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Abstract

Sea spray aerosols (SSA) impact Earth’s climate directly and indirectly by scattering
and absorbing solar radiation and influencing cloud formation, respectively. SSA are
formed through the wind-drive wave action at the ocean surface, and their chemical
composition is impacted by the biological activity in the sea surface microlayer (SSML),
the thin organic layer present at the air-ocean interface. Physical and optical properties of
SSA are influenced by the structure and organization of their surfaces. Organic films are
known to form at the surface of SSA, and therefore a molecular-level understanding of
the organic species that make up these films and their subsequent impact on interfacial
properties is necessary to gain insight into climate change.

In this dissertation Langmuir monolayers are utilized as proxies for organic-coated
SSA. Phase behavior, rigidity, and stability of monolayers are assessed with surface
pressure-area isotherms. Surface morphology of monolayers was imaged with Brewster
angle microscopy (BAM). Infrared reflection-absorption spectroscopy (IRRAS) and
vibrational sum frequency generation (VSFG) spectroscopy were used to examine the
molecular-level structure and intermolecular interactions of the monolayers. VSFG was

additionally used to probe the organization and structure of water molecules
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in the interfacial region. As SSA are chemically complex, several different types of
atmospherically-relevant lipid-aqueous interfaces are investigated.

The effect of ion enrichment for marine-relevant cations (Na*, Mg*", Ca®", and K
on the interfacial properties of the phospholipid dipalmitoylphosphatidylcholine (DPPC)
was investigated. All cations were found to impact monolayer properties, with divalent
cations having a greater effect than monovalent ions. Refractive index of the monolayer
was found to decrease with increasing cation concentration. In the case of Ca’',
significant dehydration of the phosphate headgroup was observed. Binding affinity
followed the trend Ca>" > Mg®" > Na '~ K.

Investigation of cation enrichment was extended to concentrated solutions of Zn**
and Sr*". Sr*" was found to have weak interactions with the DPPC monolayer, and
impacted properties of the monolayer in a manner similar to a monovalent ion. In
contrast, Zn>" interacted strongly with the monolayer, and altered the phase behavior and
surface morphology. Increased hydration of the phosphate headgroup was observed with
increasing Zn®" concentration. Probing of the interfacial water structure near the
monolayer revealed that the hydrogen-bonding network was significantly perturbed by
Zn*". Water molecules preferentially solvate the PC-Zn*" complex, leading to a reduced
hydrogen-bonding network. Sr*” also impacted the hydrogen-bonding network through
charge screening effects, but to a lesser extent than Zn>'.

The impact of carbohydrates and glycolipids on the organization of interfacial water
molecules was also investigated. Glucose was found to have a concentration-dependent

influence on the hydrogen-bonding network. The soluble glycolipid lipopolysaccharide
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(LPS) was found to impact the hydrogen-bonding network similar to glucose, and had a
much greater effect than the insoluble lipids cerebroside and ceramide.

The effect of pH on a palmitic acid (PA) monolayer was studied as well. When PA
molecules became deprotonated in the high pH regime, dissolution of lipid molecules
into bulk solution occurred. Addition of NaCl to the bulk solution increased the surface
propensity of PA molecules, but restoration of a full monolayer did not occur. Probing of
interfacial water structure revealed that the hydrogen-bonding network near the
monolayer was not perturbed until the majority of the monolayer was deprotonated.

The impact of lipid composition within the monolayer on interfacial properties was
probed through the investigation of stratum corneum lipids extracted from four different
lark species. Results revealed that phase behavior, surface morphology, and conformation
of alkyl chains depended upon the relative abundance of lipid classes in the monolayer.
Interfacial water structure was correlated to surface morphology of the monolayer, where
a porous morphology lead to an increased population of less coordinated water
molecules.

The studies conducted in this dissertation show that interfacial properties of organic-
coated SSA are impacted by complexation of lipids with ions, solubility of the lipid, pH,
and chemical composition of the organic species. As SSA are complex systems, all of

these factors must be considered in attempting to predict their effects on climate change.
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Chapter 1: Introduction

1.1. Motivation.

This dissertation encompasses studies of atmospherically- and biologically-relevant
interfaces. The motivation of these studies is to gain insight into the interfacial structure
of lipid films and water at the surface of sea spray aerosols (SSA), and includes
investigation of lipid complexation with ions, glycolipids at the air-water interface, the
influence of pH on a fatty acid film, and the impact of lipid composition on film
properties.

Of all the factors that contribute to climate change, atmospheric aerosols have the
largest uncertainty in their radiative forcing." Aerosols influence radiative forcing directly
by absorbing and scattering solar radiation and indirectly by altering cloud condensation
and ice nucleation processes.” Production of aerosols comes from a variety of sources,
including biomass burning, volcanic eruptions, and anthropogenic processes.” One of the
largest sources of naturally produced aerosols is the ocean, which covers approximately
70% of the Earth’s surface. SSA are produced from breaking waves and wind shearing at
the ocean surface. Ellison was the first to propose that SSA have an inverted micelle

. . . . . . 4
structure, in which an aqueous sea salt core is surrounded by a thin organic coating.



Experiments later confirmed this theory, revealing that fatty acids are one of the main
components making up the organic layer.”® More recent studies have found that a variety
of particle morphologies exist and are correlated to the respective size range of the
particle.’

Physical and optical properties of aerosols are related to the structure of the particle
surface.® Growth, hygroscopicity, chemical reactivity, and the ability to scatter light and
act as cloud condensation or ice nuclei are all properties and processes influenced by the
presence of surface active organic species.” > A molecular-level understanding of the
organization of organic species at the surface of aerosols and how they impact interfacial
structure is therefore necessary to predict effects on aerosol properties.

Chemical composition of SSA is reflective of the sea surface microlayer (SSML),'
the chemically distinct layer (~500 pum) at the ocean surface, and depends on its
biological activity.!” Organic species identified in the SSML include amino acids,
phospholipids, fatty acids, sterols, carbohydrates, and glycolipids.*'*2° Although
speciation (organic and inorganic) of seawater and SSML has been investigated
extensively, their interfacial structure and properties are still poorly understood.

Several studies have been dedicated to understanding the effect of biological cycles
on the chemical composition of SSA.”*'>>* Four distinct particle types were identified
from these studies: organic-carbon (OC), sea salt-organic carbon (SSOC), biological
(Bio), and sea salt (SS).”?'?® The fraction of total organic content (TOC) in these
particles was associated with particle size, where TOC decreased with increasing size.”

Therefore, OC and Bio particles are typically smaller in size (< 1pum), while SS and



SSOC particles are larger in size (> 1um). The organization of surface-active organic
species is likely different in these size regimes, especially as complexation of lipid
species to inorganic ions is known to impact interfacial properties.”’ "

Of the inorganic ions founds in seawater, sodium (Na’), magnesium (Mg>"),
potassium (K"), and calcium (Ca®") are the most abundant.’' Enrichment (relative to the
amount of Na) of Mg”", K*, and Ca®" has been observed in the SSML and SSA.***
Furthermore, elemental mapping studies have shown that these ions are enriched at the
interface of SSA.”*2. Enrichment of ions in SSA appears to be dependent on the ability of
ions to complex to lipid molecules, as some ions, such as strontium (Sr*") are depleted in
SSA compared to bulk seawater.>® Transition metals, such as zinc (Zn”"), have also been
found to be enriched in SSA, and in some cases are significantly more enriched in SSA
compared to alkali or alkaline earth cations.””>° An understanding of the binding
affinities of these various ions to lipid molecules may provide insight into why selective
transfer of ions occurs in SSA. Additionally, as enrichment of ions leads to increased
salinity, especially in the case where particle drying has occurred, interfacial properties of
lipid molecules are likely altered. Investigation of interfacial properties of lipids as a
function of ion concentration could shed light on the surface structure of SSA, especially
in the case of aqueous phase particles in the high salinity regime.

Enrichment of carbohydrates (relative to Na®) has also been observed in SSA.?
Carbohydrates have been found in both the soluble and insoluble fractions of SSA,'™®

which suggests that they can exist as free monomers (glucose, for example) or as part of a

complex glycolipid such as lipopolysaccharides (LPS). The hygroscopicity of model SSA
plex glycolip popoly yg picity



is impacted by the mixing state of carbohydrates, which implies surface structure may be
different depending on the relative amount of carbohydrate.”” An understanding of
interfacial water structure for soluble saccharides and glycolipids, as well as insoluble
glycolipids may provide insight on hygroscopicity of aerosols.

In addition to chemical speciation, pH of SSA has been shown to change with
particle size. Smaller sized SSA have been found to be more acidic in their nature, while
larger ones are basic.”®*® Chemical reactivity and uptake of gases has been demonstrated
to be different for aerosols in these two size regimes,’> which indicates that their
surface structure is impacted by pH. Investigation of a lipid common to both size ranges
may reveal how the interfacial structure of SSA changes with pH.

Studies in this dissertation are also motivated by biomembranes and biological
interfaces. Biomembranes are bilayers of lipid sheets that are mostly composed of
phospholipids.*” In some specialized membranes, such as myelin sheaths, sphingolipids
and glycosphingolipids are abundant as well.*' Binding of metal cations to phospholipids
has been shown to promote fusion of lipid vesicles or disrupt lipid packing depending on
the identity of the cation.*** Therefore, it is important to understand the impact that
metal cations, as well as their relative concentration, have on the interfacial properties of
phospholipids.

While not a biomembrane, the stratum corneum, which is the outermost layer of
skin, is one of the largest biological interfaces in the body. This layer is composed of
dead cells embedded in a lipid matrix.* These intercellular lipids control evaporative

water loss as well as permeation of pathogens through skin. Furthermore, cutaneous



water loss (CWL) in birds has been linked to the chemical composition of lipids in the
stratum corneum.”*’ To understand CWL rates in birds, knowledge of the structure and
organization of SC lipids is needed. In addition, the structure of interfacial water

molecules near the SC monolayer may provide insight into CWL.

1.2. Dissertation Highlights.

Chapter 2 provides the basic theory necessary for the application of the surface-
sensitive imaging and spectroscopic techniques such as Brewster angle microscopy
(BAM), infrared reflection-absorption spectroscopy (IRRAS), and vibrational sum
frequency generation (VSFG) spectroscopy. Instrumental setups are described as well.

Chapter 3 reports on the impact of concentrated NaCl, KCI, MgCl,, and CaCl,
aqueous solutions on the interfacial properties of a dipalmitoylphosphatidylcholine
(DPPC) monolayer. Packing density and phase behavior of DPPC molecules were
influenced by cation identity and concentration. Divalent cations were found to have a
greater effect than monovalent ions. Surface morphology and refractive index of the
monolayer were altered, especially when cations were highly concentrated. Conformation
of the lipid alkyl chains and hydration of the PC headgroup were also impacted by cation
identity and concentration.

Chapters 4 and 5 discuss the interfacial properties of a DPPC monolayer on
concentrated aqueous solutions of SrCl, and ZnCl,. Properties of the monolayer were not
significantly impacted by Sr**, which weakly interacted with the PC headgroup. Zn>" ions
strongly interacted with the lipid molecules, and altered interfacial properties, including

phase behavior, surface morphology, and alkyl chain conformation. Interfacial water
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structure was also significantly impacted by Zn>" ions, where available water molecules
preferentially solvated the PC-Zn®" complex instead of hydrogen-bonding with other
water molecules. St ions also impacted water structure, but to a lesser extent.

Chapter 6 details the conformational organization of soluble and insoluble
glycolipids as well as the interfacial water organization. Glycolipids were found to form
films with significant gauche defects, regardless of solubility. Interfacial water
organization was impacted differently by the presence of soluble and insoluble species.
Bulk concentration of the glucose was found to have opposite effects (increased disorder
vs. order) on water molecules in the low and high concentration regimes.

Chapter 7 details the impact pH has on the surface properties of a palmitic acid (PA)
monolayer. Dissolution of PA molecules into bulk solution was found to occur upon
deprotonation of the carboxylic acid. Addition of NaCl to the solution increased surface
propensity of ionized PA molecules. Probing of interfacial water structure found that pH
did not impact water structure until deprotonation of the monolayer occurred.

Chapter 8 discusses and compares the interfacial properties of lipids extracted from
the stratum corneum of desert and mesic lark species. Lipid composition was found to
impact the phase behavior, surface morphology, and alkyl chain conformation of the film.
Interfacial water structure was linked to surface morphology, where porous films lead to
water molecules having a more disordered hydrogen-bonding network. Finally, Chapter 9

highlights the implications of these findings on atmospheric and biological interfaces.



Chapter 2: Theoretical Background and Instrumentation

In this chapter an overview of the theory of Brewster angle microscopy (BAM),
infrared reflection-adsorption spectroscopy (IRRAS), and vibrational sum frequency
generation (VSFG) spectroscopy is presented. Instrumental and experimental details are
provided as well. Experimental details pertaining to each experiment are provided in

particular chapters.
2.1. Theoretical Background

2.1.1 Brewster angle Microscopy
BAM is a microscopy technique used to determine the surface morphology and
optical properties of insoluble Langmuir films at the air-aqueous interface. Principles of

BAM have been discussed in detail elsewheref“o

and hence will be briefly reviewed
here.

The air-aqueous interface forms a boundary between these two optically distinct bulk
media, i.e. with different refractive indices. For an incident light beam, the reflectance (R)

from the interface is defined as the fraction of reflected intensity (/z) relative to the

incident intensity (/p).

I
R=

A (2.1)



The reflectance can be calculated by multiplying the complex Fresnel reflection
coefficient () with its complex conjugate.
R = |F|? = 77 (2.2)
Reflectance is dependent upon the wavelength (4), incident angle (6;) and
polarization state (p- or s-polarized) of the incoming beam, as well as the refractive

indices of the optical media (n).”"

p-polarized and s-polarized refer to light in which the
electric field oscillates parallel and perpendicular to the plane of incidence, respectively.

The reflectances for p-polarized (R,) and s-polarized (R;) light can be determined from

the Fresnel equations.

B tan (8; — 6,)\°

Ry = (_ tan (6; + HT)) (2-3)
B sin (6; — 6,)\°

ks = (_ sin (6; + er)> @4)

When p-polarized light impinges on the air-aqueous interface at the Brewster angle
(03), no light is reflected from the interface. This occurs because the dipole moment
induced by the electric field is parallel to the reflected direction, and since dipoles do not
radiate energy in the direction of the dipole moment, no reflection is observed. The
Brewster angle is determined from the refractive indices of air (n,) and the aqueous

solution ().
n

0 = tan™? (—S) (2.5)
na

For the air-water interface the Brewster angle is ~53.1°. When a Langmuir

monolayer is present at the surface of the aqueous solution, the refractive index of the



interface is altered (Figure 2.1). Reflectance of p-polarized light from the monolayer
occurs as a consequence, and the reflected light can be collected to form an image of the
interface. Images produced from BAM are based on the contrast of reflectance from the
aqueous solution and the monolayer-covered surface. Regions that are solution-rich or
lipid-poor will appear as black, while lipid-rich regions will be bright.

Ideally, R, from the interface vanishes at the Brewster angle, but for a real interface
R, has a minimal but non-zero value. Properties of the interfacial region, mainly
thickness, roughness, and optical anisotropy, are credited as the origin of this
discrepancy.*®*>* For a real interface, the observed reflectance at the Brewster angle
(Rpo) has contributions from both R, and R;, and also depends on as the ellipticity (p) of
the interface (Eq. 2.6). Ellipticity can be determined from ellipsometry, for which a
detailed description can be found elsewhere.”**
R) = R, + Ryp? (2.6)

In the case of a homogeneously thick interface, i.e. a monolayer-covered surface, the

ellipticity is proportional to the monolayer thickness (d) and the refractive index of the

monolayer (7,,):

_ mdfnd i (= nh)(n = ) o
P="7 nz —n? n2, '

As R, << R, at the Brewster angle, Eq. (2.6) reduces to Eq. (2.8).

2
dyng +n¢ (ng —np) (g — nin)

32 _ a2 2
A ng —nz ns,

RY = |msin (265 — 90) (2.8)



BAM can be used to determine quantitative properties of the monolayer film, i.e.,
thickness or monolayer refractive index, if the relative reflectance from the interface is

known.

2.1.2. Infrared Reflection-Absorption Spectroscopy

IRRAS is a spectroscopic technique used to determine the molecular orientation of
Langmuir films. Additionally, information about the degree of dissociation of the polar
headgroups and binding/interaction of ions or organic molecules in solution to the lipid
monolayer can be obtained.

Spectra obtained from IRRAS are presented as reflectance-absorbance (RA) spectra.
RA is determined from the logarithmic ratio of the reflectance of the monolayer-covered

surface (R,,) relative to the reflectance of the bare aqueous solution (Ry).

Rin

RA = —log (R—O) 2.9)

The Fresnel reflection coefficients of a thin, anisotropic monolayer at an interface can be

expressed as follows for s- and p-polarizations™*>*

[sin(@i -0,) — %sineiﬂ]
= — . (2.10)
[sin(@i +6,) — sineill]
S

Afig

[sin(@i —6,)cos(6; + 6,) — %sin@i(ilcos@coser — Tzsineisiner)]
S

7 = o - - 2.11)
[sin(@i + 6,)cos(6; — 6,) — 77 sinb; (I cosb;cosb, + Izsineisiné?r)]
S
where
I = (fimx” — 7is°)d (2.12)
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(At —72)d (2.13)
12 = 2

fim,z
and where 7 refers to the refractive index of the aqueous solution, and 7, and 7, . are
the complex refractive indices of the anisotropic monolayer, with the x- and z-directions
defined parallel and perpendicular to the interface plane.

Based on the Fresnel coefficients, absorption bands observed in IRRAS can be
positive or negative, depending on the polarization state and incident angle of the
incoming beam. For s-polarized light, R4 will be negative for all incident angles. In the
case of p-polarized light, R4 is negative for incident angles below the Brewster angle, but
becomes positive at angles larger than the Brewster angle. A more detailed account on
the intensity and sign of IRRAS bands, and their angular dependence can be found in
literature.’® In the case of unpolarized light, as was used in this dissertation, only negative

absorption features will be considered.

2.1.3. Vibrational Sum Frequency Generation Spectroscopy

VSFG is a second-order nonlinear spectroscopy technique that provides a vibrational
spectrum of the interface. Being second-order, sum frequency generation (SFG) is
forbidden in media containing centrosymmetry like bulk phases. At an interface,
however, symmetry is broken, and SFG can occur. A detailed description of SFG theory

—62
can be found elsewhere,5 96

therefore only a brief review will be given here.
Experimentally VSFG spectroscopy uses two intense pulsed lasers, one of which is

fixed at a visible frequency (wyis) and the other is tunable over the IR region (®), are

overlapped temporally and spatially to produce photons with a frequency that is the sum

11



of those of the two input beams (wsrG = ®vis + ®r). VSFG can be described as a coherent
anti-Stokes process in which simultaneous anti-Stokes scattering occurs from an infrared
excited vibrational state (Figure 2.2).

The intensity of the SFG signal (Isrg), as can be seen in Eq. (2.14), is proportional to
the intensity of the incident visible (Iyis) and IR (I;r) beams and the absolute square of

the effective second-order nonlinear susceptibility (Xeﬁ(z)).

lere ¢ |v @ 1 re (2.14)
SFG Xesgr | VISR .

In general, Xeff(z) contains both non-resonant (yng'”) (electronic transitions) and
resonant (yr'”) (vibrations) contributions (Eq. (2.15)). In the case of dielectric materials,

ywr' is typically small and the majority of the SFG intensity comes from the resonant

term.
2 _ @ (2)
Xeff = Xng t Z)(q (2.15)
q

Resonant enhancement of SFG occurs when the IR frequency matches that of the g-
th vibrational mode (w,). In other words, when wr — v, = 0, Xq(z) becomes large,

resulting in an increase in SFG intensity, as can be seen in Eq. (2.16)

A e BPq
X
qu (UIR - (l)q + qu (216)
q q

where A4, and I';, are the SFG transition moment and line width (half width at half

maximum) of the g-th vibrational mode, and Ag, is the phase difference between the
resonant and non-resonant terms. As o, is off-resonant with the visible frequency, Ag,

can be assumed to be equivalent to zero. The SFG transition moment has contributions

12



from the Raman polarizability tensor and the IR transition moment. As a result, the
vibrational mode must be Raman- and IR-active to have an SFG response.

As a third-rank tensor, y” has 27 components in a laboratory coordinate system,
which can be expressed as ijk(2) (in which subscripts 7, j, and k can take any of the
coordinate x, y, or z). X{,k(z) (Eq. (2.17)) is a macroscopic property and is related to the
microscopic molecular hyperpolarizability (fB,s) by the surface number density of
molecular groups (N;) and the Euler angle transformation ((Tjjqp, )) between molecular
(apfy) and laboratory coordinates (ijk), where (...) denotes the ensemble average over all

possible molecular orientations.

2 _
Xiji = Ns Z<Tijk:aﬂy)ﬁaﬁy (2.17)
aBy

The experimentally measured SFG intensity is dependent upon the polarization
combination and experimental geometry. The four most commonly used experimental
polarization combinations are ssp, sps, pss, and ppp. For a surface that is rotationally
isotropic, the number of y;4” elements that are non-zero reduces to seven. The .4 for
each polarization combination in a co-propagating geometry can be written in terms of

the non-zero y;;” elements®

2 . 2

Xéff),ssp = Lyy(wspc)Lyy(wyis)Lz,(wir) sin O1r )((3;3)12 (2.18)
2 . 2

XeEff),sps = Lyy(wsrc)Lyy(wyis)Lyy (wir) sin Oyis X(yz)y (2.19)
2 . 2

Xéff),pss = Lzz(wspc)Lyy(wyis)Lyy (wir) sin Osgg X(z;y (2.20)
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(2)
Xeff,ppp

. 2
= —Lyx(Wspg) Lyx(wyis) L,z (wir) cOS Ospg €OS By sin O1r X(xagz

. 2
— Lyx (Wspg) L2z (Wyis) Lyy (wiR) €OS Ospg Sin Bys cos O1g X(xz)x (2.21)

. 2
+ L, (WspG)Lyx (Wyis)Lyy (wir) sin Osgg cos Bys cos O1r X(zx)x

. . . 2
+ Lz (wspg)Lzz(wyis) Ly, (wir) Sin Osgg sin Bys sin Oig X(zz)z

In Eq. (2.18)-(2.21), L;; are the nonlinear Fresnel factors at frequency w;, and 6; is the
angle of incoming (0sz, Oyis) or outgoing beam (Osr¢) with respect to the surface normal.
Expressions for L; can be found in literature.®'%?

