nm?*/molecule.
' Method: FW, Fromherz trough/Wilhelmy balance; LW, Langmuir trough/Wilhelmy balance.

IV Spreading solvent: Chl, chloroform; Met, methanol.

V Water subphase: D, distilled; DD, doubly distilled; MQ, Milli-Q.

4 Unbuffered.
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Appendix B: Calibration of DPPA Concentrations via IR for a

Standardized Isotherm

Initial isotherms with prepared DPPA solutions observed a liftoff area of ~37 A2,
with a molecular footprint of 35 A2 In the initial review stages of the paper “Cation effects
on phosphatidic acid monolayers at various pH conditions”, reviewers took issue with the
improbability of the value, given that the minimum footprint area of single upright acyl
chain is 20 A2, in agreement with isotherms observed of Ci6 palmitic acid.”” Thus for DPPA
with two acyl chains, the minimum molecular footprint possible would be 40 A2, yet initial
isotherms reported a footprint area of 35 A2,

Calibration of DPPA solution concentration to determine a correct isotherm liftoff
MMA was necessary due to imprecise mass measurements and evaporation of the volatile
chloroform solvent. Due to the low solubility of DPPA, only low concentrations ~1 mM
could be prepared (higher concentrations resulted in unstable solutions that eventually
turned cloudiness and precipitation). Such low concentrations required low sample masses
~10 mg, which was near the limit of the analytical balance which was only displayed 4
decimal places, with the 4™ decimal place subject to uncertainty error. In addition, the
chloroform-methanol solvent is highly volatile, evaporating even during solution
preparation.

To overcome these issues, another lipid, DPPC was chosen as a standard as it is
nearly identical to DPPA but is commercially available at a known concentration. 1.0
mg/mL stock solution in a sealed glass ampule was purchased from Avanti Polar Lipids

(Alabaster, AL) and used to make a set of 4 reference standards. IR spectra of DPPC in a
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liquid flow cell are plotted in the C=O region in Figure B.1. DPPC and DPPA share the
same carbonyl structure, so the dependence of peak area of the C=O stretch at ~1740 cm™!
on concentration is the same for both molecules. The C=O peaks in Figure B.1 are
background subtracted with a horizontal baseline between the two vertical lines. The peak
areas are plotted with a linear calibration fit in Figure B.2 (black data points). IR liquid
flow cell spectra of DPPA solutions at two different concentrations were taken and their
C=0 peak area fits also plotted in the same figure (blue data points). All calibration and
measurement IR spectra were taken within one hour due to solvent volatility.

The corresponding concentrations of the two DPPA solutions calculated from the
plot were compared by running surface pressure compression isotherms with both in good
agreement of a liftoff area of ~47.5 A2, and a footprint area of 45 A2, This footprint size of
45 A?is a more reasonable area for a double acyl chain phospholipid, and thus is set as the

correct standardized DPPA isotherm.
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Figure B.1 IR Spectra of DPPC reference standard solutions in the carbonyl region. The
two vertical lines indicate where the horizontal baseline begins and ends.
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Equation y=a+bx

60 - Value Standard Error
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Figure B.2 Plotted peak areas of the C=0 mode from Fig D.1. Square data points are DPPC
solutions, blue circle data points DPPA solutions. Both solutions gave identical isotherms
verifying the validity of the calibration curve.
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Figure B.3 IR liquid cell in sample compartment chamber of FTIR spectrometer.
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Appendix C: IRRAS Optimization and Spectra Processing

The quality of IRRAS spectra is extremely parameter dependent. Some important
steps in optimizing IRRAS peak intensities for better signal to noise are detailed here. The
IR beam width coming out of the FTIR spectrometer is wide (~1 inch). The first mirror
should be positioned at the correct focal length (marked by a spot in the FTIR chamber) or
as close to as possible. Positioning away from the focal point causes beam divergence such
that the beam width after reflection off the 2" mirror is wider than the KBr detector
windows of the FTIR spectrometer, resulting in intensity loss. The mirror heights must be
adjusted such that there is no leakage of the IR beam underneath the mirrors directly into
the detector windows. The vertical profile of the mirrors is smaller than the beam width,
thus beam leakage above the mirror occurs but is blocked from reaching the detector
window by the mirror mounts. As mentioned in the theory of IRRAS section, an angle of
close to ~47° is desired, but some adjustment may be needed depending on the height of
the same stage whether a Langmuir trough or petri dish is used. Although the height,
position and angle of the mirrors are accounted for, the IR beam is invisible, thus
divergence of the beam still occurs. Manual optimization such as adjusting the horizontal
rotation stage angles and leveling the mirrors is required to adequately focus the IR beam
into the center of the detector windows.