The measured Xeﬁ(z) is related to the orientation of the molecular group () through
the X!']‘k(Z) elements. Molecular symmetry of the group must be considered, as this
determines the non-zero )Q,k(z) elements. In this dissertation, the orientation of methyl
(CHs) groups is investigated, which have a C;, symmetry group. In the case of a Cs,

symmetry group, there are seven non-vanishing X!']‘k(Z) terms, assuming that the surface is

rotationally isotropic. For the symmetric stretching vibrational modes, ngk(z) are expressed

as

X = 22 = 2N Bl + R)eos 6) — (1 — R){cos? 0)] (2.22)
XES = 12 = 1D = D = S Nebeee(1 = B)[(cos6) — {cos?0)]  (2.23)
2™ = NoPecc[R{cos 0) + (1 = R){cos? 0)] (224)

In the case of asymmetric stretching vibrational modes, X{,k(z) are given by

X}(}i})z,as = Xy(ci)z'as = _Ns.Baca«COS 0)— <C053 0)) (2.25)
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X = oo™ = Xyoy™ = Xagy"™ = NBaca(cos® 6) (2.26)
XE® = 2NyBycqa({cos B) — (cos® B)) (227)
where R is the hyperpolarizability ratio, defined as R = f4/fecc. R can be determined

experimentally from the Raman depolarization ratio.®***

2.2 Instrumentation

2.2.1 BAM Setup

BAM images were collected on a custom-built BAM setup that has been previously
described.”>®® Briefly, a 543 nm p-polarized laser (Research Electro-Optics) with 5 mW
output irradiates the surface (bare or monolayer-covered) at the corresponding Brewster
angle for each respective aqueous solution. The incoming beam is attenuated with a half-
wave plate (Eskpla) before passing through a Glan prism (Ekspla) to ensure only p-
polarized light impinges the sample surface. The reflected light is collected and
collimated with a super-long working distance 10x objective and a tube lens (Nikon)
before being imaged with an electron-multiplying charge coupled device (EMCCD)

camera (Andor, model DV887-BV). The CCD is composed of 512 X 512 pixels with

each pixel having dimensions of 16 x 16 um. Total image size is 800 x 800 pm.

2.2.2. IRRAS Setup

IRRAS spectra were collected with a FTIR spectrometer (Perkin Elmer, Spectrum
100) equipped with a HgCdTe (MCT) detector (Figure 2.3). A breadboard was inserted
into the spectrometer chamber, on which two planar gold mirrors, each with a 2 inch

diameter, were mounted to direct light to and collect light from the sample surface. The
15



incident angle of the IR beam was set to 46° from the surface normal so that only
negative absorption features would be considered, as the incident angle is below the

Brewster angle.

2.2.3. IR-VIS Broadband Vibrational Sum Frequency Generation Setup

Two different infrared-visible broadband VSFG (BBSFG) setups were utilized in
this dissertation.The two setups are similar; the main difference arises in how the visible
picosecond (ps) beam was produced (Figures 2.4 and 2.5). Details of both systems are
provided below.

In the first BBSFG (BBSFG-1) setup, the sub-100 femtosecond (fs) pulses generated
from a Ti:sapphire oscillator (Spectra-Physics, Tsunami, model 3960-X1S) are used to
seed a 1 kHz regenerative Ti:sapphire amplifier (Spectra-Physics, Spitfire Ace) to
produce ~90 fs pulses centered at 800 nm. A portion of the ~4 W amplified output is sent
to an optical parametric amplifier (Light Conversion, TOPAS-C) connected to a non-
collinear difference frequency generator (NDFG, Light Conversion) to generate a tunable
broadband IR beam (2.4—11 pum). Bandwidth of the IR pulse depends on the spectral
region. The remaining portion of the amplified output is passed through an air-spaced (d
=11 wm) Fabry-Pérot etalon (SLS Optics) to produce an asymmetrical ps visible pulse at
800 nm. The etalon has a free spectral range (FSR) of 449.5 cm™, determined from the
relationship FSR = ¢/2d, where c is the speed of light. The effective finesse (Fefr) depends
on the reflectivity, R, of the two mirrors in the etalon, o = 7/(1-R), and is 38.6 for this
etalon. Bandwidth of the ps output pulse is ~12 cm'1, and can be determined from Av =

FSR/ F. As long as the air-gap of the etalon is smaller than the pulse coherence length,
16



l. (I. = t,c, where t,= 90 fs), a ps output pulse will be produced. The visible and IR beams
were temporally and spatially overlapped at the sample surface to produce broadband
SFG. A co-propagating geometry was used in this setup, where the visible and IR beams
had incident angles of 53° and 68° from the surface normal, respectively. The SFG beam
in the reflection direction was re-collimated and focused to the slit of the spectrometer
(Princeton Instruments, Spectra Pro-5001) and detected by a LN,-cooled CCD (Princeton
Instruments, Spec-10:400B, 1340x400 pixels).

VSFG spectra presented in the CH region (2800-3000 cm™) in Chapter 6 were
collected with the second BBSFG (BBSFG-2) setup, which has previously been
described.” Two regenerative amplifiers (Spectra-Physics, Spitfire Ace and Spitfire Pro)
were seeded by the same sub-100 fs Ti:sapphire oscillator (Spectra-Physics, Tsunami) to
produce ~90 fs (Spitfire Ace) and 2 ps pulses (Spitfire Pro), respectively. The ps beam
output, which was directly used as the visible source, was centered at 796 nm and had a
17 cm™ bandwidth. The 3 W fs output was sent to the optical parametric amplifier
(TOPAS-C, Light Conversion) and NDFG (Light Conversion) to produce a tunable
broadband IR beam (2.4—-11 um). The visible and IR beams had incident angles of 54°
and 65°, respectively, and a co-propagating geometry was also utilized. Details of the
spectrometer and CCD detector are the same as the BBSFG-1 setup.

Regardless of the system that VSFG spectra were collected on, raw data was
analyzed in the same manner. Spectra were filtered of cosmic radiation spikes,
background-subtracted, and normalized to the non-resonant SFG profile of a GaAs (110)

crystal (II-VI Inc.) to eliminate distortion from the IR beam. Peak positions in the VSFG
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spectra were calibrated by comparison of the non-resonant absorption spectrum of a

polystyrene film to those collected with an FTIR spectrometer.
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Figure 2.1. Schematic of the principles of BAM. (a) When p-polarized light impinges on
the bare air-aqueous interface at the Brewster angle, no light is reflected. (b) The
presence of a Langmuir monolayer alters the refractive index of the interface, resulting in
reflection of p-polarized light. An image of the interface can be obtained from the
reflection.
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Figure 2.2. Energy level diagram for the SFG process. In a coherent anti-Stokes process
an anti-Stokes beam is generated from the interaction of a pump, Stokes, and probe beam.
The dashed line indicates a virtual state.
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Figure 2.3. IRRAS setup within the chamber of the FTIR spectrometer.
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Figure 2.4. Schematic of the BBSFG-1 laser setup. This
Fabry-Pérot etalon to produce the visible picosecond pulse.
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Figure 2.5. Schematic of the BBSFG-2 laser setup. This system uses a regenerative
amplifier to generate the visible picosecond pulse.
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Chapter 3: Effect of Cation Enrichment on Dipalmitoylphosphatidylcholine (DPPC)

Monolayers at the Air-Aqueous Interface

Reproduced in part with permission from Adams, E.M.; Casper, C.B.; Allen, H.C.
“Effect of Cation Enrichment on Dipalmitoylphosphatidylcholine (DPPC) Monolayers at
the Air-Water Interface” J. Colloid Interface Sci., 2016, 478, 353-364. Copyright

Elsevier

3.1 Introduction.

Sea spray aerosols (SSA) produced from wave breaking are known to impact
climate.” Yet, their influence on radiative forcing, whether directly through light
scattering and absorption® or, indirectly, by their ability to act as cloud condensation
nuclei'® and ice nucleating particles'', remains uncertain. The impact of SSA on climate
depends on their chemical composition’, as this dictates their chemical and physical
properties.'**?' SSA are commonly complex mixtures of salts and organic species.
Moreover, organic content and composition vary widely as they are driven by biological
activity at the ocean surface.'”’*!®"!

Recent studies of nascent sea spray generated during the course of a phytoplankton

bloom found that four distinct particle types are produced.”’*® Two of these particles
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types, organic carbon (OC) and sea-salt organic carbon (SSOC), have been characterized
in terms of their chemical composition.”*> OC particles are composed of insoluble
organic species and inorganic ions such as sulfate (SO4”), sodium (Na'), magnesium
(Mg®"), calcium (Ca’"), and potassium (K). Notably, these particles lack a signature
from chlorine (CI").” The organic species in OC particles are thought to be aliphatic-rich
lipids, likely phospholipids, which constitute a major class of lipids produced by
phytoplankton.” Dried SSOC particles have a sea-salt core, mostly composed of NaCl,
covered by an organic coating. Aerosol time-of-flight mass spectrometry (ATOFMS) and
scanning transmission X-ray microscopy with near edge X-ray absorption fine structure
(STXM-NEXAFS) measurements suggest that oxidized-rich species, such as fatty acids,
make up a large fraction of the organic material in these particles.”* Despite differences
in composition, an enrichment of divalent ions occurs in both types of particles. Ca®" is
observed in OC particles®, whereas Mg®™ and Ca”" are both enhanced in SSOC particles;
however, Mg”" is much more prevalent.” Furthermore, in the case of the SSOC particles,
the enrichment of these divalent ions as well as K" occurs at the interface of the
particles’?, suggesting that these ions are coordinated to surface-active organics.
Complexation of ions to surface-active species, such as lipids, is known to alter their

728 and surface morphology.®® Interfacial properties of organic

orientation®’, packing
films impact the chemical and optical properties of aerosols including albedo'?,
hygroscopicity’, and reactivity.”> For example, it was shown that light scattering of

. . . . . 12
organic-coated NaCl particles decreases as the volume fraction of organics increases.

To date, many studies of organic-coated aerosols have relied on dried salt cores
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selectively coated with an organic surfactant as model systems.”'*'> While valuable at
providing insight into aerosol chemistry, these models lack some representative
properties of aqueous aerosols generated from the ocean surface (although drying of the
aerosol will occur in the atmosphere). Furthermore, most of these studies have used NaCl
as the main inorganic salt, thus neglecting the importance of other marine-relevant ions
such as alkaline earth cations (Ca®", Mg®"). Therefore, in order to fully grasp the impact
that ions have on marine aerosol properties, a fundamental understanding of how ion
enrichment in a hydrated environment, especially enrichment of divalent ions, influences
the surface properties of the organic coating is needed.

In this work, Langmuir monolayers of lipids spread on marine-relevant salt solutions
in various concentration regimes are used as a model system to determine how
monovalent and divalent cations alter the interfacial properties of organic-coated marine
aerosols as they are entrained in the atmosphere. Dipalmitoylphosphatidylcholine (DPPC)
was chosen as a representative lipid as it has been well studied’”>"*, and is known to be

enriched in the sea surface microlayer (SSML)">"

, and therefore likely found in marine
aerosols. Aqueous solutions consisting of monovalent (Na*, K*) and divalent (Mg*’,
Ca”") chloride salts were used to represent the aerosol aqueous salt core. Typical
concentrations of these cations in seawater are 0.45 M (Na"), 0.01 M (K"), 0.05 M
(Mg®"), and 0.01 M (Ca”), respectively”'. Here, the salt concentrations were varied from
0.3 to 2.0 M to represent different stages of marine aerosol evaporation and different

degrees of ion enrichment at the interface. Similar ClI' concentrations were used to

directly compare effects due to cation identity. To determine the influence of cation
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identity and concentration on the interfacial phase behavior of the DPPC monolayer
surface pressure-area isotherms were measured on the various salt solutions. In addition,
Brewster angle microscopy (BAM) images were collected to assess the impact of cation
enrichment on the surface morphology and refractive index of the DPPC monolayer.
Infrared reflection-absorption spectroscopy (IRRAS) was used to determine potential
cation effects on the conformational order of lipid alkyl chains and the extent of cation
interaction with the phosphatidylcholine (PC) headgroup. Results reported here indicate
that the surface properties of the lipid film are altered in the presence of highly
concentrated ions, and that these alterations have impacts on the optical properties of

marine aerosols, specifically the refractive index.

3.2. Experimental.

3.2.1. Materials.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (> 99%, Avanti Polar Lipids)
was used as received and dissolved in chloroform (HPLC grade, Fisher Scientific) to
make a 1 mM solution. Sodium chloride (NaCl) (= 99%, ACS certified, Fisher
Scientific), potassium chloride (KCI) (= 99%, ACS certified, Fisher Scientific), calcium
chloride dihydrate (CaCl,*2H,0) (= 99%, FCC grade, Fisher Scientific), and magnesium
chloride hexahydrate (MgCl,*6H,0) (= 99%, ACS certified, Fisher Scientific) were
dissolved in water with a resistivity of 18.2 MQ-cm and a measured pH of 5.6
(NANOpure Analytical Deionization System, model D4741, Barnstead/Thermolyne

Corporation) to prepare stock solutions. These solutions were subsequently purified by a

25



method that has been previously described.”” Briefly, trace organic and inorganic
impurities were removed by several filtrations through activated carbon filters (Whatman
Carbon-Cap 75, Fisher Scientific). Cleanliness of the stock salt solutions was confirmed
by the absence of spectral features in vibrational sum frequency generation (VSFG)
spectra measured in the CH stretching region (2800-3000 cm™). Concentration of the
stock salt solutions was determined by Mohr’s chloride titration method.’® Solutions of
desired concentration were then prepared by dilution of the stock salt solutions. All
prepared solutions had a final pH in the range of 5-7 and were sealed from the ambient
environment. Equilibration to ambient temperature (23 £+ 1 °C) for a period of at least 12

h was allowed before measurements were performed.
3.2.2. Methods.

Surface Pressure- Area Isotherms.

Surface pressure-molecular area (IT-4) compression isotherms were measured on a
computer-controlled Langmuir trough (Minitrough, KSV Instruments, Finland; Ao =
144 cm?) made of Teflon and equipped with two compression barriers. Surface pressure
of the monolayer was monitored with a Wilhelmy plate made of filter paper (Ashland
grade, Whatman). Prior to measurements the trough and barriers were thoroughly rinsed
with ethanol and nanopure water. Cleanliness of the aqueous surface was ensured by
sweeping the barriers across the surface, where an aqueous surface was considered clean
when IT < 0.2 mN/m. Monolayers were formed by spreading dropwise an appropriate

volume of the lipid solution on the aqueous surface using a microsyringe (Hamilton). Ten
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minutes were allowed to pass for evaporation of the spreading solvent before
compression. Monolayers were compressed at a constant rate of 5 mm/min/barrier up to
the compression limit of 55 mN/m, prior to collapse. Film leakage tends to occur at high
surface pressures due to meniscus inversion of the solution surface,”” which makes
reaching the collapse pressure of the DPPC monolayer (72 mN/m) difficult. Experiments
were stopped at 55 mN/m to avoid film leakage. Isotherms were repeated at least three
times to ensure reproducibility. Standard deviations of the molecular area and surface

pressure were = 1 A%/molecule and + 0.5 mN/m, respectively.

Brewster Angle Microscopy

Surface morphology of the DPPC monolayers was assessed using a custom-built
BAM setup that has been previously described.®*® The BAM setup was detailed in
Chapter 2. A blue background was selected to enhance image contrast. Images were
collected simultaneously with the compression isotherms in which an image was
recorded every 4.85 s to make a movie. Still frames were then extracted from the movie
at appropriate surface pressures or mean molecular areas. Because the inclined position
of the collection optics causes images to be focused only over a narrow region of the
visual field, all images were cropped from the full 800 pm x 800 um size to the most
resolved region. Differences in the reflectance of each solution were accounted for by
adjusting the Brewster angle (see Eq. (2.5)) such that each solution had a background
gray level of 30 or less. The measured Brewster angle of each aqueous solution and the
corresponding refractive index determined from the Brewster angle equation are listed in

Table 3.1. Calculated refractive indices are in good agreement with literature.”®
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Refractive index of the monolayer (n,) on various solutions was calculated from

BAM images using the following relation:*

_ ARy nZ,(n2 —n?) 3.1)
msin (205 = 90) \/nZ + nZ(ng — n3)(nZ — nZ,)

where d is the monolayer thickness, A is the laser wavelength, and R, is the measured

reflectivity of p-polarized light from the surface. As d and n,, change concurrently, they
cannot both be solved for using Eq. (3.1). For simplicity, it was assumed that d remains
constant in the monolayer liquid condensed phase with a value of 2.48 nm, as determined
from previous BAM experiments.”” Reflectance values were related to the gray levels of
the camera with calibrations curves as has been previously described.””*® Gray levels
were averaged for horizontal lines at three separate pixels to determine an overall average
gray level for each cropped BAM image. The gray level was then transformed to a

reflectance value based on the calibration curves.

Infrared reflection-absorption spectroscopy (IRRAS)

IRRAS spectra were collected using a custom-built setup placed in the chamber of a
FTIR spectrometer (Spectrum 100, Perkin Elmer). The IRRAS setup was described in
Chapter 2. The incident mirror was positioned before the J-Stop Image distance (i.e., the
set focus point of the incoming IR beam in the FTIR chamber) so that the incident beam
was most focused at the aqueous surface. An incident angle of 46° from the surface
normal was used here. The barriers of the trough were either held at a constant mean
molecular area (MMA) or allowed to oscillate to maintain a fixed surface pressure during

measurements. All spectra were obtained with a HgCdTe (MCT) detector as a single
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beam measurement, with a single beam measurement of the respective bare aqueous
surface used as the background spectrum. Spectra covered a range from 450 to 4000 cm™
and were averaged over 300 scans with a resolution of 4 cm™. Measurements were
repeated at least three times to ensure reproducibility. Post-processing of spectra was
done in OriginPro 9.0 (OriginLab), where baseline correction was done by fitting a third-
order polynomial in the region of interest. Final spectra shown here are an average of at

least three baseline-corrected spectra.
3.3 Results and Discussion

3.3.1. Cation identity and salt concentration effects on the phase behavior and
stability of DPPC monolayers

IT-A compression isotherms of DPPC monolayers on different chloride salt solutions
(NaCl, KCI, MgCl,, and CaCl,) with varying concentrations are shown in Figure 3.1. An
isotherm of DPPC on water is also given for reference. The phase behavior of DPPC on
water has been well documented.®” With decreasing MMA (and at ambient temperature),
the DPPC isotherm typically exhibits the following phases: gaseous (G), liquid-expanded
(LE), LE-liquid-condensed (LC) coexistence phase seen in the form of a plateau region,
and LC.

All phases described above are also present for DPPC monolayers on NaCl solutions
(Figure 3.1a). Relative to water, an increase in MMA occurs in the low surface pressure
regime for 0.6 M NaCl. As the monolayer is compressed to higher surface pressures (>

35 mN/m), DPPC molecules occupy the same MMA as on water, suggesting that excess
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Na' ions are squeezed out of the monolayer. A total expansion of the monolayer occurs
on the 2.0 M NaCl solution, where a larger MMA relative to water occurs at all surface
pressures. The phase behavior of DPPC on NaCl solutions has been studied extensively,
and a shift to higher MMAs in the LE and LE-LC coexistence phases has also been
previously observed for moderately concentrated (> 0.1 M) solutions™**™’ The extent of
the MMA shift seems concentration-dependent, as it increases by 3-6 A%/molecule for
concentrated solutions (> 0.5 M),”**® and is shifted 1-2 A%molecule for 0.1 M
solutions.**?

Similar to the NaCl series, 0.6 and 2.0 M KCl solutions cause the DPPC monolayer
to occupy a larger MMA compared to water (Figure 3.1b). Also like Na', K" ions are
squeezed out of the monolayer at high surface pressures (> 25 mN/m) for 0.6 M KCI, but
cause an expansion at all surface pressures on 2.0 M KCI. The impact of K' on the phase
behavior of DPPC, or any other saturated PCs in general, has been less studied than
Na",*** but previous reports are consistent with results presented here, where expansion
of the monolayer occurs in the presence of K.

In the case of 0.6 M solutions, K" has a smaller change in area (AA) relative to water
than Na' in the LC phase (Figure 3.2a), which may indicate that K" ions do not interact as
strongly with the DPPC headgroup as Na' ions. MD simulations support this, with many
suggesting that at low concentrations (~0.2 M) K" only weakly interacts, if at all, with PC
headgroups, while Na* strongly interacts.”””' Equilibria calculations, however, find that
PC-K" complexes are more stable than PC-Na* complexes.”? No definitive conclusion on

relative binding affinity of Na" vs. K to DPPC can be made from II-4 isotherms
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presented here as contrary AA values are observed between 0.6 and 2.0 M solutions. K"
has a larger AA than Na" for 2.0 M solutions and is likely not indicative of increased PC-
K" interactions, but rather the presence of excess unbound K ions in the interfacial
region which cause increased electrostatic repulsions, and force DPPC molecules to be
further apart. Comparison of AA for 2.0 M NaCl and KCI solutions at several different
surface pressures (Figure 3.2b) shows similar AA values for the two cations. Results
shown here indicate that at high concentrations monovalent cations Na” and K" interact
similarly with DPPC molecules, where expansion of the monolayer is likely due to
increased electrostatic repulsions in the interfacial region.

The impact of divalent cations on the phase behavior of the DPPC monolayer
depends on the identity of the cation. For instance, Mg®" has a similar effect to
monovalent ions, in which MgCl, solutions result in DPPC molecules occupying a larger
MMA relative to water. Expansion becomes more evident with increasing concentration
(Figure 3.1c), also similar to monovalent ions. In the case of 0.3 M MgCl,, the isotherm
largely overlaps with that of water with deviations occurring in the LC phase, in which a
smaller MMA is observed (Figure 3.2a). For 1.0 M MgCl, a larger MMA occurs in all
phases except LC (> 40 mN/m), which overlaps with the DPPC isotherm on water. This
indicates that for 0.3 and 1.0 M solutions Mg*" ions are likely being squeezed out of the
monolayer at high surface pressures. The isotherm of DPPC on 2.0 M MgCl, is expanded
at all MMAs. In contrast, previous studies have found that expansion of PC monolayers
also occur at all MMAs in the presence of Mg”".”>** These studies, however, used

significantly lower concentrations (< 50 mM) of MgCl, or PCs with different chain
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lengths and degree of saturation, which makes direct comparison to results here difficult.
In any case, the similarity in DPPC phase behavior on MgCl, compared to NaCl and KCI
solutions suggests that Mg”" (most likely Mg*" hexahydrate)’ interacts with DPPC in a
manner similar to monovalent ions, i.e., with one cation binding per lipid headgroup (1:1
binding). This is likely due to the preference of Mg>" to strongly retain its solvation
shell.” Density functional theory calculations have determined that the net charge of a
solvated Mg”" ion is +1.29, which could account for the similar behavior to monovalent
ions.”

CaCl; solutions have the opposite effect on DPPC compared to MgCl,, resulting in a
condensation of the monolayer (Figure 3.1d). Isotherms at all concentrations occupy a
smaller MMA relative to DPPC on water (Figure 3.2a). The only exception is the LE
phase, which is expanded relative to water (Figure 3.2b). The condensation effect
becomes more enhanced with increasing concentration, as observed by the decrease in
the surface pressure of the LE-LC phase as the Ca’" concentration increases. Results
presented here contradict previously published studies including work from our group
and others, in which an expansion of the PC monolayer occurred on CaCl,
solutions.””***7* However, large discrepancies exist between reported results. For
example Lee et al. reported a large expansion (~15 A*molecule) in the LE phase for a 0.2
mM CaCl, solution,” while other studies showed only small MMA increases (< 1
A?/molecule) for 5 mM and 0.1 M solutions.””'”® More recent studies done in our group
have demonstrated the impact of salt purity and purification method on interfacial

101

measurements,” especially when investigating ion binding to lipids.'"”! Furthermore,
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studies done by Kewalramani et al. on dimyristoylphosphatidylcholine (DMPC)
monolayers found that aqueous solutions made from unbaked salts impacted the surface
pressure at which the DMPC LE-LC coexistence phase occurred.”® They further showed
that Ca®" lowered the LE-LC transition pressure relative to water by 4.3 mN/m; Mg also
lowered the transition pressure, but to a much lesser extent (0.7 mN/m). Results presented
here for the lowest concentration (0.3 M) are consistent with that study as the LE-LC
transition pressure was lowered by 0.8 mN/m for Ca", but was not significantly changed
for Mg”". While showing similar trends, direct comparisons to the study by Kewalramani
et al. are difficult to make as the lipid of interest (DMPC), temperature (15°C), and ion
concentration (150 mM) were significantly different than those used here. Yet,
Kewalramani et al. noted that the purity of salts influenced the phase behavior of the
phospholipid, which demonstrates the importance of removing organic contaminants
when investigating lipid-ion systems. This factor could explain, at least in part, some of
the differences observed between in isotherms presented here and those reported
previously in the literature.

The opposing trends observed in DPPC isotherms on MgCl, and CaCl, solutions
suggest that these divalent cations interact differently with the PC headgroup. In the
presence of Ca’", DPPC molecules are able to pack more tightly as evidenced by the 2
A%/molecule decrease in molecular area in the LC phase (Figure 3.2a). In order to explain
this decrease, two possible scenarios can be put forward: (1) Ca®" acts as a bridge
between two neighboring lipids, forming a 2:1 DPPC:Ca”*" complex; (2) Ca®" causes the

reorientation of the PC headgroup. Binding constant calculations and MD simulations
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have both found that formation of 2:1 complexes are more probable than 1:1
complexes.”” Yet, recent surface potential measurements suggest that reorientation of
the PC headgroup occurs in highly concentrated Ca** solutions (2 M).%” Both scenarios
likely occur to some degree, but more sensitive techniques such as nuclear magnetic
resonance (NMR) or vibrational sum frequency generation (VSFG) spectroscopy are
needed to clarify this. In the case of Mg®", its behavior is similar to that of a monovalent
ion.

To determine the influence of cation enrichment on the rigidity of the monolayer the
isothermal compressibility modulus (C;" = -4,(8I1/04,)r, where A, is the molecular area
at the corresponding IT) was obtained from the slope of each compression isotherm
shown in Figure 3.1. The compressibility modulus of the DPPC monolayer on water is
shown in Figure 3.3a. With increasing surface pressure the compressibility modulus first
reaches a maximum value of ~25 mN/m before decreasing back to 0 mN/m at a surface
pressure of 8.4 mN/m, which corresponds to the LE-LC coexistence phase. As surface
pressure further increases past this point, the compressibility modulus reaches a

maximum value of 200 mN/m, indicative of a monolayer in the LC phase.'®

Finally, the
compressibility modulus returns to 0 mN/m when the monolayer approaches its collapse
pressure. Experimental values of compressibility modulus reported here for each phase of
DPPC are in good agreement with those found in literature.'”'® Surprisingly, no
significant change in the compressibility modulus was observed in the LC phase for any

cation investigated. This implies that the rigidity of the DPPC monolayers in the LC

phase does not depend on the cation identity or concentration. The only salt-induced
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effect observed in the compressibility modulus is a small change in the surface pressure
at which the LE-LC phase occurred (Figure 3.3a-b). Na" and K" have similar surface
pressure values, which are higher than water at all concentrations. An increase in the
surface pressure of the LE-LC phase relative to water indicates a stabilization of the
monolayer. In contrast, the monolayer becomes less stable with increasing Ca’’
concentration, as a decrease in the surface pressure occurs. For Mg®" the surface pressure
remains essentially unchanged from that on water for salt concentrations below 2.0 M.
However, a significant increase in surface pressure occurs for 4.0 M CI', suggesting that
stabilization of DPPC does not occur until there is a significant enrichment of Mg”" ions

at the interface.

3.3.2 Cation identity and salt concentration effects on the surface morphology of
DPPC monolayers

The surface morphology of DPPC monolayers on water in all phases is consistent
with literature,'” but results presented here focus on the LE-LC phase as the surface
morphology in this region is most impacted by the presence of ions. BAM images
presented in Figure 3.4 show the surface morphology of DPPC in the LE-LC phase on
water, NaCl, and KCI solutions. Darker (or black) and brighter regions in the images
represent, respectively, lipid-poor and lipid-rich areas. It can be seen that on water, small
(30 pum), multi-lobed lipid domains are present. At low concentrations (0.6 M), both Na"
and K" appear to have little influence on the surface morphology compared to water, as
similar small, multi-lobed domains are observed. Yet, the number density of DPPC LC

domains has increased relative to water (Table 3.2), with K having a larger number
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density than Na'. Concurrently, the average size of domains decreases as number density
increases. Based on nucleation theory, the size and number of domains formed in the
coexistence region depends on their free energy, which is related to the competing effects
of line tension and electrostatic repulsion.'” Line tension arises from van der Waal
interactions of alkyl chains, and favors formation of circular domains. Electrostatic
repulsions cause formation of elongated structures that are often branched or dendritic in
shape. The higher number of smaller sized domains observed in the presence of
monovalent cations stems from increased disorder in the monolayer (i.e. expansion) as
ions compete with DPPC molecules to occupy surface sites, which leads to decreased line
tension and increased electrostatic repulsions. A lower line tension causes an increased
number of domains of smaller size to form.'"’

Alterations to the surface morphology do occur at high concentrations. In the case of
2.0 M NaCl, domains are much smaller (15-20 um), tightly packed, and darker (less
contrast), suggesting that the refractive index or thickness of the monolayer has changed.
Similarly, darkening of the image occurs for 2.0 M KCIl, but the monolayer forms an
inhomogeneous film with no distinct domains apparent. In general, it seems that
monovalent ions do not influence the surface morphology of the monolayer until they
reach sufficient concentration in the interfacial region.

Divalent cations, however, have a distinct impact on the surface morphology even at
low concentrations. BAM images in Figure 3.5 show the surface morphology of the LE-

LC phase of DPPC on CaCl, and MgCl, solutions at 0.3, 1.0, and 2.0 M. On 0.3 M CaCl,

solutions DPPC forms domains that are on average less than half the size as those on
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water. The number density of LC domains increases by five-fold relative to water (Table
3.2), and domains are circular in shape instead of multilobed, indicating that an increase
in line tension occurs in the presence of Ca*".'® The decrease in size and increase in
number density is consistent with fluorescence microscopy studies of DPPC on CaCl,
solutions (< 1.0 M).*®" As the concentration of CaCl, increases to 1.0 M, an
inhomogeneous monolayer develops in which individual domains can no longer be
distinguished. At 2.0 M the monolayer inhomogeneity persists, but the image is darker
relative to 1.0 M CaCl,. Compared to water, domains on 0.3 M MgCl, are also smaller
and more numerous. This is somewhat surprising considering that the isotherm showed
little deviation from that of water Yet, BAM reveals that Mg”" also causes an increased
number of domains that are smaller in size. It can be seen that, unlike Ca2+, domains
retain their multilobed shape in the presence of Mg>", which indicates that electrostatic
repulsions are the dominant interfacial force. The observed changes in the surface
morphology arise from decreased line tension, similar to the monovalent ions. DPPC
molecules form an inhomogeneous monolayer on 1.0 M MgCl,, which becomes darker
on 2.0 M MgCl,. Comparison of the 1.0 and 2.0 M solutions shows that DPPC
monolayers formed on MgCl, appear to be more compact than on CaCl,. Although Mg**
and Ca’" have opposite effects on DPPC phase behavior (i.e., expansion vs.
condensation), imaging of the surface morphology shows that both divalent cations cause
a larger number of smaller domains to form, albeit by different mechanisms.

In general, BAM images obtained on highly concentrated solutions, with the

exception of K, show a significant decrease in the monolayer reflectance. Darkening of
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the images cannot be attributed to changes in the Brewster angle, as it was set for each
aqueous solution to have the same initial reflected gray level for the bare solution surface.
Two scenarios could possibly explain this observation: (1) fluidization of the monolayer
occurs, where overall ordering of the alkyl chains decreases due to an increase of gauche
defects in the chain, thus resulting in changes in relative thickness or refractive index; (2)
alterations in the alkyl chain orientation, in which highly ordered chains (trans
conformation) become more parallel to the aqueous surface, which would also change the
relative thickness or refractive index of the monolayer. As a decrease in reflectance was
observed for both LE-LC and LC phases (Figure 3.6), it is unlikely that fluidization of the
monolayer occurs since DPPC molecules were able to reach surface pressures of 55
mN/m or greater on all solutions, indicating that highly ordered films with strong van der
Waals interactions are formed. This is further supported by IRRAS measurements, which
is discussed in more detail in the next section.

If it is assumed that the thickness of a homogeneous, highly ordered monolayer
remains roughly constant, then calculations reveal that the monolayer refractive index in
the LC phase (IT = 45 mN/m) changes with salt concentration (Figure 3.7.; see Table 3.3
for calculated ny, values). Increasing salt concentration results in a decrease in refractive
index, regardless of cation identity. While changes in the refractive index relative to
water seem somewhat small (~107), ellipsometry studies have determined that the
refractive index of DPPC on water increases by 0.021 from the LE to LC phase,™
showing how the alkyl chain conformation dictates the monolayer refractive index. DPPC

monolayers on divalent chloride solutions have a smaller refractive index compared to
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monovalent ones (n,, = 1.457 vs. 1.478) at the highest concentration measured. This
indicates that divalent cations have a greater influence on the alkyl chains conformation
and is consistent with previous studies.'” However, comparison of values at the same
chloride concentration (2 M CI’), shows that the refractive index is smaller for
monovalent ions than Mg”". This finding is in line with II-4 isotherms that suggested

Mg2+ interacts with DPPC in a manner similar to a monovalent ion (1:1 binding).

3.3.3 Cation identity and salt concentration effects on the intermolecular

interactions of DPPC monolayers

IRRAS: CH region

IRRAS spectra were collected in the LE-LC phase (70 A*/molecule with respective
surface pressures shown in Figure 3.3b) and the LC phase (40 mN/m) to provide
additional information on the effect of highly concentrated cations on a DPPC
monolayer. Peak positions of the methylene (CH,) vibrational modes are sensitive to the
conformational order of the alkyl chains, and can provide insight into the relative number
of trans and gauche conformations in the monolayer. A shift to lower wavenumbers
indicates that the alkyl chains have more trans bonds.”” Such a trend can be observed in
Figure 3.8, where the CH; asymmetric (v,;(CH3)),, CH, asymmetric (v,;(CH>)),, and CH;
symmetric (vi(CH,)), modes at 2963, 2922 and 2853 cm', respectively, shift to lower
wavenumbers when DPPC is compressed to a higher surface pressure.*’ Spectra of DPPC
on 2.0 M NaCl and 2.0 M CaCl, solutions (Figure 3.8b,c) show a shift to lower

wavenumbers relative to water (Figure 3.8a), even in the LE-LC phase. The shift induced
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by Ca’" is larger than Na* in the LE-LC phase, indicating that alkyl chains are more
ordered in the presence of Ca”", but no difference in peak position is observed for the two
ions in the LC phase. It is especially interesting that 2.0 M Na' increases the order of the
alkyl chains in the LE-LC phase as the II-4 isotherms showed an expansion of the
monolayer at this concentration. Previous experimental studies have found that

concentrated NaCl and Nal solutions disrupt chain ordering at low surface pressures,***

but MD simulations report that Na™ induces a higher ordering of the chains.”*'"°

Figure 3.9 displays the peak position of the v,;(CH,) mode as function of [CI'] for all
ions investigated. In the LE-LC phase (Figure 3.9a), K*, Na", and Ca*" cause the peak
position to shift to lower wavenumbers with increasing [Cl]. This suggests that alkyl
chain conformation is dependent upon the cation concentration. Comparison of the peak
position for monovalent ions to Ca®" reveals that monovalent ions induce a higher degree
of ordering. Due to their smaller size, monovalent ions may interact with the carbonyl
group of the lipid chains,”® which could cause higher ordering and explain the increased
MMA in the I1-4 isotherms. The LC phase seems to be less impacted by the cations than
the coexistence phase (Figure 3.9b), as shifts in the peak position of the DPPC alkyl
chain v,4(CH;) mode are less than 1 cm’' from the value measured on water. Generally, it
can be seen that with the exception of 0.3 M MgCl,, the alkyl chains are slightly more
ordered in the presence of cations. It is likely that at high surface pressures cations are
squeezed out of the monolayer and primarily interact with the hydrophilic portion of the

lipid.
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Unlike the other cations, Mg”™ causes the v,(CH,) vibration to shift to higher
wavenumbers in the LE-LC phase, independent of salt concentration, and indicates that
gauche defects exist in the alkyl chain. Figure 3.10 shows spectra of DPPC on MgCl,
solutions in the coexistence region. It can be seen that the intensity of the v,(CH;) and
v(CH,) peaks decreases on MgCl, solutions compared to water. For 0.3 M Mg*™ a
feature appears in the spectrum at 2883 cm’™' that can be attributed to the CH; symmetric
stretch (v;(CH3)). The appearance of this vibrational mode confirms that gauche defects
exist within the alkyl chain, as the existing IRRAS polarization is sensitive to orientation
of the terminal methyl, which indirectly reports on gauche vs. trans bonds in the alkyl
chains. This feature disappears for higher concentrations of Mg>", but the intensity of the
methylene peaks do not change, indicating that the relative number density or orientation
of DPPC molecules remains the same for the three different concentrations. Spectra
collected here suggest that the interaction of Mg”™ with DPPC is unique, but IT-4
isotherms indicated that Mg®" behaves similarly to monovalent ions. From AA plots
(Figure 3.2b), it can be seen the expansion of DPPC is twice that of both Na" and K* (18
vs. 9 A%/molecule), which is likely due increased electrostatic repulsions from the +2
charge of magnesium. The increased space between molecules could allow for the
formation of gauche defects to occur in the presence of Mg”". A 1:1 binding is still likely
for Mg”" ions (which are hydrated, Mg *6H,0) as IRRAS spectra of the phosphate
region, discussed in the next section, show that Mg®" has similar interactions with the

phosphate moiety as monovalent ions.
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IRRAS: Phosphate region

Vibrational modes of phospholipid headgroups have been well characterized and
used to determine the degree of interaction that cations have with the negatively charged
phosphate group.'®'"""!'2 Spectra of the phosphate vibrational modes of DPPC on 2.0 M
KCl in the LE-LC and LC phases are shown in Figure 3.11. The asymmetric and
symmetric PO, stretching (v,;(PO;") and v4(PO,’)) modes are observed at 1230 and 1087
cm™, respectively. Peaks at 1170 and 1070 cm™ can be attributed to the CO-O-C
asymmetric and symmetric stretches (v,(CO-O-C) and v,(CO-O-C)) of the carbonyl
esters.'"!!? A C-O-P-O-C stretch is known to occur at 1060 cm'l, and is sometimes
discernable from the v,(CO-O-C). The feature at 975 cm™ is attributed to N-(CHj);
asymmetric stretches (v5(N-(CHs)3)) of the choline group. The shoulder observed on the
975 cm™' band, located at 950 cm™, is generally thought to be due to C-N asymmetric
stretching of the choline as well.'"!

Compression of the DPPC monolayer to a higher surface pressure on 2.0 M KCl
leads to an increase in the intensity of all peaks due to increased number density of DPPC
molecules. Shifts in the (v,5(PO;) and (v4(PO;") to higher wavenumbers are likely caused
by the ion-induced dehydration of the phosphate group. For all four cations studied here,
phosphate group dehydration was observed in the LC phase, consistent with previously
reported literature, where dehydration occurs upon monolayer compression regardless of
whether ions are present in the solution.**”>

To reveal this ion-induced dehydration of the phosphate group, the peak position of

the (v,(PO7") mode in the presence of each cation is plotted as a function of [Cl'] for both
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the LE-LC and LC phases (Figure 3.12). For the coexistence phase a shift to lower
wavenumbers relative to water is observed for Na”, K*, and Mg®", indicating that the
phosphate headgroup is more hydrated in the presence of these particular cations. In the
LC phase, however, neither Na" nor K influence the peak position of this mode. This is

1.,'% "2 which found that

also consistent with studies by Binder et al. and Maltseva et a
monovalent ions did not alter the peak position of this mode in the condensed phase. The
difference in behavior between the LE-LC and LC phase observed here suggests that at
low lipid coverage monovalent cations have little or no interaction with the phosphate
moiety, instead likely interacting with the carbonyl group. As the monolayer is
compressed ions are forced away from the carbonyls, where they weakly interact with the
phosphate group.

It is apparent from Figure 3.12 that the interaction of Mg*" and Ca®" ions with the
phosphate moiety is very different. As previously noted, in the LE-LC phase Mg”"
increases hydration of the phosphate group relative to water. The largest decrease in peak
frequency occurs for 0.6 M CI. After this point the peak frequency increases until it
recovers at 4.0 M CI the same value as DPPC monolayers on water. Mg>" ions are
known to retain their first and second solvation shells at low concentrations, but as
[Mg”"] increases there are an insufficient number of water molecules to complete the
second solvation shell.'"® This could account for the increased headgroup hydration at
low concentrations followed by dehydration with increasing concentration. In the LC
phase Mg”" causes dehydration of the headgroup with increasing concentration,

. . . . 109,112
consistent with previous studies.'*”
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Ca”", unlike Mg*", induces dehydration of the phosphate group in both the LE-LC
and LC phases. Dehydration is much more apparent in the LC phase (Figure 3.12), as the
increase in peak position to higher wavenumbers is larger for 0.6 and 2.0 M CI  in this
phase compared to LE-LC phase. Interestingly, a large shift from 1232 to 1242 cm™ is
observed from 2.0 to 4.0 M CI in the LE-LC phase. Studies by Casillas-Ituarte et al.
reported a 9 cm’™ shift of the (v(PO,) mode in the presence of Ca*” when comparing
silica-supported (dehydrated) monolayers and monolayers on aqueous solutions.” A
significant shift (11 cm™) of the (v,(PO>) mode was also observed here, as can be seen in
Figure 3.13. These spectra show the phosphate region of DPPC in the LE-LC phase on
CaCl, solutions at various salt concentrations. It is notable for the 2.0 M solution that, in
addition to shifts in the PO,” modes, the asymmetric mode narrows significantly while the
symmetric mode broadens. These features were similarly observed in the LC phase,
indicating that dehydration is independent of lipid packing density. This finding suggests
that the phosphate moiety is substantially dehydrated in the presence of 2.0 M CaCl,, and
that there may be a change in the orientation of the PC headgroup as the transition
moment strength of the phosphate modes has changed. Femtosecond IR pump-probe
experiments suggest that solvent-separated ion pairs with long lifetimes (> 200 ps) form

between Ca" ions and phospholipid headgroups.'*

The formation of strong ion pairs at
high concentrations could contribute to the changes observed for the (v;(PO,") mode.
Recent surface potential measurements of DPPC monolayers on CaCl, solutions have
indicated that there is a reorientation of the headgroup in the high concentration regime,®’

but more sensitive measurements are needed to accurately determine if this is the case.
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3.4 Conclusions

The goal of this study was to determine how the concentration of monovalent and
divalent cations, especially in a highly concentrated regime, impacts the interfacial
organization and structure of a DPPC monolayer, and to understand the mechanism of
such. To the best of the authors’ knowledge, this is the first time that lipid monolayers on
such highly concentrated solutions have been studied. Surface pressure-area isotherms
show that Na”, K', and Mg*" cause a monolayer expansion that increases with salt
concentration, consistent with previous literature.**”® The phase behavior of Ca*’
contradicts previous reports,””*** demonstrating that purification of salt solutions is
necessary as impurities cause contradictory results even for stated salt purities greater
than 99%. Imaging of the surface morphology reveals that increasing salt concentration
leads to disruption of lipid packing, resulting in a monolayer that resembles an expanded
state. IRRAS measurements, however, find that cations, with the exception of Mg”’,
cause the alkyl chains to be more ordered on highly concentrated salts. Further analysis
of BAM images indicates that the monolayer refractive index decreases with increasing
salt concentration, suggesting that orientation of the alkyl chains changes as cations
become enriched in the interfacial region. Probing of the headgroup-cation interactions
with IRRAS revealed that monovalent cations had weak interactions with the phosphate

19112 The interaction of Mg*" with the headgroup

group, consistent with literature.
depended upon cation concentration and lipid packing density. Dehydration of the

phosphate group occurred in the presence of Ca’’, in agreement with previous

studies,””'*”!'? but substantial dehydration of the headgroup was observed for the first
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time in an aqueous environment when the lipid/aqueous interface was saturated with Ca*"
ions.
These results have implications for organic-coated aerosols, as several of the ions

232632 especially Mg®".’

studied here have been found to be enriched in these aerosols,
Since the refractive index of a lipid monolayer is dependent on the concentration of ions
in solution, results found here have the potential to aid climate modelers,'"” as it is likely
that the refractive index of organic-coated aerosols will change as the particle experiences
loss or uptake of water from the environment. Furthermore, the ion concentration impacts
the surface morphology (i.e., packing density) of lipid films, which will influence the rate
of water exchange with the atmosphere, resulting in alterations to the size, reactivity, and
ability of aerosol particles to scatter light and act as a cloud condensation nuclei.'* In

general, results found here indicate that properties of organic-coated aerosols will depend

on the concentration of ions present.
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Figure 3.1. I1-4 isotherms of DPPC monolayer on (a) NaCl (b) KCl (¢) MgCl, and (d)
CaCl, solutions with varying salt concentrations. The collapse phase is not shown. NaCl
and KCI salts expand the DPPC monolayers, while MgCl, condenses or expands the
monolayer depending upon the phase and concentration. CaCl, condenses the monolayer.
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0.6 M NaCl 0.6 M KCI

2.0 M NaCl 2.0 M KClI

Figure 3.4. BAM images of DPPC monolayers in the LE-LC phase on water, NaCl, and
KCI solutions. All images were taken at 70 A*/molecule. Note the increased number
density of DPPC LC domains and the presence of a population of smaller LC domains

with the 2 M solutions. The scale bar 1s 50 um.

50



0.3M

CaCl,

Figure 3.5. BAM images of DPPC monolayers in the LE-LC phase on CaCl, and MgCl,
solutions with increasing concentration. All images were taken at 70 A%/molecule. Note
the increasing diffuseness of the domain structure as divalent salt concentrations are
increased, and the variation of DPPC domain morphology, e.g., for 1 M CaCl, vs. MgCl,
solutions. The scale bar is 50 um.