In addition to optimization of the IRRAS optics, additional parameters must be
accounted for when maximizing IRRAS peak intensities. To calibrate the IRRAS peak
intensities, the IR beam energy when reflected off a gold mirror must be at least 15000

counts. The IR source lamp of the FTIR spectrometer can degrade over the years. Cleaning
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and replacement of the IR source resulted in significant enhancement of beam energies,
and the resulting IRRAS spectral intensities. It is also sometimes necessary to perform
ambient IRRAS: when a Langmuir trough is present, the sample compartment chamber of
the FTIR spectrometer cannot be closed. Thus environmental conditions must be
monitored. It was found that ambient room light had little impact on the quality of IRRAS
spectra, whether the lights were on or off made no noticeable difference as long as they
were constant. However the critical environmental parameter to monitor is CO2 and water
vapor. It is necessary to allow time for the headspace above the trough to equilibrate with
the ambient air (~10 minutes). In a large room, the CO2 and water vapor remain fairly
constant, allowing for adequate background subtraction. However, if water vapor remains
an issue in background subtraction due to conditions like high traffic movement through
the workspace or changing humidity, it may be necessary to enclose and nitrogen purge
the IRRAS setup. A makeshift solution was utilized by wrapping a large plastic bag around
the entire FTIR spectrometer and allowing a 10minute N2 purge. A low flowrate N2 purge
is recommended as higher flow rates will accelerate evaporation of the aqueous solution.
Since the IR mirrors are calibrated and optimized for a specific sample stage height,
evaporation and consequent lowering of the sample stage height will result in reduction of
IR signal. A low flow rate is also recommended for enclosed purged experiments such as
petri dish IRRAS.

Baseline correction of IRRAS spectra is performed in OriginPro 9.0.0 (OriginLab).
An example spectrum is plotted in the phosphate region (1250-950 cm™) and then

processed (Fig. C.1). To perform a baseline correction, the reflectance-absorbance peaks
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in the original spectrum (Fig. C.1) are removed from the spectrum as shown in Figure C.2.
The remaining points in the spectrum are fit with a fourth order polynomial, as shown in
Figure C.3. The fitted polynomial is considered the new baseline, and is subtracted from
the original spectrum to obtain the baseline corrected spectrum, as shown in Figure C.4. A
minimum of three baseline corrected spectra are averaged to obtain a final spectrum
reported in figures. An anchor point ~1130 cm™ was present in all fittings except spectra

of DPPA on Al, Fe, and Zn.
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Figure C.1 Unprocessed IRRAS spectra of DPPA on pH 10 water in the phosphate region
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Figure C.2 Spectrum from Fig. B.1 after reflectance-absorbance peaks are removed.
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Figure C.3 Remaining points from Fig. B.2 fitted to a fourth-order polynomial
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Figure C.4 Final baseline corrected IRRAS spectrum after the fourth-order polynomial is
subtracted from the original spectrum (Fig. B.1)
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Appendix D: Calculations of DPPA Monolayers Species

Fractions and Surface Charge Density

D.1 DPPA Species Fractions

In order to determine the DPPA species fractions at a given bulk pH, one assumes a
model DPPA (L) monolayer spread on an aqueous solution of fixed pH containing both
hydronium (H") ions and sodium (Na“) counter-cations. It is further assumed that these
ions bind competitively with DPPA headgroups and that metal cations form 1:1 complexes.
The equilibrium protonation (proton binding) and complexation (metal binding) reactions

are given by

LH) = LH™ + H* 4 (D.1a)
LH™ =2 1 + H* (4 (D.1b)
LNaH® = LH™ + Na* 4 (D.1c)
LNa™ 2 L*~ + Na* (4 (D.1d)

where LH? denotes the fully protonated DPPA species, whereas LH™ and L2~ refer to the
singly deprotonated and fully deprotonated species, respectively. LNaH? and LNa~

represent the lipid-Na*-complexed species.

The equilibrium acid dissociation constants associated with the protonation reactions

are given by

_ [LH7]4[H* ], (D.2a)
“ T [LHY,
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_[L27]5[HY . (D.2b)
“ [LH7],

>

whereas the equilibrium complexation reactions are governed by the equilibrium metal

binding constants are

_, _ [LH7]g[Na™], (D.3a)
Km1 = [LNaHO],

_, _ [27]5[Na*]g, (D.3b)

m2 7 [LNa~]

where the subscript s and s* refers, respectively, to interfacial (m2) and volume (but near
the interface; M) concentrations. Effective pKai and pKa2 values for DPPA are believed to
be around 2-3 and 7-9, respectively.! Effective metal binding constants to phosphatidic

acid headgroups have been reviewed in Ref. 128 and estimated in Ref. 137.