2.0M

Figure 3.6. BAM images of DPPC monolayers in the LC phase (IT = 45 mN/m) on
MgCl; solutions for different salt concentrations. The intensity of light reflected from the
monolayer decreases with increasing MgCl, concentration. The scale bar is 50 um.
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Figure 3.7. Monolayer refractive index (ny,,) of DPPC on solutions of NaCl, KCI, MgCl,,
and CaCl;, as a function of [Cl']. The horizontal dashed line indicates the monolayer
refractive index of DPPC on water. Refractive index decreases with increasing salt
concentration.
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Figure 3.8. IRRAS spectra of DPPC monolayers in the LE-LC and LC phases on (a)
water, (b) 2.0 M NacCl, and (c¢) 2.0 M CaCl, solutions. Vertical lines indicate the peak
positions of CH vibrational modes of DPPC on water in the LE-LC phase. Shifts to lower
wavenumbers relative to water indicate that DPPC alkyl chains are more ordered on NaCl
and CaCl; solutions.
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Figure 3.9. Peak position of the v,(CH,) vibrational mode of DPPC on NaCl, KClI,
MgCl,, and CaCl, solutions as function of [CI'] in the (a) LE-LC phase (5-11 mN/m for
various solutions) and (b) LC phase (40 mN/m). Wavenumber shifts of this mode
correlates with the relative ordering of the alkyl chain.
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Figure 3.10. IRRAS spectra in the CH region of DPPC monolayers in the LE-LC phase
(70 A*/molecule) on MgCl, solutions. A decrease in peak intensity is observed for all
major CH modes with increasing MgCl, concentration.
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Figure 3.11. IRRAS spectra of the phosphate region of DPPC monolayers in the LE-LC
and LC phases on a 2.0 M KCl solution.
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Figure 3.12. Peak position of the v,(POy") vibrational mode of DPPC monolayers on
NaCl, KCI, MgCl,, and CaCl; solutions as a function of [CI] for the LE-LC phase (open
symbols) and LC phase (filled symbols). Wavenumber shifts of this mode relates to the
hydration of the phosphate group.
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Figure 3.13. IRRAS spectra in the phosphate region of DPPC in the LE-LC phase on
water and CaCl, solutions.
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Table 3.1. Measured Brewster angle (0z.meas) and calculated refractive index of water and
aqueous salt solutions. Literature values of refractive indices obtained at 589 nm (Na D-
line) is also given as comparison.

78

Solution Concentration OB meas N cale Ns,D

M) )

H,O 53.1 1.33 1.3330

NaCl 0.6 53.1 1.33 1.3383
2.0 53.6 1.36 1.3541

KCl 0.6 53.3 1.34 1.3384
2.0 53.6 1.36 1.3521

MgCl, 0.3 53.2 1.34 1.3406
1.0 534 1.35 1.3560
2.0 54.1 1.38 1.3749

CaCl, 0.3 53.1 1.33 1.3402
1.0 534 1.35 1.3575
2.0 53.9 1.37 1.3784

Table 3.2. Number density and average domain size of DPPC domains in the LE-LC
phase as determined from BAM images of DPPC on various salt solutions. Images were
only analyzed for 0.6 M CI solution, as distinct domains are not visually discernable at
higher concentrations.

Subphase Number density Average domain size
(domain x 107 (um)
/100 um?)
H,O 81.0 314+2.6
0.6 M NaCl 97.0 28.6 +4.3
0.6 M KCl 130 23.8+3.6
0.3 M MgCl, 227 19.2+2.0
0.3 M CaCl, 411 13.7+4.6
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Table 3.3. Calculated monolayer refractive index (n,,) of DPPC on aqueous salt solutions
at IT =45 mN/m.

Solution Concentration N
M)

H,O 1.490

NaCl 0.6 1.488
2.0 1.478

KCl 0.6 1.496
2.0 1.478

MgCl, 0.3 1.495
1.0 1.486
2.0 1.457

CaCl, 0.3 1.485
1.0 1.467
2.0 1.457
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Chapter 4: Surface Organization of a DPPC Monolayer on Concentrated SrCl, and

7ZnCl, Solutions

Reproduced in part with permission from Adams, E.M.; Verreault, D.; Jayarathne, T.;
Cocharn, R.E.; Stone, E.A.; Allen, H.C. “Surface Organization of a DPPC Monolayer on
Concentrated SrCl, and ZnCl, Solutions” Phys. Chem. Chem. Phys., 2016, 18, 32345-

32357. Copyright PCCP Owner Societies.

4.1. Introduction.

The oceans cover 71% of the Earth’s surface and constitute a major source of
naturally produced aerosols.”* Sea spray acrosols (SSA) result from wind shearing of
breaking waves, in which material at the ocean surface is ejected into the atmosphere.®
While it is expected that chemical speciation of SSA would be representative of bulk
seawater, many studies have shown that selective material transfer from the ocean to
aerosols occurs,''**° resulting in enrichment or depletion of certain species in aerosol
particles."”""® Enrichment or transfer of organic species has been extensively

17,18,24,11 . : . : . LI 21,7,23,2 :
d,! 182419 especially during periods of biological activity.”®*""***° During a

investigate
phytoplankton bloom conducted in the laboratory, SSA generated from seawater has

shown changes in the relative fractions of organic species and alkali and alkaline earth

metals as a function of particle size.”>** Although less studied in recent years, enrichment
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(or depletion) of alkali and alkaline earth metals as well as transition metals relative to
sodium has been observed for SSA and the sea surface microlayer (SSML), the
chemically distinct thin layer (first 500 pm) at the ocean-air interface, compared to bulk
seawater. 212134122123 Interestingly, transition metals were found to be more enriched

than alkali or alkaline earth metals, with enrichment factors in the range of 10-10°.>*"

35122 1t is believed that transition metals bind strongly with organic molecules, which
facilitates their transfer to aerosols.”” Recent studies of phytoplankton mesocosms
support this notion, as aerosols classified as biological (Bio) or sea salt with organic
carbon (SS-OC) were found to also contain Ag, Fe, and Cr.** Further analysis of all Ag-
containing particles revealed that less than one percent of these aerosols were classified
as sea salt (SS), meaning they lack signatures from organics. This suggests that transition
metals are bound or strongly interact with the organic fraction in SSA.
Organic-containing aerosols are typically thought of as inverted micelles, in which
an aqueous salt core is surrounded by a thin surfactant-like film.*® Physical and optical
properties of these particles, including but not limited to albedo,'? hygroscopicity,” and
reactivity,'’ are therefore dependent upon the interfacial properties of the organic film.

827 morphology,®

The presence of ions has been shown to impact the packing density,
orientation,”” and surface potential of lipid films.®” Transition metals typically have a
more pronounced influence on lipid films due to their ability to covalently bond instead
of ionically interacting with the polar headgroup region.''? Interactions of transitions

metals with lipids are ion-specific in nature, however, several studies have demonstrated

that heavy metals of the same charge impact interfacial properties to different extents.'**
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127 Yet, few studies have investigated how concentration of the transition metals impact
surfactant films.*® In the context of a marine aerosol the ion concentration becomes an
important parameter since the relative concentration of ions will change as the aerosol
loses or adsorbs water in the atmosphere. This will ultimately influence the organization
and structure of surfactants at the interface, which in turn affects physical and optical
properties of the aerosol itself.

One goal of this study is to determine how the concentration of a transition metal
influences the interfacial properties of a lipid film. Dipalmitoylphosphatidylcholine
(DPPC) was chosen as the lipid of interest in this study as it is abundant in the SSML'"
and phosphate groups (PO;™ and PO;") were identified as a signature in SSA particles
containing transition metals.”> Although zinc (Zn*") is known to be a trace element (on
average 6 nM)’' in bulk seawater, it has been determined to be highly enriched in

3334 and was therefore chosen as the model transition metal ion here. It’s

aerosols,
influence on the phase behavior of DPPC is compared to that of strontium (Sr*"), an
alkaline earth metal one thousand times more abundant in seawater which has little or no
enrichment in aerosols.>>'*” Concentrations used here varied from 0.3-2.0 M. While these
concentrations exceed those in oceanic conditions they are meant to represent an aqueous
phase aerosol in varying stages of hydration in which ions are enriched. Surface pressure-
area isotherms and Brewster angle microscopy (BAM) were conducted to investigate the
phase behavior and corresponding surface morphology of DPPC on aqueous salt

solutions. Alkyl chain ordering and phosphate headgroup-ion interactions were probed

with infrared reflection-absorption spectroscopy (IRRAS) and vibrational sum frequency

63



generation (VSFG) spectroscopy. Results reported here indicate that Zn>" strongly
interacts with DPPC molecules and subsequently alter monolayer properties in a
concentration-dependent manner. Interaction between DPPC and Sr*' is significantly
weaker than Zn®", but Sr’" also induces changes to the interfacial properties of the DPPC

film.
4.2. Experimental.

4.2.1. Materials.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (> 99%, Avanti Polar Lipids,
United States) was used as received. A 1 mM DPPC solution was prepared by dissolution
in chloroform (Fisher Scientific, United States). Strontium chloride (SrCl,-6H,0) (>
99%, ACS certified, MP Biomedicals, United States) and zinc chloride (ZnCl,) (> 98%,
Acros Organics, United States) were dissolved in ultrapure water with a resistivity 18.2
MQ-cm (Barnstead Nanopure Filtration System, model D4741, Barnstead/Thermolyne
Corporation, United States) and a measured pH of 5.6. Stock salt solutions were purified
of trace organic impurities by previously described methods.”” Vibrational sum frequency
spectra were collected in the CH region (2800-3000 cm™) to verify the lack of organic
impurities in the stock solutions. Mohr titration was used to establish concentration of the
stock solutions after purification.”® Solutions of desired concentrations were then
prepared by dilution of the stock solutions. For ZnCl, solutions a few drops of HCI (trace
metal grade, Fisher Scientific) was added to prevent formation of Zn(OH), species,

resulting in a final pH of 4.8. A minimum period of 12 h was allowed for solutions to
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equilibrate to room temperature before experiments were performed. All experiments

were conducted at ambient temperature (298 + 1 K) and pressure.
4.2.2 Methods.

Surface pressure—area isotherms

Surface pressure—area (I1-4) isotherms were measured on a Teflon Langmuir trough
(KSV Minitrough, KSV NIMA, Finland) with an area of 144 cm” Prior to each
experiment the trough and barriers were thoroughly rinsed with ethanol and ultrapure
water several times. The trough was then filled with the desired aqueous solution. The
presence of impurities in the subphase was monitored by compressing the barriers to
ensure that no significant rise in surface pressure (> 0.2 mN/m) was observed. DPPC
monolayers were prepared by dropwise spreading of an appropriate volume of the lipid
solution with a microsyringe (Hamilton, United States). Ten minutes were allowed for
chloroform evaporation. Monolayers were symmetrically compressed at a constant rate of
5 mm/min/barrier until a surface pressure of 55 mN/m was reached. All isotherms were
repeated at least three times to ensure reproducibility. Measured mean molecular areas
(MMA) and surface pressures had experimental errors of £ 1 A*molecule and + 0.5

mN/m, respectively.

Brewster angle microscopy
Imaging of the DPPC monolayers was done simultaneously with I1-4 isotherms on a
custom-built BAM setup that has been previously described.”® The BAM setup was

detailed in Chapter 2. The incident angle was adjusted to the Brewster angle for each
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aqueous solution (Table 4.1) to obtain a background with a gray level < 30. Images were
collected during monolayer compression at a rate of 4.85 s per frame to create a movie.
Still frames were then extracted at appropriate mean molecular areas or surface pressures.
Final images have been cropped from the original 800 x 800 pum” size to show the most
resolved region of the image, which may differ from image to image. Scale bars are

accurate for each individual image.

Infrared reflection-absorption spectroscopy

Spectra were collected with an FTIR spectrometer (Spectrum 100, Perkin Elmer,
United States) equipped with an HgCdTe (MCT) detector. The Langmuir KSV
Minitrough was placed in the FTIR chamber on a breadboard, where two planar gold
mirrors were mounted to direct light to and collect light from the sample surface. The
first gold mirror was placed such that the IR beam was most focused at the sample
surface and had an incident angle of 46°. All measurements were obtained in single beam
mode, with a single beam spectrum on the respective bare solution used as the
background. Reflectance-absorbance was determined from RA = -log(R,/Ry), where Ry
and R, are the reflectances of the bare and monolayer-covered solutions, respectively.
Spectra were collected over the range 450-4000 cm™ and averaged for 300 scans at a
resolution of 4 cm™. Baseline correction of spectra was done in OriginPro 9.0
(OriginLab, United States), where a third-order polynomial was fitted in the region of

interest. All spectra shown here are averaged from at least two baseline-corrected spectra.
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Vibrational sum frequency generation spectroscopy

Measurement of VSFG spectra was done with a visible (VIS)-infrared (IR) broad
bandwidth SFG spectrometer system. The BBSFG-1 system was detailed in Chapter 2. A
co-propagating geometry was used in this setup, where the VIS and IR beams had
incident angles of 53° and 68° from surface normal, respectively. Energy of the VIS and
IR pulses in the CH stretching region was 70 and 14 pJ, respectively. The SFG beam in
the reflection direction was recollimated and focused to the slit of the spectrometer
(Spectra Pro-5001, Princeton Instruments, United States) and detected by a LN,-cooled
CCD (Spec-10:400B, 1340x400 pixels, Princeton Instruments). The full CCD chip was
used to collect the SFG signal but a cosmic correct function was selected in the
spectrometer software (SpectraSense 5.0) to remove cosmic radiation spikes. Spectra
were collected for 2 min in ssp (s-SFG, s-VIS, p-IR) and ppp polarization combinations.
Final spectra shown here were background-subtracted and normalized to the non-resonant
SFG profile of a GaAs(110) crystal (Lambda Research Optics, United States). Intensities
are directly comparable between spectra. Peak positions in the VSFG spectra were
calibrated by comparison of the non-resonant absorption spectrum from a polystyrene

film to those collected with an FTIR spectrometer.

VSFG orientational analysis

Orientation of the molecular group correlates to the nonlinear susceptibility elements
given in Eq. (2.18)-(2.21) and depends on the point group symmetry and whether the
stretching feature is asymmetric or symmetric in nature. For the methyl groups (-CHs)

which have C;, symmetry, if one assumes a rotationally isotropic surface, the symmetric
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stretch in ssp and the asymmetric stretch in ppp polarizations were used here for

orientation analysis. The corresponding )((2) elements can be expressed as

Xj(ziz)z,ss = % Nsﬁccc[(l + R){cos Ocy,) — (1 — R){(cos® BCH3)] 4.1)
X as = X as = —NsBaca({cos Ocu,) — (cos® b)) (4.2)
Xoyas = Xomvas = Xovas = Xopyas = NsBaca(cos® Ocu) (4.3)
X a5 = 2NgBaca({cos Ocy,) — (cos® Bcy,)) (4.4)

where R is the hyperpolarizability ratio defined as R = fuuc/Bece, and Oy, 1s the average
tilt angle of the methyl group from the surface normal. A variety of values for R have
been reported in literature with most near R = 2.% Here it was assumed that R = 2.3 and
Paca/ Paac = 4.2 5364 Assuming the orientation distribution is a oJ-function, GCH3 can be

determined from the ratio X(z)p,,p,as/ X(z)ss,,,ss.
4.3. Results and Discussion

4.3.1. Impact of Sr** and Zn**ions on DPPC phase behavior

[1-A4 isotherms of DPPC on SrCl; solutions are shown in Figure 4.1a. An isotherm of
DPPC on water is also given for reference. In the case of water, four DPPC phases are
observed with decreasing MMA: gas (G, > 96 A%*/molecule); liquid-expanded (LE, 75-96
A?/molecule); LE-liquid-condensed (LC) coexistence region (LE-LC, 55-75
A?/molecule); and LC (< 55 A%molecule). DPPC exhibits similar phase behavior on
SrCl, solutions as on water, regardless of Sr*" concentration, as all respective phases are
observed. It can be seen, however, that the monolayer is slightly expanded in the LE and

LE-LC phases relative to water. At low surface pressures (< 10 mN/m), the increase in
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MMA is concentration-dependent, as the change in area (AA) relative to water increases
with increasing Sr** concentration (Figure 4.1b). As the monolayer is compressed to
higher surface pressures (> 20 mN/m), the monolayer recovers MMAs similar to that of
DPPC on water, indicating that St ions are squeezed out of the monolayer. Results
presented  here are  consistent with  studies of negatively charged
dimyristoylphosphatidylglycerol (DMPG) monolayers on SrCl, aqueous solutions, where
an expansion of the monolayer occurred in the LE phase, but no change relative to water
was observed in the LC phase.'*®

Squeezing out of Sr** ions occurs at all concentrations investigated, which indicates
that Sr*" ions weakly interact with DPPC molecules. The area increases in the LC phase
(40 mN/m) are less than 1 A*/molecule, i.e., within the error of measurements. Similar
behavior was observed for monovalent ions (Na~ and K'), where an expansion of 2
A’/molecule was observed for 2.0 M solutions in the LC phase.®® The negligible
expansion observed for Sr*” suggests that it does not significantly interact with DPPC,
and that its binding interaction is similar to that of monovalent ions.

The phase behavior of DPPC on ZnCl; solutions (Figure 4.2a) is very different from
that on SrCl,. These differences are not due to the lower pH of ZnCl, solutions (4.8 vs.
5.6), as previous studies have demonstrated that the phase behavior of DPPC is not
impacted by changes in pH in this range."” On 0.3 M ZnCl, an increase in surface
pressure is not observed until 56 A*/molecule. This can be attributed to a transition from
a G-LC coexistence region (as evidenced below by BAM) to an LC phase. The

monolayer remains in the LC phase until compression is stopped, where molecules
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occupy a smaller MMA relative to water. The area decrease (Figure 4.2b) observed at all
surface pressures indicates that Zn’" has a condensing effect on the DPPC monolayer.
Dimyristoylphosphatidylcholine (DMPC), a shorter chain analog of DPPC, displays
similar phase behavior on ZnCl, solutions at ambient temperature; a significant (~20
A%/molecule) decrease in the MMA at the transition to the LC phase relative to water was
observed.”® The condensing effect appears to have some concentration dependency, as
larger area decreases are observed for 1.0 M ZnCl, relative to 0.3 and 2.0 M. It should
also be noted that for the 1.0 M solution there is a phase transition just below 10 mN/m,
indicated by the change in slope of the isotherm at this point. This is likely due to a
change in the orientation of the alkyl chains. Similarly, a phase transition is observed on
2.0 M ZnCl,, but does not occur until 30 mN/m. The phase behavior of DPPC on the 2.0
M solution appears to be unique compared to the other concentrations. While condensed
relative to water, the G-LC to LC phase transition occurs at a higher MMA (68
A%/molecule) than the other ZnCl, solutions. Between 10-30 mN/m the monolayer is
expanded compared to water, but occupies a smaller MMA at surface pressures higher
than 30 mN/m. The expansion of the monolayer on 2.0 M ZnCl, relative to other
concentrations may be due to the positively charged choline group, which causes
increased electrostatic repulsions between lipid molecules in the interfacial region.'*®
[1-4 isotherms indicate that the phase behavior of DPPC is different in the presence
of Sr*" vs. Zn®", which suggests that the rigidity of the monolayer also differs. The
isothermal compressibility modulus (C;" = -An(611/04n)7, where Ay is the molecular area

at the corresponding IT), is a measure of a monolayer’s rigidity; a higher value of C,
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corresponds to a more rigid monolayer. The compressibility modulus of DPPC on SrCl,
and ZnCl, (Figure 4.3) were obtained from the slopes of isotherms shown in Figures 4.1a
and 4.2a. The compressibility modulus of DPPC on water is shown for reference. In the
case of SrCl; solutions, the monolayer has similar compressibility as on water, where an
increase to ~25 mN/m is observed at low surface pressures followed by a drop back to 0
mN/m at IT =10 mN/m, signifying the point at which the LE-LC coexistence phase
occurs. Upon compression to higher surface pressures, the monolayer has a maximum
compressibility modulus near IT = 40 mN/m, where after this point the compressibility
modulus decreases as the monolayer approaches collapse. The maximum C;' values
observed for 0.3 and 1.0 M SrCl, solutions are ~50 mN/m less than that of water,
indicating that the monolayer has become more fluid. For 2.0 M though, the maximum
value is similar to water, but the surface pressure at which this occurs has shifted to a
higher value (I = 55 mN/m). This suggests that the stability of the DPPC monolayer is
increased in the presence of 2.0 M SrCl, relative to water.

The compressibility modulus of DPPC on ZnCl, solutions is different than that on
SrCl, solutions. For 0.3 M and 1.0 M ZnCl, solutions the compressibility modulus
increases with increasing surface pressure until a maximum is reached near II = 55
mN/m. In the case of 2.0 M ZnCl,, the compressibility modulus plateaus at 75 mN/m in
the range IT = 10-30 mN/m, and then increases until compression was stopped. The lack
of a compressibility maximum suggests that the stability of the monolayer is greatly
enhanced at this concentration. In general, Zn®" ions increase the stability of the DPPC

monolayer, as the surface pressure at which the maximum compressibility occurred
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increased. However, the rigidity of the monolayer is not significantly impacted (except in

the case of 2.0 M) as the same maximum values were reached.

4.3.2. Ion Effects on DPPC domains morphology

Figure 4.4 shows BAM images of DPPC on SrCl, solutions in the LE-LC
coexistence region and LC phase. In all images shown, dark blue is representative of
water-rich or lipid-poor regions while bright blue indicate lipid-rich regions. For the 0.3
M solution, round LC domains form in the LE-LC phase. Domains are on average 15 um
in size, which is approximately half the size observed for DPPC on water.'® A decrease
in domain size has also been observed in the presence of other alkaline earth cations.®®**
It is likely that the decreased size stems from increased van der Waals interactions
between the alkyl chains. Round domain shapes, compared to multi-lobed shapes

104,1
observed on water, 04,105

indicate that line tension (van der Waals forces) is the dominant
interaction between lipid molecules in the LC domains.'”™ At higher Sr** ion
concentrations LC domains are not observed in the LE-LC phase. An inhomogeneous
film with decreased reflectance forms in the case of 1.0 M, while a dark image consistent
with a G or LE phase is observed for 2.0 M SrCl,. Similarly, the reflectance from the
monolayer decreases with increasing Sr*" concentration in LC phase.

BAM images of DPPC on ZnCl, solutions, shown in Figure 4.5, reveal that
condensed lipid sheets exist at 0 mN/m for all Zn®" concentrations investigated. It should
be noted that lipid domain sheets were observed immediately after spreading, prior to any

compression of the DPPC monolayer, and indicate that a coexistence of the G and LC

phases occurs. The presence of lipid domains at a surface pressure of 0 mN/m indicates
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that Zn®" ions strongly interact with the PC headgroup, likely through the formation of
covalent bonds to the phosphate moiety.'''** At higher surface pressures condensed film
morphology persists for all ZnCl, concentrations, as can be seen in the LC phase at 45
mN/m. A decrease in intensity of the reflected light with increasing concentration is also
observed for Zn*, but the effect is less pronounced than that of SrCl, solutions.
Assuming the monolayer refractive index (n,, = 1.49) does not significantly change
in the presence of the divalent cations, the relative monolayer thickness (d) can be

determined from the relationship:™

o MR i (ng —nd) (4.5)
nsin (205 — 90) Jnz +nZ(nZ —n2)(nz —ng) |

where 4 is the laser wavelength, R, is the p-polarized reflectance, n, and n, are the

refractive indices of air and of the solution, respectively, and 05 is the Brewster angle
(Table 4.1). DPPC is known to have a thickness of 1.6 nm in the LC phase on water,"*"'**
which corresponds to the thickness of the alkyl chains."*® Results shown in Figure 4.6a
indicate that the monolayer thickness is not significantly impacted by Sr*" ions. This is
consistent with TI-4 isotherms, which showed that Sr*" ions were squeezed out of the
monolayer at high surface pressures. Zn>" ions, however, increase the relative thickness
(Figure 4.6b) of the DPPC film. For 0.3 M ZnCl, the monolayer thickness at 0 mN/m is
comparable to the LC phase on water. With increasing surface pressure, the thickness
increases to a maximum value of 2.4 nm. The thickness of the DPPC monolayer is

. 2+ . . .
dependent on the concentration of Zn”" ions in solution, as the monolayer becomes

thicker with higher concentrations of Zn>". If it is assumed that the alkyl chain has a
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completely trans configuration, the length of the chain should be 1.9 nm."”*""** As the
thickness measured in the LC phase for all ZnCl, solutions is greater than that of a
completely trans alkyl chain oriented perpendicular to the surface plane, it is possible that
a portion of the hydrophilic moieties, likely the carbonyl group, has become dehydrated
and thus contributes to the observed thickness. Dehydration of the monolayer may be
indicative to direct binding of Zn*" to DPPC molecules, which removes solvating water

molecules.

4.3.3. Ion Effects on DPPC Alkyl Chain Packing, Conformation and Orientation

The 2-D lattice packing structure and conformation (frans vs. gauche) of the DPPC
alkyl chains can be determined from IRRAS spectra. Figure 4.7 shows IRRAS spectra of
the CH, scissoring (&(CH,)) mode at 1469 cm™ in the LC phase (40 mN/m) in the
presence of Sr*” and Zn®" ions. One peak is observed at all concentrations for both ions,
indicative of a hexagonal or triclinic lattice structure.”’ This suggests that Sr*” and Zn*"
ions do not alter the 2-D lattice structure of the monolayer relative to a pure water
subphase.

IRRAS spectra of DPPC on 0.3 M salt solutions in the LE-LC phase (G-LC phase
for Zn*") are shown in Figure 4.8a for the CH stretching region (2800-3000 cm™). Four
peaks are observed, arising from methylene (CH;) and methyl (CH3) vibrational modes,
namely the CH; asymmetric (v,(CHs)), CH, asymmetric (v,(CH;)), CHj; symmetric
(vs(CH3)), and CH, symmetric (vs(CH_)) stretching modes at 2963, 2922, 2883, and 2850
cm’™, respectively. The peak positions of the CH, vibrational modes are sensitive to the

conformation of the alkyl chains, with gauche defects causing the peaks to occur at
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higher wavenumbers, while trans bonds appear at lower wavenumbers. As can be seen in
Figure 4.8a, the peak positions of the CH; bands are shifted to lower wavenumbers for
the Zn>" solution, while Sr*" has a negligible change in the peak position compared to
water. This trend was similarly observed for all concentrations investigated, shown in
Figure 4.8b, where the peak position of the v,4(CH;) vibrational mode is plotted as a
function of ion concentration. At low surface pressures (open symbols, Zn*": 0 mN/m,
Sr*": 6-9 mN/m), Zn*" has a significant shift (~3 cm™) to lower wavenumbers. Sr*",
however, has negligible shifts (< 1 cm™), except in the case of the 0.3 M solution. In the
condensed phase (solid symbols, 40 mN/m), peak shifts relative to DPPC on water are
small (< 1 em™), which indicates that ordering of the chain is not significantly different in
the presence of these ions. These results indicate that Zn®" ions cause the alkyl chain to
increase conformational order (frans bonds) at low surface pressures, and that this
ordering is not significantly impacted by increasing surface pressure. FTIR studies of
unsaturated palmitoyloleylphosphatidylcholine (POPC) vesicles had similar results, in
which alkyl chains did not undergo the phase transition from the more ordered gel state to
the disordered liquid-crystalline state, but remained in the gel state upon binding to Zn**

. 1 1 2+
ions.'%13% gr

, however, induces conformational disorder (gauche defects) in the chain
at low surface pressures for the 0.3 M solution, evidenced by the appearance of the
v(CHs) mode. For higher surface pressures, Sr*" had no effect on peak position,

indicating that it does not interact with the lipid, consistent with I1-4 isotherms that

showed Sr*" was squeezed out of the monolayer at these pressures. In contrast, Zn>"
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causes shifts to lower wavenumbers, which suggests that it increases conformational
order in the LC phase as well.

Figure 4.9 shows VSFG spectra in ssp and ppp polarizations of the CH stretching
regions for DPPC monolayers on 2.0 M SrCl, and ZnCl, solutions. In ssp polarization
four peaks are observed corresponding to the vi(CH,) at 2846 cm™, v4(CH;) at 2872 cm™,
Vas(CHa) at 2914 cm™, and a Fermi resonance of the CH; group (vir(CHs)) at 2935 cm’™.
Although weaker, the v(CH;), vs(CHs), and v,(CH;) modes are also observed in ppp
polarization, along with the v,(CHs) mode at 2955 cm™. At low surface pressures (9
mN/m for Sr*" and 0 mN/m for Zn*") in the ssp spectra, the v,(CH,) mode is more intense
than the v;(CHj3). In the LC phase (40 mN/m) the v,(CH3) peak becomes significantly
more intense. Based on the electric dipole approximation, SFG does not occur when the
environment is centrosymmetric. A nearly frans alkyl chain possesses centrosymmetric
CH; groups, which should give rise to a weak SFG signal. Relative ordering of the alkyl
chain can therefore be determined from the intensity ratio /(v;(CH3))//(vs(CH;)), with a
higher value corresponding to an alkyl chain with more frans bonds. Intensity ratios for
DPPC on SrCl, and ZnCl, solutions are presented in Table 4.2. It can be seen that at low
surface pressures, the ratio value is small, consistent with an alkyl chain having
considerable gauche defects. For Zn>", a ratio could only be determined for the 2.0 M
solution, as the 0.3 and 1.0 M solutions had no SFG response in the CH region. The ratio
is comparable in magnitude to water and SrCl, solutions, which would suggest the alkyl
chains have some gauche defects at 0 mN/m. This result contradicts IRRAS data

discussed earlier that showed Zn”" ions significantly increase the alkyl chain ordering at 0
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mN/m. Observed differences may be due to the high intensity of the SFG input beams or
the sampling spot size; in IRRAS measurements the diameter of the focused beam is 10
mm, while in SFG measurements the beam spot size is ~100 pm (assuming a purely
Gaussian beam)."* Intensity ratios in the LC phase are similar between the Sr*” and Zn*"
solutions, indicating ordering of the alkyl chains is not significantly different at high
surface pressures for the two ions, which is consistent with IRRAS measurements done
here.

Orientation of the terminal methyl groups (fcps) relative to surface normal can be
determined from SFG measurements based on the relationship
\/Ippp(vas(CH3))/ISSp(vS(CH3)) = Xppp/Xssp- Furthermore, because the DPPC alkyl chain has a
nearly trans conformation in the LC phase, the chain tilt angle (6;) can be determined
from the relation 6; = 41.5° - QCH3.73 Calculated values of fcyz and 6, are provided in
Table 4.2. The tilt chain angle for DPPC on water was found to be 22.7°, consistent with
previous studies.”>**!** The average alkyl chain tilt angle did not vary significantly (<
2°) with either St*" or Zn®" ions, revealing that they do not impact DPPC’s alkyl chain
orientation in the condensed phase. These results suggest that the increased monolayer
thickness observed from BAM measurements for ZnCl, solutions does not stem from
changes in the alkyl chain ordering or orientation, but rather comes from dehydration of
the carbonyl or phosphatidylcholine moieties as a consequence of direct binding of Zn**

with DPPC molecules.
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4.3.4. Interaction of Sr’** and Zn®" ions with carbonyl groups

IRRAS spectra of the carbonyl stretching mode (v(C=0)) in the presence of Sr** and
Zn”" ions (LC phase, 40 mN/m) are shown in Figure 4.10. The negative feature at ~1735
cm” corresponds to w(C=0), while the positive feature below 1700 cm™ arises from
anomalous dispersion of water. In the presence of Sr*" the peak remains at 1735 cm™, but
a~5 cm” shift to higher wavenumbers is observed for Zn*". The shift reflects dehydration
of the carbonyl groups'*® and is consistent with previous studies that found that transition
metals like Cu®” and Zn*" induced dehydration of phospholipid carbonyl groups.'®'*
The shift observed here is independent of the Zn®" concentration, which indicates that the
solvation shell of the carbonyl group is already removed at the lowest concentration
studied here. Dehydration of the carbonyl groups is likely achieved through direct
interaction with Zn*" ions, in which Zn*" achieves its favored tetrahedral coordination'*
through interaction with both the carbonyl and phosphate groups. As discussed earlier,

dehydration of the carbonyl group likely contributes to the increased monolayer thickness

determined from BAM images.

4.3.5. Binding Interaction of Sr** and Zn’>" to phosphatidylcholine headgroup

Figure 4.11 shows IRRAS spectra of the phosphate region (900-1300 cm™) for
DPPC monolayers on 2.0 M SrCl, and ZnCl; solutions. Several peaks are observed in the
region, with the asymmetric and symmetric PO, stretching(v,(PO,) and v4(PO))
modes occurring at 1230 cm™ and 1088 cm™, respectively. The asymmetric and
symmetric CO-O-C stretching (v,(CO-O-C) and v,(CO-O-C)) modes are observed at

1168 cm” and 1065 cm™, respectively, whereas while the shoulder at 1057 cm
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corresponds the C-O-P-O-C stretching (V(C-O-P-O-C)) mode.''* The peak at 971 cm™ is
attributed to the asymmetric C-N stretch (v4(N-(CHz)3)) of the choline group.'"!

For both the 2.0 M SrCl, and ZnCl, solutions it can be seen that the v,(PO,") mode
shifts to a higher wavenumber going from the LE-LC or G-LC phase to the LC phase,
consistent with the partial removal of the phosphate solvation shell as DPPC molecules
are packed closer together. The peak position of the v,(PO;) mode, shown in Figure
4.11c, can therefore be used to assess the hydration state of the PC headgroup. In the case
of SrCl,, the peak shifts to lower wavenumbers in the LE-LC phase with increasing
concentration, indicative of increased hydration. In the LC phase however, the mode has
a similar value to water, suggesting that the Sr** ions have little or no interaction with the
phosphate moiety, even when ions are highly concentrated. Sr*" has a smaller surface
charge density compared to Ca*" (ionic radii Sr*: 113 pm; Ca*": 100 pm),"’ but MD
simulations have determined that the binding affinity of Sr*" to a DPPC bilayer is similar
to Ca’".”" Results here, however, indicate that St** acts like a monovalent ion, as Na' and

112 . :
88,112 This behavior cannot be

K" displayed similar behavior in other IRRAS studies.
explained by surface charge density, as the surface charge density of Sr*™ is
approximately two times that of Na* (ionic radius 102 pm)."*’

For ZnCl, solutions the peak position of the v,4(PO;") mode significantly shifts (> 10
cm’ relative to water) to lower wavenumbers. There is little difference in the peak
position between the G-LC and LC phases, which points to formation of Zn*-PC

complexes rather than increased hydration of the phosphate group. Furthermore, the peak

continues to redshift with increasing Zn>" concentration; increased hydration when less
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water molecules are available seems unlikely. X-ray reflectivity and FTIR studies have
found dehydration of PC films and vesicles to occur upon binding of Zn*" jons."*%'**
IRRAS spectra of dipalmitoylphosphatidylglycerol (DPPG) have also shown a ~10 cm
red shift in the presence of Zn*" and Cu”" ions,''> which suggests that the d-orbitals of
transition metals play a role in the observed change in peak position.

It should also be noted that the red shift of the v,4(PO,") mode in the presence of Zn*
1s accompanied by a blue shift of the v;(PO,) mode (Figure 4.12). This was similarly
observed in spectroscopic studies by Binder and co-workers.'”"** Studies of carboxylic
acids have shown that the wavenumber difference (Av) between the asymmetric and
symmetric stretching modes of the COO™ group decreases when the cation interacts with
lipids in a bridging or bidentate manner."** As DPPC molecules occupy a smaller MMA
on ZnCl; solutions in the LC phase and dehydration of the carbonyl groups was observed,
it is likely that Zn*" ions form a 2:1 bridging complex, where Zn>" interacts with free
oxygens of the phosphate and the oxygen of the carbonyl group of two neighboring
lipids. The Av between the v,(PO;) and v,(PO;) modes decreases with increasing
concentration (134 cm™ for 0.3 M vs. 120 cm™ for 2.0 M). As AV is smaller for higher
concentrations, this suggests that the interaction of Zn>" with DPPC is stronger when less
water is available. Furthermore, since Av changes with concentration, this indicates that

solvation of this complex influences the strength of the interaction.

4.4. Conclusions
. . . . 2+ . . .
Studies of marine aerosols have indicated that Sr°" ions are not enriched in aerosols

while Zn>" ions are significantly enriched,”*'**** despite both ions having the same
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charge. Investigation into the binding affinity of these ions to the naturally occurring
phospholipid DPPC suggests that enrichment of Sr*" ions does not occur because Sr** has
little or no interaction with the lipid molecules, even when ions are highly concentrated.
Monolayer properties are only impacted by Sr** ions at low lipid coverage. Sr** behaves
similarly to monovalent ions despite having twice the surface charge density. Zn>", on the
other hand, strongly interacts with DPPC, and stabilizes the monolayer by inducing
conformational order at low lipid coverage. BAM images and IRRAS spectra
demonstrate that the DPPC monolayer is more hydrophobic in the presence of Zn”'.
IRRAS spectra also reveal that the binding of Zn*" is concentration-dependent even in
this highly concentrated regime. Such behavior may indicate that changes in the PC
headgroup solvation or orientation occur. Probing of the interfacial water hydrogen-
bonding network near DPPC monolayers on SrCl, and ZnCl, salt solutions by VSFG
spectroscopy as well as MD simulations of the Zn>*-PC complex could give some insight
into the solvation structure and binding mechanism of Zn*" to the DPPC molecule.
Furthermore, experimental systems generating aerosols via bubble bursting using simple
solutions (e.g., DPPC with Zn®" or Sr*) are crucial in evaluating the interplay between
selective lipid-ion binding and enrichment in aerosols. Combining such studies with the
findings in this work and theoretical simulation will help explain the selective enrichment
observed in SSA during phytoplankton blooms. Regardless, results obtained here show
Zn*" strongly interacts with the PC headgroup, which could explain why this ion is

enriched in marine aerosols.
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Figure 4.1. (a) [I-4 isotherms of DPPC monolayers on SrCl, solutions. An isotherm of
DPPC on water is shown for reference. (b) Variation of DPPC mean molecular area
(MMA) on SrCl, solutions relative to water for different surface pressures.
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Figure 4.2. (a) I1-4 isotherms of DPPC monolayers on ZnCl, solutions. An isotherm of
DPPC on water is shown for reference. Arrows indicate phase transitions. (b) Variation
of DPPC MMA on ZnCl, solutions relative to water at different surface pressures.
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Figure 4.3. Compressibility modulus of DPPC on (a) SrCl, and (b) ZnCl, solutions at
different salt concentrations.
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Figure 4.4. BAM images of DPPC on SrCl, solutions in the LE-LC and LC phases. The
respective surface pressure is indicated in the top left corner, while MMA is displayed in
the bottom left corner. Scale bar is 50 um for all images.
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Figure 4.5. BAM images of DPPC on ZnCl; solutions in the G-LC and LC phases. The
respective surface pressure is indicated in the top left corner, while MMA is displayed in
the bottom left corner. Scale bar is 50 um for all images.
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Figure 4.6. Change in monolayer thickness with surface pressure of DPPC monolayers
on (a) SrCl, and (b) ZnCl, solutions.
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Figure 4.7. IRRAS spectra of CH; scissoring (6(CH,)) mode of DPPC monolayers in the
LC phase (40 mN/m) on (a) SrCl, and (b) ZnCl, solutions. A single peak is observed at
1469 cm™ for all solutions, indicating DPPC molecules have a hexagonal 2-D lattice
structure.
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Figure 4.8. (a) IRRAS spectra of DPPC monolayers on 0.3 M solutions of SrCl, and
ZnCl,. The spectrum of DPPC on water is shown as reference. (b) Peak position of the
DPPC v,(CH,) vibrational mode as a function of salt concentration for DPPC
monolayers in the coexistence region (LE-LC for SrCl, and G-LC phase for ZnCl,
solutions; open symbols) and LC phase (solid symbols).
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Figure 4.9. VSFG spectra of CH stretching region for DPPC monolayers on 2.0 M SrCl,
and ZnCl,; solution in (a, ¢) ssp and (b, d) ppp polarizations.
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Figure 4.10. IRRAS spectra of the W(C=0) vibrational mode for DPPC on SrCl, and
ZnCl, solutions. A spectrum of DPPC on water is shown for reference.

91



' "pppci2.0M sl
, '—lELC

RA (arb. units)

vas(N-'(CHa)3)

: " C-0-P-0-C)

—
v(PO,) 1" !

L 11 1
T T T T T T T
1300 1250 1200 1150 1100 1050 1000 950 900

Wavenumber (cm™)

' 1T DPPC/2.0 M ZnCl,
1

RA (arb. units)

1300 1250 1200 1150 1100 1050 1000 950 900

Wavenumber (cm™)

1240
(o
1235 ®
- " e
£ 1O
s 1230 0
— 8 @)
O 1225-
& 1225
K
1220 -
W HO
@ siC,
1215 - ZncCl,
0.0 0.5 1.0 1.5 2.0

[M*] (M)

Figure 4.11. (a) IRRAS spectra of DPPC phosphate stretching region on 2.0 M (a) SrCl,
and (b) ZnCl, solutions. (c) Peak position of the v,(PO,") vibrational mode as a function
of salt concentration. Open symbols represent DPPC monolayers in the coexistence
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concentration. Open symbols represent DPPC monolayers in the coexistence region (LE-
LC for SrCl, and G-LC for ZnCl, solutions) phase while solid symbols represent the LC

phase.

Table 4.1. Measured Brewster angle (6pmeas) and calculated refractive index of aqueous

solutions (725 calc)-

Solution [MCl,] (M) O meas (°) ng
H,O - 53.1 1.33
SrCl, 0.3 53.1 1.33
1.0 53.6 1.36
2.0 54.1 1.38
ZnCl, 0.3 534 1.35
1.0 53.7 1.36
2.0 54.1 1.38
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Table 4.2. Intensity ratio /(vs(CHs3))/I(vs(CH,)) obtained from the VSFG spectra in ssp

Solution I (mN/m)  Iv(CH)YIOWCHY))  Oan () 6,(9)
H,0 6 0.50+0.10 234+44 -
H,0 40 3.91+0.35 188+2.1 227
0.3 M SrCl, 6 0.60 = 0.09 202+3.9 -
0.3 M SrCl, 40 3.12+0.14 19.14£29 224
1.0 M SrCl, 7 0.61 +0.05 193 + 4.4 -
1.0 M SrCl, 40 2.99 +0.14 179419 236
2.0 M StCl, 9 0.60+0.15 19.4+2.7 -
2.0 M SrCl, 40 2.76 +0.14 189+2.6 226
0.3 M ZnCl, 40 2.72+0.08 19.1+£33 224
1.0 M ZnCl, 40 3.10£0.16 200+24 215
2.0 M ZnCl, 0 0.48 = 0.09 - -
2.0 M ZnCl, 40 2.82 +0.26 199+24 216

polarization and calculated tilt angles of the DPPC terminal methyl group and alkyl

chain.
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Chapter 5: Solvation of PC-Zn*" Complexes Investigated by Vibrational Sum

Frequency Generation Spectroscopy

5.1. Introduction.

Transition metals are crucial to biological systems, where they have roles in catalytic
reactions, molecular structure stabilization, and DNA transcription.”*’ Binding of these
metal cations to model biological membranes is of particular interest as complexation to

. o .. . 125,12
amphiphilic molecules is ion-specific,’®'*>'?

the nature of which is hard to predict. Some
transition metals, such as Zn®", promote fusion of lipid vesicles and bilayers,** while
others, like Fe’", disrupt packing of molecules at the air-aqueous interface.*
Furthermore, studies have shown that the interaction of transition metals with lipids
depends on the relative amount of water available.'”"*® Probing of interfacial water
structure near model membrane surfaces by vibrational sum frequency generation
(VSFG) spectroscopy has demonstrated that organization of the hydrogen-bonding
network is perturbed by as little as 10 uM of transition metal chloride salts.'**"*?
Comparatively, alkaline earth cations also perturb the interfacial water structure, but have
the opposite effect (enhancement vs. suppression of hydrogen-bonding continuum),

which indicates that ion interaction with the monolayer are different.'*'*:43
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To date, most studies of transition metals and model membrane systems have been

restricted to relatively low ion concentrations (< 200 mM),’%!0%123:126.130.140-142

as
concentrations of transition metals are relatively low (UM or nM) in most biological
systems.””” In the case of the sea surface microlayer (SSML) and sea spray aerosol
(SSA), however, transition metals are found to be enriched (relative to sodium) by factors
of 10°***1223% Enrichment of transition metals is thought to stem from complexation
with lipid molecules.®® Studies of phytoplankton blooms have found that transition metals
are enriched in particles classified as biological or sea salt organic-carbon (SSOC).*
Enrichment was not observed for sea salt (SS) particles,”” which would support this
hypothesis. Work presented in Chapter 4 found that Zn®" strongly interacted with a
dipalmitoylphosphatidylcholine (DPPC) monolayer, and that highly concentrated ZnCl,
solutions impacted its surface properties and organization. Furthermore, solvation of the
PC headgroup was observed to increase with increasing Zn®>" concentration, which
suggested that the organization of interfacial water molecules is also significantly
impacted. As properties of the SSML and aerosols, including evaporation, chemical
reactivity,'** and ice nucleation,'** are influenced by the hydrogen-bonding environment
of the interface, it is important to understand the organization and properties of interfacial
water when transition metals are enriched.