The fractions of the different DPPA surface species (i.e., protonated, singly

deprotonated, metal-complexed) are defined as

_ [LH™], (D.4a)

fin- = [L2-] + [LH™]s + [LHI], + [LNa~]s + [LNaH°];
B [LHE], (D.4b)

fing = [L2=]s + [LH™]s + [LHY]s + [LNa~]; + [LNaH°]
~ [LNa~] (D.4c)

JiNa™ = 127 T TLHT, + [LHO, + [LNa-T, + [LNaHO],
[LNaH®], (D.4d)

fLNano =

[L2-]s + [LH™]s + [LH?]s + [LNa~]s + [LNaHO]
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whereas the fully deprotonated and non-complexed DPPA fraction is given by

frz-=1- (fLHg + fuu- + fina- t fLNaHO) (D.4e)

[L*7];
[L27]s + [LH™]g + [LH2]s + [LNa~]s + [LNaHO];

Using Egs. (D.2a,b) and (D.3a,b), and inserting into Egs. (D.4a-¢), the DPPA species

fraction can be expressed as function of the acid and metal binding constants such as

Fro- = KalKaZ[HJr];*Z (DSa)
v 1+ Kal [H+]s_*1 + KalKaZ [H+];*2 + Kalel [H+];*1 [Na+]s* + KalKaZsz [H+];*2 [Na+]s*
P Ko [HY]5 (D.5b)
L 1+ Kal [H+]s_*1 + KalKaZ [H+]s_*2 + Kalel [H+]s_*1 [Na+]s* + KalKaszz [H+]s_*2 [Na+]5*
i = - - L _ (D.5¢)
2 14 Ko [HY]G + Kaq Koo [HY]52 + Koy Kipq [H]5 [Nat g, + Ko1 Koo K [HY]52 [Nat]g,
f = KalKaZKmZ [H+]s_*2 [Na+]s* (DSd)
Nt Kog [HHIET + Kaa K [HF152 + Koy Koy [HY1ZE INa* 1. + Koy Koo Kino [H4]52[Na ],
Ko1Kma [H+]s_*1[Na+]s* (DSe)
fLNare =

1+ Kal [H+]s_*1 + KalKaZ [H+];*2 + Kalel [H+]s_*1 [Na+]s* + KalKaZsz [H+]s_*2 [Na+]s*

which after further rearrangement gives

fLZ— (D6a)
10(2pH5*—pKa1—pKa2)
- 1 + 10(PHs+=PKa1) (1 + 10~ (PNasc+PKm1)) + 10(2PHsi—PKa1-PKa2) (1 + 10~ (PNas:+PKm2))

fun- (D.6b)
10(pHs*_PKa1)
= 1 + 10(PHs:=PKa1) (1 + 10~ (PNas:+PKm1)) 4 10(2PHss~PKa1-PKaz) (1 4 10~ (PNas:+PKm2))
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fLmg (D.6¢)

1
= 1 + 10(PHs:—PKa1) (1 + 10~ (PNas:+PKm1)) 4 10(2PHsx~PKa1-PKaz) (1 4 10~ (PNas:+PKm2))

fina~ (D.6d)

10(2pH5*—pKa1—pKa2) 10_(pNas*+me2)

- 1 + 10(PHs+=PKa1) (1 + 10~ (PNasc+PKm1)) + 10(2PHsi~PKa1-PKa2) (1 + 10~ (PNas:+PKm2))

fLnane (D.6e)

10(pHs*_pKa1) 10_(PN35* +pKm1)

- 1 + 10(PHsx=PKa1) (1 + 10~ (PNas«+PKm1)) + 10(2PHsi—PKa1-PKa2) (1 + 10~ (PNas:+PKm2))

where, according to the wusual definitions, pHg, = —log;o[H*]s., pNag, =

—log,o[Nat]s., and pK, = —log,o K, and pK,, = —log, K,p,.

As the DPPA phosphate headgroups become increasingly negatively charged with the
increase in the solution bulk pH, they will generate an interfacial electrostatic potential Y,
that imposes a new distribution of protons and cations near the interface. As a result, the
interfacial ion (volume) concentrations will be significantly different from their bulk

values. This effect must be taken into account by using Boltzmann equation
10~PHs» = 10~PHp—F¥0o/RT (D.7a)

10~PNas. — 1(—PNap o —Fo/RT (D.7b)

where pHs and pNay refer to the bulk H and Na" ion concentrations, respectively. F and R
are the Faraday (9.649x10* A-mol!) and ideal gas (8.314 J-mol!'-K'') constants,

respectively, and T is the absolute temperature.