In the study presented here, the effect of divalent cations Zn*" and Sr** on a DPPC
monolayer was probed with VSFG spectroscopy. Results reveal that Zn®" perturbs the

interfacial water structure to a greater extent than Sr*". At high concentrations of Zn*",

interfacial water molecules reorganize such that they preferentially solvate the PC-Zn*"
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complex, resulting in a hydrogen-bonding continuum that resembles that of the neat-air

water interface.
5.2. Experimental.

5.2.1. Materials.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (> 99%, Avanti Polar Lipids)
was used as received, and was dissolved in chloroform (HPLC grade, Fisher Scientific) to
make a 1 mM solution. Stock solutions of strontium chloride (SrCl,*6H,0) (> 99%, ACS
certified, MP Biomedical, United States) and zinc chloride (ZnCl,) (> 98%, Acros
Organics, United States) were prepared by dissolution in ultrapure water with a resistivity
18.2 MQcm (Barnstead Nanopure Filtration System, model D4741, Thermolyne
Corporation, United States) and a measured pH of 5.6. Trace organic impurities were
removed from stock solutions by filtration through activated carbon filter several times.”
VSFG spectra were collected in the CH region to verify cleanliness of stock solutions.
Concentration of stock solutions was established by Mohr titration.”® Solutions of desired
concentration were then prepared by dilution of the stock solutions. In the case of ZnCl,
solutions, a few drops of HCI (trace metal grade, Fisher Scientific) were added to prevent
formation of Zn(OH),, resulting in a measured pH of 4.8. A period of 12 hours was
allowed for equilibration of solutions to room temperature (23 + 1°C) before experiments

were performed.

97



5.2.2. Vibrational Sum Frequency Generation Spectroscopy

VSFG experiments were performed with the visible-infrared broadband sum
frequency spectrometer setup (BBSFG-1) that was described in Chapter 2. Due to
limitations in the IR bandwidth, the OH continuum region (3000-3600 cm™) and the free
OH region (~3700 cm™) could not be simultaneously measured in one spectrum, and had
to be collected separately. The visible beam had a fixed pulse energy of 70 pJ, while the
IR beam had energies of 7 and 4 pJ in the OH continuum and free OH regions,
respectively. Spectra were acquired for 5 minutes in ssp polarization (s-SFG, s-visible, p-
IR). Vertical binning of the CCD chip was done to reduce background noise and cosmic
radiation spikes. Spectra were then background-corrected and averaged before being
normalized to the reference spectrum of GaAs.

All experiments were performed at the air-aqueous interface of a Langmuir trough
(KSV Minitrough, Finland) with a surface area of 144 cm”. Monolayers of DPPC were
prepared by dropwise spreading of the chloroform solution onto a clean aqueous solution
surface. Ten minutes was allowed for chloroform evaporation. The monolayer was then
compressed to the desired target (mean molecular area (MMA) or surface pressure),
where the barriers would oscillate to maintain the target surface pressure. Surface

pressure was measured with a paper Wilhelmy plate.
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5.3. Results and Discussion.

5.3.1. Effect of SrCl, and ZnCl, on the Interfacial Water Structure.

VSFG spectra of the interfacial water structure of SrCl, and ZnCl; solutions at the
air-aqueous interface are shown in Figure 5.1. The spectrum of the neat air-water
interface 1s shown as a reference for all salt solutions. For neat water, a broad feature is
observed in the spectral region spanning 3000-3550 cm™ (Figure 5.1a,c), and is attributed
to interfacial water molecules having a continuum of hydrogen-bonding strengths and
lengths.'*® A variety of assignments have been suggested for this region,"*” " but it is
generally accepted that as the frequency increases the strength of hydrogen-bonds
between water molecules decreases. The narrow band observed at 3700 cm™ (Figure
5.1b,d) is attributed to dangling or free O-H groups of topmost water molecules that point
into the vapor phase.'*®

It can be seen in Figure 5.1a,c that the hydrogen-bonding continuum shape and
intensity is affected by the presence of ions, depending on the cation identity and
concentration. The free OH, unlike the continuum, appears to be unaffected by the
presence of SrCl, or ZnCl, as the same intensity is observed relative to water. This is
consistent with other studies of concentrated chloride solutions.”>">"™** In the case of 2.0
M ZnCl,, however, a slight decrease is observed relative to water, which could be
indicative of ion pairing in the interface region.

In the case of SrCl,, the spectrum closely resembles that of water at low
concentration (0.3 M). With increasing concentration the intensity of the continuum

decreases, and the band narrows, with the distribution centered at ~3300 em’™, Narrowing
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of the band is consistent with previous studies of 2.0 M solutions of MgCl, and CaCl,,
and was previously attributed to a disruption in the hydrogen-bonding network of water
molecules.” > Heterodyne-detected VSFG (HD-VSFG), however, revealed that
narrowing of the distribution results from spectral convolution of the real and imaginary
v elements.">* Unlike SrCl,, an increase in the hydrogen-bonding network intensity was
observed relative to water for MgCl, and CaCl, solutions. The presence of ions in the
interface region causes the formation of an ionic double layer, which induces an
interfacial electric field. The region of non-centrosymmetry is extended as a
consequence, meaning that an increased population of hydrogen-bonding water
molecules are probed due to increased interfacial depth.'”® Changes in the number of
contributing water molecules as well as their relative alignment factor into the observed
intensity change relative to water.'”® The diminished intensity of the continuum observed
for SrCl, relative to water indicates that the population of hydrogen-bonding water
molecules probed in the interfacial region has decreased. This could suggest that the
surface propensity of Sr*” ions may be different than Mg>" and Ca®" ions, but HD-VSFG
measurements are needed to determine this.

For ZnCl, solutions, the hydrogen-bonding continuum increases in intensity relative
to water for both the low and high frequency regions. The high frequency band at 3400
cm’ is slightly more intense than the low frequency band at 3200 cm™, which suggests
that there is a larger population of weakly hydrogen-bonded water molecules. The
intensity change appears to be independent of concentration, which indicates that the

alignment or number of contributing water molecules is the same for all concentrations.
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Results shown here indicate that ZnCl, perturbs interfacial water structure more than

SrCl,.

5.3.2. Interfacial Water Structure of a DPPC Monolayer on SrCl, and ZnCl,
Solutions.

Figure 5.2 shows the VSFG spectra of interfacial water molecules next to a DPPC
monolayer as a function of surface pressure. The spectrum of the neat air-water interface
is shown for reference. For both 6 and 40 mN/m, representative of the liquid expanded-
liquid condensed (LE-LC) and LC phases, an enhancement of the SFG signal occurs
relative to neat water. For the continuum, the band at 3200 cm’! is more intense than the
3400 cm™ band, consistent with previous studies of PC monolayers.'>® The enhancement
results from the induced electric field of the PC headgroup. As surface pressure increases
the intensity of both bands increases due to increased number density of lipid molecules.
In the free OH spectrum, a feature appears at 3600 cm™, which is attributed to the
solvation shell of the PC headgroup. This feature also increased in intensity when the
monolayer is more compressed. It should be noted that the while the free OH peak is not
present in the spectrum, previous studies have shown that dangling groups still exists at
the surface when a full monolayer is present.'”’

The water VSFG spectra for a DPPC monolayer on SrCl, and ZnCl, solutions at a
MMA of 70 A%/molecule is presented in Figure 5.3. A spectrum of DPPC on water is
provided for reference. At this MMA DPPC is in the LE-LC phase on water and SrCl,
solutions, and in the G-LC phase on ZnCl, solutions. For DPPC/SrCl,, a decrease in

continuum intensity is observed relative to DPPC/water. The intensity decreases with
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increasing concentration, and narrowing of the band is also observed for the 2.0 M
solution. No appreciable change in the solvation shell feature is observed at any
concentration. In the case of DPPC/ZnCl, solutions, the spectra collected for 0.3 and 1.0
M solutions has the same shape and intensity as the neat air-aqueous spectra.
Furthermore, the free OH band is still observed, which indicates that DPPC monolayers
do not impact on the organization of interfacial water at 0 mN/m. For the 2.0 M solution,
however, a decrease in intensity is observed relative to the other DPPC/ZnCl, spectra,
and the continuum broadens, with intensity appearing at 3450-3600 cm™. The free OH
spectrum shows a decreased intensity from the 3700 cm™ band, and an increase in
intensity centered at 3575 cm’.

The decrease in intensity for the DPPC/SrCl, spectra with increasing SrCl,
concentration is likely due to a charge screening effect.'* The chloride (CI) and Sr** ions
preferentially interact with the positively charge choline and negatively charged
phosphate group, respectively. This interaction essentially screens the effective charge of
the monolayer, resulting in overall surface charge neutralization. The induced electric
field from the PC headgroup is reduced, which decreases the population of water
molecules that are probed. Furthermore, the charge screening effect should increase with
increasing concentration based on the Debye length (Ap) of the interface. The Debye
length is the screening length of electrostatic forces at the interface, and decreases with
increasing electrolyte concentration.'”® In the case of DPPC/2.0 M ZnCl,, the intensity of
the spectra are less than that of the neat air-aqueous or air-water interface. This

observation cannot be explained by charge screening effects, as 2.0 M SrCl, and ZnCl,
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should have the same Debye length. The significantly decreased intensity may be
indicative of strong binding to the PC headgroup, which will be discussed in more detail
below.

Figure 5.4 shows the VSFG spectra of interfacial water molecules near a DPPC
monolayer in the LC phase (40 mN/m) on SrCl, and ZnCl, solutions. A spectrum of
DPPC/water is shown for reference. Similar to the LE-LC phase, the intensities of the
spectra relative to DPPC/water are decreased for DPPC/SrCl; solutions, and the intensity
decreases with increasing SrCl, concentration. The charge screening effect is not as
strong in the LC phase compared to LE-LC phase, however. The ratio of the DPPC/0.3 M
SrCl, to DPPC/water band intensity at 3200 cm™ in the LC is twice that of the LE-LC
phase. This indicates that Sr*" ions interact with the DPPC monolayer more strongly in
the LE-LC phase, which is consistent with surface pressure-area isotherms and IRRAS
measurements. In the case of DPPC/ZnCl; interfaces, the signal in the continuum region
significantly decreases, such that the signal is similar to the neat air-water interface.
Furthermore, an increase in intensity is observed in the high frequency region (~3575 cm’
". This new feature increases in intensity and shifts to lower wavenumbers with
increasing ZnCl, concentration, which can be seen more clearly in the free OH spectra
(Figure 5.4d). As stated previously, the suppression of the continuum observed for
DPPC/ZnCl, interfaces cannot be explained fully by charge screening effects. Previous
studies of DPPC/CaCl, similarly saw a significant decrease of the hydrogen-bonding
network intensity on concentrated CaCl, solutions and attributed it to the formation of a

PC-Ca’" complex that was asymmetrically solvated.'”® Suppression of the hydrogen-
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bonding continuum observed here likely stems from the formation of PC-Zn®*
complexes, as X-ray reflectivity, IRRAS and FTIR studies have found that Zn>" ions bind

strongly to the PC headgroup_68’1°9’134

As suppression of the continuum is concurrent with
the appearance of a new feature in the region attributed to headgroup solvation, the new
band at 3575 cm™ can be attributed to the solvation shell of the PC-Zn®>" complex.
Solvation shells of carboxylate headgroups complexed with Mg”" and Ca®" ions have
similarly been observed in this region.'* The intensity of the solvation shell increases
with increasing Zn>" concentration, which indicates that the number of water molecules
contributing to the solvation shell increases. Furthermore, shifting of the center frequency
of this mode to lower wavenumber suggests that the hydrogen-bonding strength of the
solvation shell increases with increase ZnCl, concentration. This could indicate that water

molecules in the interfacial region preferentially interact with the PC-Zn*" complex more

than other water molecules.

5.4. Conclusions.

Here, the impact of SrCl, and ZnCl, on the interfacial organization of water molecules
near a DPPC monolayer was probed with VSFG. Perturbation of the interfacial water
hydrogen-bonding network was observed for both ions, the extent of which depended
upon the bulk salt concentration and DPPC lipid phase. Sr*” was found to have a stronger
effect in the LE-LC phase relative to the LC phase, indicating Sr** ions interact more
strongly with the monolayer at low lipid coverage. In the LC phase, Zn>" caused a greater
perturbation than Sr*", in accordance with their binding affinities. At high ZnCl,

concentrations, the organization of the hydrogen-bonding continuum resembles that of
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the neat air-water interface and is accompanied by the appearance of a strong signal
attributed to the solvation shell of the PC-Zn®" complex. Results obtained here have
implications for the SSML and SSA. Water molecules in the interfacial region
preferentially solvate the lipid-ion complex, meaning there are less water molecules

available to participate in the uptake of trace gases and the ice nucleation process.
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Figure 5.1. VSFG spectra in the OH region of neat aqueous solutions of SrCl; (a,b) and
ZnCl, (c, d). The spectrum of water is shown for reference. Every fourth data point is

plotted for convenience.
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Chapter 6: Water Structure at the Air-Aqueous Interface of Soluble and Insoluble

Glycolipids

6.1. Introduction.

Carbohydrates constitute the most abundant class of organics in nature, and are important
in metabolic and biochemical processes.*’ As such, it should not be surprising that ~80%
of dissolved organic carbon (DOC) in the sea surface microlayer (SSML), the organic
rich layer at the ocean surface, is composed of carbohydrates.'” Carbohydrates have

20,36,160

similarly been found in sea spray aerosols (SSA), where they are transferred from

the ocean surface to aerosols through bubble bursting.”' They have been identified in both

the water-soluble and water-insoluble fractions of SSA,'®!°!

indicating they can exist as
free monomers (i.e. glucose) or as part of a more complex molecule (i.e. polysaccharides
or glycolipids). Recent studies of the SSML and SSA have found spectral signatures from

lipopolysaccharides (LPS),'®*'%

a major component of the outer wall of Gram-negative
bacteria.

LPS are complex molecules that can be divided into three regions: a hydrophobic
lipid portion with an oligosaccharide headgroup, known as lipid A, an oligosaccharide

core that can also contain phosphate and amino acids groups, and an O-antigen chain of

varying length composed of varying saccharide groups.*’
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Due to the prevalence of LPS molecules on the surface of bacteria, the interaction of LPS
with phospholipids and proteins has been investigated by means of Langmuir
monolayers.'®”'®® Interfacial properties of LPS molecules alone have similarly been

: . . 169-171
characterized with monolayer compression.'®"’

However, the majority of these studies
have used a truncated version of LPS, which decreases its solubility and promotes surface
activity, and is therefore not truly representative of the interfacial properties of this
molecule. Furthermore, the solvation and water structure of LPS, and carbohydrates in
general,'”” at the interface is not well understood.

Interfacial properties of carbohydrate-containing molecules is important in SSA,
as physical and optical properties of aerosols are dependent on the organization and
structure of their surfaces.® In this study, the conformational order of LPS and

3 and the

cerebroside, an insoluble glycosphingolipid found in oceanic algae blooms,"’
hydrogen-bonding network at the air-aqueous interface was investigated by vibrational
sum frequency generation (VSFG) spectroscopy. Glucose and ceramide were also
studied, as they are both found at the ocean surface as breakdown products of

. 20,174
cerebroside.?%!’

Results indicate that all lipids studied had similar alkyl chain
conformation, but impacted the hydrogen-bonding network to different extents. LPS and

glucose had similar effects, which may indicate that solvation of the sugar groups differs

for soluble and insoluble glycolipids.
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6.2. Experimental.

6.2.1. Materials.

D-Glucose (= 99.5%) was purchased from Sigma-Aldrich (United States). LPS from
Escherichia coli 14130 (< 2% RNA impurities, 1-10% protein impurities) and L2630
(~60% RNA impurities, < 1% protein impurities) were purchased from Sigma-Aldrich.
LPS solutions of 1 mg/mL were prepared by dissolution in ultrapure water. Cerebroside
and ceramide were purchased from Avanti Polar Lipids (Alabama, United States) and
Alexis Biochemical (United Kingdom) respectively, and used as received. Each lipid was
dissolved in a 1:1 chloroform:methanol mixture (both HPLC grade, Fisher Scientific;
HPLC grade, Fisher Scientific) to prepare a 1 mM solution. Ultrapure water with a
resistivity of 18.3 MQcm was obtained with a water purification system (Barnstead
Nanopure Filtration System, model D4741, Barnstead/Thermolyne Corporation). All

experiments were conducted at room temperature (22 £ 1 °C).

6.2.2. Vibrational Sum Frequency Generation Spectroscopy.

Two different BBSFG spectrometer setups were used collect spectra in this chapter.
CH spectra of ceramide and cerebroside were collected with BBSFG-2, while all other
spectra were collected with BBSFG-1. The BBSFG-1 system was described in Chapter 2.
Energy of the VIS was fixed at 70 pJ and IR pulses in the CH, OH continuum, and free
OH stretching regions had energies of 14, 7, and 4 pJ, respectively. The full CCD chip
was used to collect the SFG signal but a cosmic correct function was selected in the

spectrometer software (SpectraSense 5.0) to remove cosmic radiation spikes. Spectra
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were collected for 2 min in ssp (s-SFG, s-VIS, p-IR) and ppp polarization combinations.
Final spectra shown here were background-subtracted and normalized to the non-resonant
SFG profile of a GaAs(110) crystal (II-VI Inc., United States). Peak positions in the
VSFG spectra were calibrated by comparison of the non-resonant absorption spectrum
from a polystyrene film to those collected with an FTIR spectrometer.

The BBSFG-2 system has been previously described in literature,'> and is detailed
in Chapter 2. Average energies of the IR and visible pulses at the sample were 14 and 180
uJ, respectively. Polarization combinations of ssp and ppp were utilized to probe different
vibrational modes of the monolayer. Spectra were acquired for 1 min with a cosmic—
correct function selected in the software (SpectraSense 5.0) in ssp and ppp polarization
combinations. All spectra were background-corrected, and normalized to the non-
resonant profile of GaAs(110) (II-VI, Inc). Peak positions in the VSFG spectra were
calibrated by comparison of the non-resonant absorption spectrum from a polystyrene
film to those collected with an FTIR spectrometer.

Surface pressure of the ceramide and cerebroside monolayers was controlled with a
Langmuir trough (KSV Minitrough, Finland). Monolayers of ceramide and cerebroside
were prepared by spreading an appropriate amount of lipid solution on pure water
(measured pH 5.6). Prior to spreading the presence of organic impurities was monitored
by compressing barriers to observe if a significant rise in surface pressure (> 0.2 mN/m)
occurred and collecting a VSFG spectrum of the bare water surface. Ten minutes was
allowed for solvent evaporation before the monolayer was symmetrically compressed (5

mm/min/barrier) to the target surface pressure. Surface pressure was held constant during
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the VSFG measurement through oscillation of the barriers (1 mm/min/barrier, forward

and backward directions).
6.3. Results and Discussion.

6.3.1. Alkyl Chain Conformation of Glycolipids.

As the purification method of LPS influences the amount and type of impurities
(RNA vs. protein) present, LPS purified from two different methods was compared to see
if any structural differences could be observed. LPS L4130 had a larger percentage of
protein impurities while LPS L2360 had a larger percentage of RNA impurities. For
convenience, the two types of LPS will be hereafter referred to as LPS-protein and LPS-
RNA to identify the impurity that was most abundant. VSFG spectra in ssp and ppp
polarization combinations of LPS in the CH region are shown in Figure 6.1. Three peaks
are observed in the ssp spectra and can be attributed to the CH, symmetric stretch
(vs(CHy)), CH3 symmetric stretch (v4(CHs3)), and the CH; Fermi resonance (ver(CH3)) at
2855, 2880, and 2937 cm™', respectively. In the ppp spectra the v,(CH,) and v,(CHs) are
observed as well, along with the CH, and CHj3 asymmetric stretches (v,(CH,) and
vas(CHz)) at 2915 and 2955 cm™, respectively.”'”> The peak positions for the two LPS
types are at slightly different wavenumbers (~4 cm™) difference, and could be due to the
interactions of the LPS molecules with the respective impurities. The fitted peak
positions of the different LPS types can be found in Table 6.1. It can be seen however,
that the two types have the same trend, with peaks from the CHj3; groups being more

intense than the CH, peaks in both polarization combinations. Based on the electric
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dipole approximation, SFG is not allowed for molecules with centrosymmetry. When
alkyl chains are in a nearly trans configuration, the v4(CH;) in ssp polarization should
have a minimal SFG response while the v,(CH3) should have a strong response. As the
vs(CH3) peak is more intense than the one from the v4(CH;) mode, the alkyl chains of
LPS molecules have more trans bonds than gauche defects. Formation of a disordered
monolayer has similarly been observed for other soluble surfactants.'” Results obtained
for LPS show that impurities influence the peak position, but structural properties are
overall the same.

Figure 6.2 shows ssp and ppp VSFG spectra of cerebroside in the CH region. As
cerebroside is an insoluble lipid and able to form a Langmuir film, CH spectra were
measured at several surface pressures to assess how the chain conformation changes with
lipid density. In the ssp spectra, the v(CH;), vs(CH3), v,5(CH>), and vkr(CH3) modes are
observed. The v,(CH3), v,s(CH>), and v,;(CH3) modes are observed in the ppp spectra.
The fitted peak positions of these modes can be found in Table 6.1. In ssp polarization,
the v4(CH3) is more intense than the v4(CH;) mode, which indicates that the alkyl chain is
well ordered (more trans). As some intensity from the v, (CH;) mode is observed,
however, there is likely a small amount of gauche defects within the alkyl chains. It can
be seen in both polarization combinations that the peak intensities are dependent upon the
surface pressure. The intensity is greatest for 10 mN/m, and decreases with increasing
surface pressure. The cerebroside monolayer begins to form collapse structures at 55

mN/m, which are bilayer or trilayer structures.®® The decrease in intensity is consistent
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with the formation of these structures, as centrosymmetric bilayers will not give rise to
SFG.'"

VSFG spectra of ceramide in the CH region for ssp and ppp polarization
combinations are shown in Figure 6.3. The alkyl chain conformation was also evaluated
as a function of surface pressure. Similar to cerebroside, the vi(CH,), vi(CH3), v,s(CH>),
and vpr(CH3) are observed in the ssp spectra. The vgr(CHs3) is broad and asymmetric
though, which may indicate that the v,(CH3) mode may also contributes here. In ppp
spectra, the v4(CH;), v(CH3), v,(CH), and v,,(CH3) are observed. Fitted peak positions
of these modes are presented in Table 6.1. The alkyl chains are well ordered, as the
vs(CH3) intensity is greater than that of the v4(CH;) mode in the ssp spectra. No change in
intensity is observed for the different surface pressures, which suggests that ordering of
the chains is similar at different packing densities.

Relative ordering of the alkyl chains for LPS, cerebroside, and ceramide can be
obtained from the intensity ratio /(vs(CHs3))/I(vs(CH,)). A higher value of the intensity
ratio corresponds to a greater number of trans bonds in the alkyl chain. Values of
1(vi(CH3))/I(vs(CH>)) for LPS solutions as well as cerebroside and ceramide monolayers
at 30 mN/m are presented in Table 6.2. Comparison of the LPS solutions reveals that
there is no significant difference between the two, with the LPS-RNA has a slightly
higher value. Of the insoluble lipids, cerebroside has a much higher value than ceramide,
indicating the chains are much more ordered for cerebroside. Ceramide has a comparable
value to the LPS solutions. These results indicate that cerebroside has the most ordered

alkyl chain of the glycolipids investigated here.
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6.3.2. Interfacial Water Structure of Glucose Solutions.