Using Egs. (D.7a,b) with Egs. (D.6a-e), the DPPA species fraction for a NaCl (1:1)

salt solution can be expressed as function of the surface potential and bulk pH such as
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10@PHp—PKa1-PKaz) o 2Fo/RT D 8
- (D.8a)
L 1 + 10(PHs—PKa1) (gFbo/RT 10~ (PNap+PKm1)) 4 10@PHp—PKa1~PKaz) (g2F¥o/RT 4 10~ (PNap+PKmz)gFbo/RT)

. LOPHPKa) 57 (D.8b)
LH 1+ 10(pr—pKa1)(eFllJ0/RT + 10—(PNab+PKm1)) + 10(2PHb_PKu1_pKuz)(eZFwO/RT + 10_(pNab+pK’"2)€F%/RT)
1
. (D.8c)
21+ 10K (FU0/RT 4 10=GNarpKm) ) 1 0(20H,—pKey DK o) (2FU0/RT 1 1= (oNay+pKom2) gFily/RT')
2pHp—pKa1—PKaz —(pNap+pKinz) oFty/RT
10@pH )10~ (N defbe/ (D.8d)
fuva =7 10(PH,=PK ) (PVo/RT 4 10=CoNav+pkmn)) . 10(20H, =Koy —PKep) (g2FU/RT 4 = (PNay P gFiby/RT')
f o 10(PHp—PKa1) 1 9~ (PNap+pKin1) (DSC)
LNaH® =

1+ 10(pH,,—pKa1)(er0/RT + 10~ (PNt 4 10(2pH,,—pKu1—pKuz)(EZF%/RT + 10 (PNaw+PKna) Fily /RT)

In the absence of cations ([Na']s = Km1 = Km2 = 0), Egs. (D.8a-¢) simply give the DPPA

species fraction on water

10PHp—PKa1-PKaz) o 2FYo/RT (D.9a)

- 1 + 10PHp—PKa1) e FPo/RT 4 1((2PHp—PKa1—-PKaz) 2FPo/RT

fiz-

10PHb—PKa1) g Fipo/RT (D.9b)

fun- = 1 + 10PHp—PKa1) g FPo/RT 4 1(0(@PHp—DPKa1-PKaz) @ 2FPo/RT

_ 1 (D.9¢)
fLug = 1 + 10PHp—PKa1) gFYo/RT 4 1(0@PHp—PKa1—PKaz) @ 2FPo/RT

D.2 DPPA Surface Charge Density

The fraction () of charged (i.e., deprotonated and metal-complexed) species present

in the DPPA monolayer is given by

[L>7]; + [LH7]s + [LNa~], (D.10)
[L2-]s + [LH-]s + [LHI]s + [LNa~]¢ + [LNaHO];
_ 1+ K11_21[H+]s* + sz [Na+]s*
B 1+ Ka_21 [H+]S* + Ka_llKa_z1 [H+]52‘* + sz [Na+]s* + Ka_leml [H+]S* [Na+]s*

a =
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or, equivalently,

10PHs—PKa1) 4 10(2pHs—pKa1—pKaz)(1 + 10—(pNas+mez)) (D.11)
- 1 + 10(PHs=PKa1) (1 + 10~ (PNas+pKm1)) 4 10(2PHs—PKa1-PKaz) (1 + 10~ (PNas+pkm2))

a

Using Egs. (C.7a,b), Eq. (C.11) can finally be written in terms of bulk pH and surface

potential as

10PHb=PKa1) o Fbo/RT 10(2PHb-pKa1—PKaz)(EZFIIJo/RT + 10—(PNab+Psz>eru/RT) (D 12)
1 + 10®Hp—PKa1) (eF¥o/RT 4 10~ (PNap+pKm1)) 4 1(0(2PHp—PKa1—-PKaz) (@2FPo/RT 4 10~ (PNap+pKm2) g Fpo/RT
( ) (

a(po) =

Knowing a, the surface charge density of the DPPA monolayer spread on a NaCl solution

is then given by

2e (10(pr—pKa1) + 10(2pr—me—pKaz)10—(pNab+mez))ern/RT + 10@PHp=PKa1~pKaz) g 2Fo/RT (D 13)

o(ho) = oo = " AL |1+ 100PHy=PKar) (¢F%a/RT  10~(PNap+PKm1)) + 10@PHb=PKa1—PKaz) (¢ 2F¥o/RT 10~ (PNap+PKmz) g Fibo/RTY

where o, is the maximal surface charge density of the DPPA monolayer and e is the
electronic charge. When the DPPA headgroups are fully dissociated, o, = —2e/A;. From

Eq. (C.13), it is clear that ion binding reduces the value of the surface charge density g.

For the case of DPPA on water (i.e., in the absence of Na" cations), Eq. (D.13) reduces

to

(pPHp—pKa1) pFo/RT (2pHp—pKa1—-PKa2) p2FYo/RT
2e[ 10 e +10 e (D.14)

" A, |1 + 10®Hb=PKa1) @Fo/RT  10(2PHp—PKa1~PKaz) g2Fiho/RT

a(y) = opa =
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