Figure 6.4 shows VSFG spectra of glucose solutions in the OH region. A spectrum
of water 1s shown for reference. In the case of the neat air-water interface, a broad feature
(Figure 6.4a) is observed from 3000-3600 cm™', and can be attributed to interfacial water
molecules possessing a hydrogen-bonding continuum of varying strengths and lengths.
The strength of hydrogen-bonding decreases with increases frequency, with the bands at
3200 and 3400 cm’ representing strongly and weakly hydrogen-bonded water

146,147,199 respectively. In Figure 6.4b a narrow band observed at 3700 cm™ is

molecules,
attributed to non-hydrogen-bonded O-H groups.'*®'*” For the 10 mM glucose solution,
the intensity of the hydrogen-bonding network decreases relative to water, with the 3400
cm” band suppressed to a greater extent than the 3200 cm™ band. Enhancement of both
the 3200 and 3400 cm™ bands is observed for the 1 M glucose solution, and is consistent
with studies of other carbohydrates.'’* Similar to the 10 mM solution, the 3200 cm™ band
is more intense than the 3400 cm™ band. The free OH band intensity (Figure 6.4b) is not
impacted by the addition of glucose to the solution.

Surface tension measurements of glucose have shown that the surface tension

177178 similar to the

increases relative to water with increasing glucose concentration,
trend observed for salts.'’*!'” Historically, an increase in surface tension relative to water
has been interpreted as the solute species being depleted in the interfacial region, which
would consequentially lead to increased hydrogen-bonding of interfacial water

molecules. VSFG and heterodyne-detected VSFG (HD-VSFG) studies of salt solutions

have found that this is not necessarily the case, as some salts like NaCl and KCI have no
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effect on the interfacial water struc‘cure,15 L152 \While others such as NaNO; and NaClOy

151,1 181 .
SLISOISL These differences

cause the hydrogen-bonding network to decrease in intensity.
stem from the induced electric field of the respective salt, where charge separation and
surface propensities of the cation and anion influence the interfacial depth of the non-
centrosymmetric region. Spectra collected here for 10 mM and 1 M glucose solutions
have opposite trends, which suggests that the population of water molecules or the depth
of the interface is different in these two concentration regimes. In order to de-convolute

the contributions of glucose and water molecules in this region, chiral VSFG

182
measurements are needed.'®

6.3.3. Interfacial Water Structure of Glycolipids.

VSFG spectra in the OH region of LPS-protein and LPS-RNA are shown in Figure
6.5. A spectrum of water is shown for reference. Significant enhancement of the
hydrogen-bonding network occurs for both LPS solutions. The observed shape is similar
to 1 M glucose, with the 3200 cm™ band being more intense. The high frequency band
center has shifted to ~3500 cm™ for the LPS solutions compared to 3400 cm™ for
glucose, which indicates that there is a population of water molecules that are more
disordered (less hydrogen-bonded) than those observed for glucose. LPS molecules have
charged carboxylate and phosphate moieties in the headgroup region, which could
contribute to the enhancement observed here. Signal intensity does differ slightly
between the LPS solutions and could indicate that the impurities in solution influence

water structure.
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Figure 6.6 shows VSFG spectra in the OH region for cerebroside and ceramide at
various surface pressures. A spectrum of water is shown for reference. As can be seen,
the water structure of either lipid monolayer is not impacted by surface pressure once the
monolayer is compressed to a surface pressure greater than 0 mN/m. In the case of
cerebroside, the intensity of the hydrogen-bonding network increases, and two bands of
equal intensity are observed at 3250 and 3450 cm™'. These bands appear to be narrower
than those observed for water, which could suggest a reduced distribution of hydrogen-
bonding environments. Differential scanning calorimetry measurements have found that
cerebroside headgroups interact with 4-9 water molecules.'® Hydrogen-bonding between
adjacent galactose headgroups is also likely to occur. Therefore it may be possible that
these narrow bands reflect the hydrogen-bonding environment of water molecules with
the galactose headgroup or the galactose headgroup itself. However, as mentioned earlier,
chiral VSFG is needed to determine the OH contribution from the galactose moiety.

For ceramide an enhancement relative to water is also observed. Two bands are also
observed, where the 3250 cm™ band is more intense than the 3475 cm™ band. Compared
to cerebroside, bands are broader, which indicates a larger distribution of hydrogen-
bonding environments for the alcohol headgroup. In general, no distinct trend was
observed for the interfacial water structure of glycolipids. This suggests that the
interfacial water structure is lipid dependent, despite these lipids having similar

headgroups.
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6.4. Conclusions.

In this study the interfacial structure of the atmospherically-relevant molecules
glucose, LPS, cerebroside, and ceramide were investigated by VSFG spectroscopy.
Gauche defects were observed in the alkyl chains of all lipids investigated, indicating that
slightly disordered monolayers form for both soluble and insoluble glycolipids. Probing
of the interfacial water molecules revealed that the hydrogen-bonding network was
perturbed to different extents, with LPS having the strongest effect. The present study
may shed light on the growth, adsorption, and chemical reactivity of aerosols containing
saccharides and glycolipids. Exchange of water and uptake of gases are likely impacted
by the relative concentration of soluble species, as glucose was found to influence the
hydrogen-bonding network differently in the low and high concentration regimes.
Solvation of sugar groups likely differs for soluble and insoluble lipids, as narrow
hydrogen-bonding bands were observed for cerebroside. Future studies in which chiral

VSFG is utilized may help determine the solvation structure of sugar groups.
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Figure 6.1. VSFG spectra in the CH region of LPS for ssp (left) and ppp (right)
polarization combinations.
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Table 6.1. Fitted peak positions in the CH stretching region for LPS solutions and

cerebroside and ceramide monolayers.

Fitted Peak Frequency (cm™)

Glycolipid CH>-ss CHjs-ss CH;-as CHs-as CH;-FR
LPS-protein 2851 2879 2915 2955 2937
LPS-RNA 2855 2882 2915 2958 2943
Cerebroside 2840 2872 2909 2938 2955
Ceramide 2853 2875 2906 2902 2951

Table 6.2. Intensity ratio /(vs(CHs3))/I(vs(CH,)) obtained from the VSFG spectra in ssp

polarization.

Glycolipid

1(vi(CH3))/1(vs(CH>))

LPS (RNA impurity)
LPS (protein impurity)
Cerebroside (30 mN/m)
Ceramide (30 mN/m)
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Chapter 7: Na'-Induced Stabilization of Palmitic Acid Monolayers: Influence of pH

on Interfacial Properties

7.1. Introduction.

Marine aerosols are ubiquitous in the atmosphere and impact the climate directly
through solar radiation absorption and scattering, and indirectly, through processes such
as cloud formation.” Sea spray acrosols (SSA) are generated from breaking waves and
wind shearing at the ocean surface, in which film and jet droplets become entrained in the
atmosphere.'® Relative to bulk seawater, SSA are enriched with organic species, which
includes lipids, carbohydrates, amino acids, and proteins.'***!'* Enrichment of organic
species has been shown to be size-dependent,”® with fine SSA (< 1 pum, submicron
fraction) dominated by organic species and coarse SSA (>1 pum, supermicron fraction)
mainly composed of a sea salt core coated by a thin organic layer. "****° Studies have also
suggested that pH of marine aerosols depends on their relative size; submicron particles
were found to be acidic whereas supermicron particles were more basic in nature.'®**
Whether this pH difference is linked to organic composition remains unclear, but it has
been demonstrated that the chemical reactivity of aerosols in these two size regimes with

trace gases is linked to the acidity/basicity of organic functional groups.’*'®
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Physical and optical properties of aerosols are impacted by the organization of

9,15,187
> and

surface-active molecules, which alter surface tension,'*® hygroscopicity,
chemical reactivity of particles.'’ Fatty acids constitute an important class of surface-
active lipids that are known to be enriched in the sea surface microlayer (SSML) and
SSA.®* Interfacial properties of fatty acids have been investigated by a multitude of
techniques.'®*>1%-19%127 qurprisingly, studies on the influence of pH on the surface

. . . . 191-1
properties of fatty acids are sparse in literature,'”' ™

and the majority of these studies
focus on fatty acids with 20 carbons chain lengths or greater.””''** Solubility of fatty
acids increases with decreasing chain length, and as most fatty acids in SSA have chain
lengths in the range of C4-Ci5,% it is likely that stability and surface activity of these
shorter chain fatty acids decreases upon dissociation of the carboxylic acid headgroup.
One goal of this study was to determine how pH influences the interfacial properties
of a fatty acid-coated SSA. To this end, a fatty acid Langmuir monolayer was utilized as
a simplified model of the organic-coated aerosol surface. Palmitic acid (PA) was chosen
as the representative fatty acid, as it was found to be the most abundant in both fine and
coarse SSA.* Because the bulk pH of ocean water is ~8.2 and the interfacial pK, of PA is

192,1
known to be ~8.7, 92,196

the bulk pH in studies done here was varied from 6.7-10.7 to
represent different degrees of dissociation of the carboxylic headgroup in SSA. This
study was conducted with equilibrium spreading pressure (ESP) measurements as well as
surface-sensitive spectroscopic techniques IRRAS and VSFG spectroscopy to probe the

stability, protonation state, and structural organization of the PA monolayer and

interfacial water molecules. Results show that increased dissociation of the PA headgroup
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leads to increased electrostatic repulsions within the monolayer, resulting in its
dissolution into the bulk solution at high pH. Howver, addition of NaCl to the pH-

adjusted solution increases the stability of the PA monolayer at high pH.
7.2. Experimental.

7.2.1. Materials.

Palmitic acid (>99%, Sigma Aldrich, United States), and deuterated palmitic acid
(d31-PA) (> 98%, Cambridge Isotopes, United States) were used as received, and were
dissolved in chloroform to make 2 mM solutions. Sodium palmitate (>99%, Sigma
Aldrich) was dissolved in water to make a 2 mM solution. Solutions of pH 6.7, 8.7, or
10.7 were prepared by addition of HCI (trace metal grade, Fisher Scientific, United
States) or NaOH (ACS certified, Fisher Scientific) to ultrapure water (resistivity >18.0
MQcm, Barnstead Nanopure Filtration System, model D4741, Barnstead/Thermolyne
Corporation). For pH solutions of constant ionic strength an appropriate amount of a
concentrated NaCl solution, which had been purified to remove organic impurities,” was
added to make a 100 mM solution. Final pH of the solutions was measured (AB 15 pH
meter, Fisher Scientific) to be within + 0.1 pH units of the desired value. All solutions
were allowed to equilibrate to room temperature for several hours before measurements
were conducted. Experiments were performed at ambient temperature (295 + 2 K) and

pressure.
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7.2.2. Methods.

Equilibrium Spreading Pressure Measurements.

ESP measurements were performed in a Langmuir trough (Minitrough, Biolin
Scientific, Finland) with an area of 145 cm” Prior to experiments the trough was
thoroughly cleaned with ethanol and ultrapure water. Surface pressure was measured with
a Wilhelmy paper plate (Whatman 41, ashless grade). Approximately 1 mg of PA crystals
was sprinkled onto a clean solution surface and the rise in surface pressure was
monitored.”’ % All experiments were conducted for at least 90 minutes until a constant
equilibrium surface pressure was reached. Additional crystals were sprinkled on the
surface to verify that no significant change in surface pressure (< 0.5 mN/m) was
observed.””’ When the change in surface pressure was < 0.1 mN/m over a period of 15

min, the observed surface pressure was taken as ESP value.

Infrared Reflection-Absorption Spectroscopy.

Spectra were collected with an FTIR spectrometer (Perkin Elmer, Spectrum 100).
The IRRAS setup was described in Chapter 2. Spectra were generated by the co-addition
of 300 scans with 4 cm™ resolution in single beam mode over the full spectral range (450-
4000 cm™). Reflectance-absorbance (RA) was determined from the relationship R4 = -log
(R./Ry), where R,, and Ry are the reflectance of the monolayer-covered and bare surfaces,
respectively. All experiments were completed in Petri dishes, where monolayers were
prepared by spreading the lipid solution to mean molecular areas (MMA) representative

of the tilted condensed (TC, 24 A%*molecule) and untilted condensed (UC, 20.5
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A%/molecule) phases. Ten minutes was allowed for chloroform evaporation before spectra

were collected.

Vibrational Sum Frequency Generation Spectroscopy.

Spectra were collected with a visible-infrared broadband sum frequency
spectrometer (BBSFG-1) that was detailed in Chapter 2. The visible beam had an energy
of 70 pwJ/pulse while the IR had an energy of 10, 14, and 4 pJ/pulse in the CD (2000-2300
cm™), continuum OH (3000-3600 cm™), and free OH (3600-3800 cm™) regions,
respectively. A co-propagating geometry was utilized in this setup, with the visible and
IR beams incident at angles of 53° and 68°, respectively. The full CCD chip was utilized
for signal collection, but a cosmic correct function was selected in the software
(SpectraSense 5.0) to remove cosmic radiation spikes. Spectra were collected in ssp (s-
SFG, s-visible, p-infrared) and ppp polarization combinations for a period of 2 minutes in
the CD region. In the continuum and free OH regions spectra were acquired for 5 minutes
in ssp polarization only, and vertical binning of the CCD chip was done to reduce cosmic
radiation spikes. All spectra were background-subtracted and normalized to the non-
resonant profile of GaAs(110). Calibration of the peak position was done by comparing
the non-resonant absorption spectrum of polystyrene to one collected by an FTIR
spectrometer (Perkin Elmer, Spectrum 100). Experiments were also completed in Petri
dishes. Monolayers were spread at an MMA of 20.5 A*molecule to represent the UC

phase of PA.
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7.3 Results and Discussion.

7.3.1. Equilibrium Spreading Pressure of PA Monolayers.

ESP is defined as the surface pressure at which a monolayer (2D phase) exists in
thermodynamic equilibrium with a stable bulk phase (3D phase).”"**”. ESP values reflect
the relative stability of the monolayer and are indicative of the intermolecular forces (e.g.
van der Waals, electrostatic repulsions, etc.) within the system. ESP values determined
from the time evolution curves of surface pressure for a PA monolayer on pH solutions
with and without additional NaCl are provided in Table 7.1. In the absence of NaCl, PA
has a similar ESP values (~7.6 mN/m) for the pH 6.7 and 8.7 solutions. This is slightly
lower than values (~10 mN/m) previously reported for a fully protonated PA monolayer
on 0.01 M HCI solutions.'”*?* As the pH is increased to 10.7, a drastic increase in the
ESP value to 42 mN/m is observed, consistent with previous studies of oleic acid, which
found an increase in ESP as progressive deprotonation of the monolayer occurred.””” The
increase in ESP was attributed to the presence of negatively charged headgroups, which
caused increased electrostatic repulsions within the monolayer, leading to its expansion.
While increased electrostatic repulsions likely contribute to the increased ESP value
observed here, an additional equilibrium between the monolayer and bulk solutions must
be considered.”® At this pH, PA molecules desorb and solubilize into the bulk solution
due to the charged carboxylic headgroup. These molecules remain in the sub-surface
region, similar to a soluble surfactant, and contribute to the measured surface pressure.

This hypothesis was confirmed by sprinkling PA crystals on the surface of a 0.4 mM
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sodium palmitate pH 10.7 solution, where a similar ESP value was observed as PA on pH
10.7 solution.

The addition of 100 mM NaCl to the solution results in an increase in the ESP values to
~18 and 21 mN/m for the pH 6.7 and 8.7 solutions, respectively. Similarly, previous
studies have found that salts increased ESP in a concentration-dependent manner.*’’*%
The increased ESP values are also likely due to increased electrostatic repulsions within
the monolayer. VSFG studies of PA monolayers at the air/water interface have found that
Na' ions have the tendency to deprotonate the COOH headgroup.”’ Complete
deprotonation of the monolayer did not occur, but modes resulting from the negatively
charged carboxylate (COO") were observed, indicating that a fraction of the monolayer
was charged. Electrostatic repulsion of charged molecules within the monolayer is
therefore likely, which could explain the observed increase in ESP. It should be noted
that for the pH 10.7 NaCl solution, the ESP is higher (31 mN/m) than the lower pH
solutions, consistent with increased electrostatic repulsion as the fraction of charged
molecules increases. However, compared to the pH 10.7 solution with no NaCl present,
the value has decreased. The lower value may be explained by charge screening effects; a
small portion of Na" ions likely form ionic complexes with the COO™ headgroup,
resulting in charge neutralization. The presence of NaCl in solution appears to stabilize

the monolayer when the majority of molecules are deprotonated.

7.3.2. Lattice Packing Structure of PA Monolayers.
Figure 7.1 shows IRRAS spectra of the CD; scissoring region for d3;-PA monolayers

in the TC and UC phases on various pH solutions. Two peaks are observed at 1089 and
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1060 cm™, which can be attributed to the CD, scissoring (&CD5)) mode and the C-C
stretch (V(C-C)) of the alkyl chain backbone,””"'%32!" respectively. As a single peak is
observed for the 6(CD) mode, it is likely that alkyl chains adopt a hexagonal packing
structure in both the TC and UC phases.”’ This is consistent with MD simulations and
grazing X-ray diffraction studies, that found hexagonal or distorted hexagonal packing of

alkyl chains occurred for a fully protonated monolayer.”''*'?

For regular pH solutions,
the scissoring mode is intense for pH 6.7 and 8.7 solutions, but is not observed for pH
10.7. This indicates that PA molecules are not at the surface, likely due to dissolution of
the monolayer into the bulk solution when PA molecules are mostly ionized. However,
this peak is still observed for the pH 10.7 NaCl solution, albeit much less intense than the
other pH/NaCl solutions. The presence of the &(CD,) mode indicates that Na' ions
increase the surface propensity of PA molecules. Similarly, scattering experiments and
VSFG measurements of the negatively charged, soluble surfactant sodium dodecyl
sulfate (SDS) found that salt addition to the solution drove surfactant molecules to the
surface.'**?!* Despite the increased surface propensity of PA in the presence of Na” ions,

it is likely that the orientation of the alkyl chains is greatly altered or that a fully formed

monolayer does not exist, as the intensity of the CD, mode is greatly diminished.

7.3.3. Alkyl Chain Orientation of PA Monolayers.

VSFG spectra in the CD region in both ssp and ppp polarizations of d;-PA
monolayers in the UC phase (20.5A*molecule) on different pH solutions are presented in
Figure 7.2. In ssp polarization three peaks are observed and can be attributed to the CDs

symmetric stretch (v;(CD3)) at 2068 cm™, CDs Fermi resonance (ver(CD3)) at 2126 cm’™
132



and CD; asymmetric stretch (v,(CDs)) at 2223 cm™. For ppp polarized spectra, the
(v4s(CD3)) peak is observed as well as peaks corresponding to the CD, symmetric
(vs(CDy)), CD, Fermi resonance (vrr(CD3)), and CD, asymmetric stretching (v,(CD,))
modes, which occur at 2102, 2145, and 2196 cm™, respectively. In the case of ssp
spectra, the absence of CD, modes indicates that alkyl chains are well ordered with a
trans configuration. This is certainly the case for pH 6.7 and 8.7 solutions (with or
without NaCl). Furthermore, a frans configuration is confirmed in ppp spectra, where an
intense v,(CD3) mode is observed.

However, no SFG response was detected for pH 10.7 solutions, which suggests that
PA molecules are not at the surface. In contrast, IRRAS spectra indicated that at high pH
the monolayer was slightly stabilized in the presence of 100 mM NaCl. This discrepancy
may be due to the difference in probing depth of the respective techniques; IRRAS
probes ~ 1.5-3 um into the solution, whereas VSFG detects only the first few molecular
layers. Furthermore, the number density of PA molecules at the surface may be below the
detection limit of the technique, as the SFG response depends on the number of
molecular contributors. It is therefore probable that PA molecules are in the sub-surface
region, where they can be detected by IRRAS and surface tension measurements, but do
not significantly contribute to VSFG spectra.

Besides providing information about the PA alkyl chain ordering, VSFG
spectroscopy was also used to determine the orientation of the terminal methyl group, and

subsequently, the tilt angle of the alkyl chain from the observed intensities. As
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established in Eq. (2.14), the SFG intensity is related to the effective second-order

nonlinear susceptibility (y.i>). For ssp polarization Xeff’ssp(z) can be expressed as

2 .
Xéf)f,ssp = Lyy(wVSFG)Lyy(wVIS)Lyy(wIR)SmezRnyz (8.1)

where Lii are the Fresnel coefficients associated with frequency w;, and @z corresponds
to the incident angle of the infrared beam. The component yy, is correlated to the
orientation of the terminal deuterated methyl group (6cp;), which possesses Csy

symmetry, in the following manner for symmetric (ss) and asymmetric (as) stretching

modes

! 8.2
Xj(liz)z,ss = 2 Nsﬁccc[(l + R)<COSHCD3) -(1- R)<C0539CD3)] (8.2)
Xj(lil)z,as = _Nslgaca[<C059CD3) - <C053901)3)] (8.3)

where R is the hyperpolarizability ratio defined as R = Baac/Pecc = 2.3.% Previous
measurements have also determined the ratio Baca/Paac = 4.2.% The value of Ocp3 can be
determined from the ratio Xssp-ss/ Xssp-as, @assuming that the orientation distribution is a d-
function.

The calculated values of the methyl group orientation, f¢p;, and the alkyl chain tilt
angle, 6, are presented in Table 7.2. These values could not be calculated for pH 10.7
solutions due to lack of SFG response. Assuming a nearly trans chain conformation, the
Cs axis is oriented 37° away from the surface normal, leading to the relation = 37 -
Ocp3. 213 For the pH 6.7 solution, the tilt angle is 28.6°, which is consistent with values

192

found in previous studies of fatty acids. "~ The tilt angle increases to 33.1° in the presence

of NaCl, likely due to interaction of Na' ions with the headgroup. In the case of pH 8.7
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solutions, the tilt angle is not significantly different in the absence or presence of NaCl.
As the monolayer is half deprotonated at this point, the charged headgroup most likely

determines the organization of the alkyl chains.

7.3.4. Protonation State of COOH Headgroup.

Figure 7.3 shows IRRAS spectra of the C=0 and COO" region of d3;-PA monolayers
in the UC phase (20.5A%molecule) on various pH solutions. In the absence of additional
NaCl (Figure 7.3a), two spectral features are observed: a peak at 1723 cm™ is the
stretching mode of the carbonyl group (V(C=0)) and another peak at 1275 cm™ from the
C-OH stretch (MC-OH)) of the carboxylic acid.””'** Similar spectra are observed for pH
6.7 and 8.7 solutions, consistent with ESP measurements that indicated the monolayer
was similarly organized on these two solutions. It can be seen for the pH 10.7 spectrum
that a significant shift of the W(C=0) mode to 1680 cm™ occurs, along with the
disappearance of the WC-OH) mode. The shift of the WC=0) mode to lower
wavenumbers indicates increased hydration of the carbonyl group, and can be attributed
to the formation of aggregates or micelles in solution.”'**'> As IRRAS and VSFG of CD
vibrational modes showed PA molecules are not in the interfacial region for this solution,
the signal observed from aggregates here likely comes from carboxylic acid micelles that
exist in bulk solution.

In the presence NaCl (Figure 7.3b), additional peaks are observed at 1535 and 1384
cm’ arising from the asymmetric and symmetric stretching modes of the COO™ group

(vas(COO") and v5(COQO)), respectively. The appearance of these modes is pH-dependent,

135



however. For pH 6.7 the (C=0) and (C-OH) modes are intense and the COO™ modes
are not observed, which indicates that the majority of PA molecules in the monolayer
exist in the protonated form. As the pH is increased to 8.7, the intensity of the V(C=0)
mode decreases and the v,,(COQO") mode appears. The fact that the v(C-OH) mode is still
observed at pH 8.7 confirms that PA molecules exist in both the protonated and
deprotonated form. The COO™ features were not observed in the absence of NaCl for pH
8.7. Na' ions likely disrupt the hydrogen-bonding network of adjacent PA molecules,
which is why the COO™ modes are present. At pH 10.7 the v,(COQO") appears and the V(C-
OH) mode disappears. The C=0) mode shifts to 1680 cm™, but is significantly less
intense than for the pH 6.7 solution. This shows that molecules at the surface are
negatively charged, but a small fraction of the monolayer dissolves into bulk solution as
micelle formation is observed. Results obtained here indicate that the surface propensity
of ionized PA molecules is increased in the presence of NaCl, and that in the absence of

the salt, molecules dissolve into the bulk solution where they form micelles.

7.3.5. Interfacial Water Organization near PA Monolayers.

Figure 7.4 shows VSFG spectra in the OH region for pH 6.7, 8.7, and 10.7 solutions
with and without 100 mM NaCl added. A spectrum of water is shown for reference. A
broad feature is observed from 3000-3550 cm™ (Figure 7.4a,c) and can be attributed to
water molecules with a hydrogen-bonding continuum of varying strengths and lengths. It
is generally accepted that hydrogen-bonding strength decreases with increasing
frequency. A narrow band occurs at ~3700 cm™ (Figure 7.4b,d) and is attributed to the

dangling OH stretching mode.'*® No apparent difference in the hydrogen-bonding
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network is observed for solutions with different pH’s. Furthermore, addition of NaCl
does not appear to have any impact either. For all pH solutions, a decrease in the 3400
cm” band intensity occurs. This observation is consistent with studies of concentrated
NaOH solutions.”'**'” The decrease in band intensity was attributed the presence of
hydroxide ions (OH") in the interfacial region, in which solvation of the OH" leads to
water molecules having a more random orientation, similar to bulk solution. The intensity
of the dangling OH band does not change for any pH solution relative to water.

VSFG spectra in the OH region of ds;-PA on different pH solutions, with and
without NaCl, are presented in Figure 7.5. A spectrum of a PA monolayer on water (pH
5.6) is shown as reference. For the PA/water spectrum, bands can be observed at 3200,
3400, and ~3600 cm™, consistent with previous studies.'* The band at 3600 cm™ is
attributed to the solvation shell of the carboxylic headgroup. For PA monolayers on pH
6.7 and 8.7 solutions that do not contain NaCl (Figure 7.5a,b), enhancement of the 3200
cm™ band occurs relative to PA/water. The enhancement likely indicates an increase in
the induced electric field at the interface due to an increase in the number of deprotonated
PA molecules. For the PA monolayer on the pH 10.7 solution a decrease in intensity
relative to PA/water is observed. The intensity of the hydrogen-bonding network is
comparable to the bare pH 10.7 interface, which suggests that PA molecules are not at the
interface. This is confirmed by the appearance of the dangling OH bond, which was not
observed for pH 6.7 or 8.7, and is consistent with results from IRRAS measurements.

In the case of PA monolayers on pH solutions containing 100 mM NaCl (Figure

7.5¢,d), an enhancement of the 3200 cm™ band relative to PA/water was observed at all
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pHs. For pH 6.7 and 8.7 solutions the enhancement is greater in the presence of NaCl,
which suggests that the background electrolyte increases the induced electric field. This
could be achieved through deprotonation of the carboxylic acid headgroup by Na" ions,
or charge separation of the Na' and CI ions. As concentrated NaCl solutions have been
shown to have little effect on the interfacial hydrogen-bonding network,*'®!22218:1516% it jg
more likely that the enhancement observed here is due to deprotonation of the carboxylic
acid. Enhancement of the 3200 cm™ band increases even more at pH 10.7, indicating the

presence of PA molecules at the interface. This is further evidence that the addition of

NaCl to the solution drives deprotonated PA molecules to the interfacial region.

7.4. Conclusions.

In this study, the effect on pH on the interfacial properties of a PA monolayer was
investigated. Results indicate that organization of the monolayer changes as the degree of
dissociation of the carboxylic headgroup is altered. Deprotonation of the headgroup
increases electrostatic repulsions within the monolayer, leading to decreased stability, and
a change in the PA alkyl chain orientation. When the majority of the monolayer is
deprotonated PA molecules dissolve into bulk solution, where they form aggregate or
micellar structures. Addition of NaCl salt to the bulk solution was found to have little
effect on the alkyl chain packing structure or orientation. However, NaCl was found to
increase the surface propensity of dissolved species to the interface, as spectroscopic
signatures of ionized species were detected in the interfacial region by IRRAS and

VSFG.
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These results have implications for SSA aerosols. As salts are abundant in oceanic
waters, it is likely that deprotonated fatty acids will remain near the surface of the
aerosol. However, the organization and structure, particularly the packing density, likely
differs between deprotonated and protonated species, as IRRAS and VSFG have shown
that ionized molecules did not fully partition to the surface to form a monolayer.
Increased salt concentration may increase partitioning of ionized species. A more in
depth study of pH and background electrolyte concentration is needed. Furthermore, as a
variety of surfactant species are found in aerosols, investigation of mixed monolayers as a

function of pH would more accurately reflect the surface properties of SSA.
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Table 7.1. Equilibrium spreading pressures of PA monolayers on pH-adjusted solutions
with and without NaCl.

Solution pH IIgsp (mN/m)

H,O 100 mM NaCl
6.7 7.57 £0.06 17.75+£0.94
8.7 7.59+0.22 21.13+0.29
10.7 42.27 +5.67 31.08 + 3.28

Table 7.2. Calculated tilt angles of the terminal methyl group and alkyl chain of d;;-PA
monolayers on different pH-adjusted solutions with and without 100 mM NaCl.

Solution Ocps3 O:

pH 6.7 8.4 28.6
pH 8.7 6.7 30.3
pH 6.7 100 mM NacCl 3.9 33.1
pH 8.7 100 mM NacCl 6.0 31.0
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Chapter 8: Interfacial Properties of Avian Stratum Corneum Monolayers
Investigated by Brewster Angle Microscopy and Vibrational Sum Frequency

Generation Spectroscopy

8.1. Introduction.

The skin is an organ whose structure and function have been much investigated over the
years. In particular, the stratum corneum (SC), the skin's outermost layer, is now well
recognized as the physical barrier to the outside environment and is responsible for

: . 219-222
preventing excessive water loss from the body.”"”

The SC is composed of dead cells
also known as corneocytes embedded in a matrix of intercellular lipids.** Intercellular
lipids control the diffusion of water vapor to the environment. Experiments have shown
that removal of the SC lipids with organic solvents results in a significant increase in the
skin total evaporative water loss (TEWL).**>*** Intercellular lipids organize into layers of
lamellae, the structure of these which is proposed to be bi- or trilayers.”****’ It has been
suggested that chemical composition influences the organization and structure of lipids in
the SC.227’228

Cholesterol, free fatty acids, and ceramides make up the majority of SC lipids in

mammals, with ceramides being the most abundant (~50%).*’ In humans, inhibition of

the enzyme p-glucocerebrosidase results in the replacement of ceramide with its
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precursor cerebroside,”” a ceramide with a glucose headgroup. This alteration results in
an inability to maintain water within the skin,”"*** which suggests that the organization
of SC lipids, and the subsequent interaction of water with lipids, is strongly dependent
upon lipid composition. Studies of avian SC have supported this notion, where it was
found that cutaneous water loss (CWL) rates were linked to the relative proportion of
lipid classes in lark species.””***° Ceramides and cerebrosides are the most abundant
lipids in the SC of lark species from desert climates and were found to have a lower CWL
rate than species from a mesic environment, which have a higher fraction of free fatty
acids and triacylglycerols in their SC.**** Studies of house sparrows revealed that
distribution of lipids is not uniform throughout the SC, however. Depth profiling of the
SC of house sparrows caught in the winter found that more polar lipids such as ceramide
and cerebroside are more abundant in deeper layers of the SC, and are associated with

234 Furthermore, CWL rates were observed to be lower in winter

higher water content.
birds compared to summer birds.”**> These studies suggest that ceramides and
cerebrosides play a role in the reduction of CWL rates. The ability of these lipids to form
strong hydrogen-bonds with adjacent lipids or adjacent water molecules may inhibit
water loss or sequester water within the SC.®**” While properties of ceramide and
cerebroside have been investigated,”**! the intermolecular interactions between lipids in
these complex systems and how this regulates CWL is not well understood.

In this study, Langmuir monolayers of SC lipids extracted from four lark species

were investigated at the air-water interface. The interfacial properties of two desert lark

species, the black-crowned finchlark and hoopoe lark, were compared to that of two
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mesic species, the horned lark and skylark, in an attempt to understand how the structure
and organization of these lipid films correlates to the CWL. The phase behavior and
stability of SC lipids were investigated by means of surface pressure-area isotherms.
Imaging of monolayer domain morphology was assessed with Brewster angle
microscopy. Ordering of SC alkyl chains (gauche vs. trans conformation) and interfacial
water organization near the monolayer was probed with vibrational sum frequency
generation (VSFG) spectroscopy. Results found here suggest that mesic lark species have
a disordered lipid structure, which could account for their increased CWL. Desert species
were observed to have disordered and ordered lipid structures depending on the species.
The structure of water molecules near the monolayer was found to be related to the
monolayer morphology, which suggests that lipid organization strongly influences the

way in which water molecules interact with SC lipids.
8.2. Experimental.

8.2.1. Materials.

SC intercellular lipids from lark species were extracted and quantified by methods
that have been previously described.””?*”**® The relative abundance of each lipid class
for the four species is provided in Table 8.1. Extracted lipids were then dissolved in
~100-300 pL of a 2:1 chloroform:methanol solution containing 50 mg/L butylated
hydroxytoluene (BHT), an antioxidant. A diluted lipid solution of each lark species was
prepared by suspending 10 pL of the stock lipid solution in 2 mL of solvent. Lipids

solutions were stored at -20°C. Ultrapure water with a resistivity of > 18.2 MQ-cm and a
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measured pH of 5.6 was obtained from a Barnstead Nanopure Filtration system (model

D4741, Barnstead/Thermolyne Corporation, United States).

8.2.2. Methods.

Surface Pressure-Area Isotherms

Surface pressure-area (I1-4) isotherms were conducted on a Teflon Langmuir
minitrough (KSV, Finland) with a total surface area of 144 cm®. Prior to experiments the
trough was thoroughly cleaned with ethanol and ultrapure water. The Delrin-coated
barriers were swept across the surface before every compression isotherm to ensure that a
surface pressure > 0.2 mN/m was not observed, which would be indicative of organic
contaminants. Monolayers of the SC lipid extracts were prepared by drop-wise spreading
of an appropriate volume of the lipid solution on the water surface with a glass
microsyringe (Hamilton). As the total concentration of lipids was not consistent between
bird species, the volume of lipid solution spread for each species varied. Volumes were
chosen such that a gaseous (G) phase (surface pressure I =~ 0 mN/m) existed after
spreading and a minimum surface pressure of 20 mN/m was reached before the
compression limit of the trough. The following volumes were spread: black-crowned
finchlark, 25 pL; hoopoe lark, 50 pL; horned lark, 14 pL; skylark, 30 pL. After
spreading, 20 min were allowed for solvent evaporation prior to film compression.
Monolayers were compressed symmetrically at a constant rate of 5 mm/min/barrier until
a limiting area of 35 cm® was reached. All experiments were conducted at room

temperature (295 + 1 K) and ambient pressure.
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Brewster Angle Microscopy

Images of the SC monolayers were collected with a custom-built BAM system that has
been previously described.” The BAM setup was described in Chapter 2. All
experiments were conducted on a water and the Brewster angle was fixed at 53.1°. A
movie of the monolayer compression was created by continuously collecting images at a
frame rate of 4.85 s. Still frames were then extracted at appropriate surface pressures.
Final images were cropped from the full 800 um X 800 um size to the most resolved
region, which may differ between images. The scale bar is accurate for each individual

image.

Vibrational Sum Frequency Generation Spectroscopy

VSFG spectra were collected with the BBSFG-1 system described in Chapter 2.
Energy of the visible was fixed at 70 pJ per pulse for all measurements, while the IR
beam had energies of 8 and 14 pJ in the OH (3000-3600 cm™) and CH (2800-3000 cm™)
regions, respectively. Vertical binning of the CCD chip was done for measurements in
the OH region to reduce background noise and cosmic radiation spikes. In the CH region,
the full CCD chip was used, but a cosmic correct function was selected in the software
(SpectraSense 5.0) to remove cosmic radiation spikes. Spectra were acquired for 5 and 2
min in the OH and CH regions, respectively. Both ssp (s-SFG, s-VIS, p-IR) and ppp
polarization combinations were collected in the CH region, while only ssp spectra were
collected in the OH region. Final spectra shown here are background-subtracted and
normalized to the non-resonant profile of GaAs (110) (VI-II Inc.). Peak positions were

calibrated by the non-resonant absorption spectrum of polystyrene.
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8.3. Results and Discussion.

8.3.1. Phase Behavior of SC Lipids from Lark Species.

Figure 8.1 shows II-4 isotherms of SC lipid monolayers from black-crowned
finchlark, hoopoe lark, horned lark, and skylark species. As can be seen, the phase
behavior differs between the four lark species. All species, however, have a gas-liquid
condensed (G-LC) coexistence region at 0 mN/m, as evidenced by BAM. The black-
crowned finchlark transitions from the G-LC to the liquid condensed (LC) phase at 80
cm’. The monolayer undergoes a phase transition at ~25 mN/m, evidenced by the kink in
the isotherm, before reaching a maximum surface pressure of 28 mN/m. The hoopoe lark
has a sharp transition from the G-LC to LC phase at 58 cm”. Surface pressure rapidly
increases from this point to a maximum value of 44 mN/m. The horned lark lifts off at
~85 cm” and reaches a maximum surface pressure of ~25 mN/m. The skylark begins
increasing surface pressure at ~125 cm® and undergoes a phase transition at ~20 mN/m,
and continues to increase to 35 mN/m until the compression limit is reached.

The phase behavior observed here indicates that there is no clear distinction in the
monolayer properties between desert and mesic lark SC lipids. The black-crowned
finchlark and hoopoe lark are both desert species, but the monolayers do not have similar
phase behavior, despite having similar relative abundances of lipid classes (see Table
8.1). The hoopoe lark has a sharp transition to the LC phase and increases surface
pressure quickly over a small area change, which would indicate that lipids in this
monolayer have alkyl chains untilted with respect to the surface plane.”’ For the black-

crowned finchlark the surface pressure increases slowly over a large area, consistent with
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. g 24
a monolayer that is more fluid in nature.’**** A

phase transition was observed in the LC
phase, likely arising from a change in the orientation of alkyl chains from a tilted to
untilted configuration or squeezing out of lipid components.'®*** While these two
species have similar abundances of lipid classes, it is possible that the degree of
unsaturation in lipid chains varies within these classes between species, and could
account for the difference in phase behavior observed here. For the mesic species studied
here, horned lark and skylark, both monolayers displayed fluid-like behavior.

To further asses the physical state of the SC lipid extracts from the lark species, the
isothermal compressibility modulus (Cy"' = -An(611/04n)r, where Ay is the area at the
corresponding IT) was calculated from the slopes of isotherms shown in Figure 8.1. The
compressibility modulus is a measure of a monolayer’s rigidity, in which a higher value
corresponds to a more rigid monolayer. Compressibility modulus curves for the four lark
species are presented in Figure 8.2. The black-crowned finchlark and horned lark have
similar curves, with the compressibility modulus increasing to a maximum value of 30
mN/m, and then decreasing back towards 0 mN/m. The skylark increases to a maximum
value of 50 mN/m at a surface pressure of 15 mN/m. A dip is observed at a surface
pressure of 28 mN/m for the skylark curve, indicative of a phase transition. In the case of
the hoopoe lark, the compressibility modulus increases with increasing surface pressure
until a maximum value of 110 mN/m is reached at the maximum surface pressure of 44
mN/m. The compressibility modulus curves indicate that the hoopoe lark has the most
rigid monolayer, followed by the skylark, and lastly the black-crowned finchlark and

horned lark. It should be noted that the maximum compressibility modulus values
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observed for these monolayers are relatively small compared to values obtained for
single-component monolayers. For instance, a pure cholesterol monolayer has maximum
value of 600 mN/m,'®* while that of a pure tristearin monolayer is 1000 mN/m.**' This
suggests that the monolayers formed from these SC lipid extracts are significantly more
fluid than the pure components they consist of.

Stability of the skylark and hoopoe lark monolayers was investigated by
compression-expansion cycles, as shown in Figure 8.3. The compression and expansion
rates were both set to 5 mm/min/barrier. For both monolayers, it can be seen that the
second compression-expansion cycle is nearly identical to the first, indicating that
hysteresis of the monolayers did not occur. The second compression is shifted to a
smaller area for both species due to loss of film material to the subphase. The change in
area is greater for the skylark (30 cm?) than the hoopoe lark (5 cm?), which could suggest

that the hoopoe lark monolayer is more stable.

8.3.2. Surface Morphology of SC Lipid Monolayers of Lark Species.

BAM images of black-crowned finchlark, hoopoe lark, horned lark, and skylark
monolayers during film compression are shown in Figure 8.4. In all images shown, dark
blue or black represent water-rich or lipid-poor regions, bright blue represents lipid-rich
regions, and white represents the formation of three-dimensional (3D) structures. For the
black-crowned finchlark monolayer, small round lipid domains are observed at 0 mN/m,
indicative of a G-LC phase. As the monolayer is compressed to higher surface pressures,
a porous monolayer forms. At 25 mN/m, the point at which a phase transition was

observed in the isotherm, round lipid domains can be observed within the monolayer,
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revealing that a phase separation of monolayer components has occurred.'™ This suggests
that components of the black-crowned finchlark monolayer are not miscible at higher
surface pressures.

In the case of the hoopoe lark, large lipid sheets are observed at 0 mN/m. With
increasing surface pressure a homogeneous film forms. The intensity of the reflected light
increases with surface pressure, which may be due to an increase in the monolayer
thickness.” The morphology observed for the hoopoe lark is similar to that of pure
ceramide and cerebroside monolayers.®**** Similar to isotherms, a comparison of hoopoe
lark to black-crowned finchlark, shows that morphology of these two desert species is
distinctly different despite lipid classes having similar relative abundances. A more
detailed analysis on the degree of unsaturation of alkyl chains within each class is needed
to determine if this contributes to the differences observed here.

At 0 mN/m, the horned lark SC lipid extract shows round lipid domains co-existing
with larger lipid sheets. Upon further compression, an inhomogeneous monolayer forms.
At times, inhomogeneous lipid sheets with 3D structures are observed (5 and 20 mN/m),
but other structures are observed, which include round lipid domains within a
homogeneous film (10 mN/m). Images of the horned lark monolayer indicate that
components are not miscible, as several different morphologies are observed throughout
compression.

For the skylark monolayer, a porous monolayer is observed at 0 mN/m. The porous
morphology is maintained with increasing surface pressure until the monolayer

undergoes a phase transition at 22 mN/m. After this point the image becomes intensely
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bright, and small 3D structures begin to form, which indicates that collapse of the
monolayer has begun. This morphology persists until the compression was stopped. The
formation of collapse structures could account for the large loss of material observed in

compression-expansion cycles.

8.3.3. Alkyl Chain Conformation.

Figure 8.5 shows VSFG spectra of the hoopoe lark SC lipid monolayer at 10 mN/m
in ssp and ppp polarizations in the CH region. In the ssp spectra, three peaks are
observed, corresponding to the CH, symmetric stretch (v(CH;)), CH3 symmetric stretch
(v(CH3)), and CH; Fermi resonance (ver(CH3)) at 2834, 2860, and 2929 cm’,
respectively. In addition to the v,(CH,) and v,(CH3) vibrational modes, the CH,
asymmetric stretch (v,5(CH,)) and CH3 asymmetric stretch (v,,(CHs3)) are observed in the
ppp spectra at 2882 and 2945 cm’, respectively. Based on the electric dipole
approximation, SFG does not occur for molecules containing centrosymmetry. As
methylene groups contain an inversion center, peaks corresponding to these modes
should not be observed if the alkyl chain has a nearly frans configuration. From Figure
8.5a, it can be seen that in the ssp spectra the vi(CH3) mode is more intense than the
vs(CH;) mode, indicating that the chain is well ordered. This is confirmed in the ppp
spectra, in which the v,4(CH3) mode is significantly more intense than the v,,(CH;) mode.

The CH spectra in ssp polarization for black-crowned finchlark, hoopoe lark, horned
lark, and skylark SC lipid monolayers at various surface pressures are shown in Figure

8.6. It can be seen for the black-crowned finchlark, horned lark, and skylark, that the
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vs(CH;) mode is significantly more intense than the v;(CHj3) for surface pressures lower
than 10 mN/m. At 20 mN/m the two peaks are about equal intensities, and at 30 mN/m
the v4(CH3) mode becomes more intense than the v;(CH;) mode. This indicates that alkyl
chains for these three species are disordered until a surface pressure of 20 mN/m is
reached. In the case of the hoopoe lark, the v;(CH3) mode is always more intense than the
vs(CH;) mode, independent of surface pressure, indicating the alkyl chain are well
ordered, even at low surface pressures. Relative ordering of the alkyl chains can be
determined from the intensity ratio I(vi(CH3))/I(vs(CH;)), with a higher wvalue
corresponding to more trans bonds in the alkyl chain. /(v,(CH3))/I(vs(CH;)) as a function
of surface pressure is shown in Figure 8.7 for all four species. The black-crowned
finchlark and skylark have similar ratio values at all surface pressures, and the horned
lark has slightly higher values relative to these two. The hoopoe lark has a significantly
higher value than the other three species. For all species, however, it can be seen that
ordering of the chain increases with increasing surface pressure. These results indicate
that ordering of the alkyl chains in the SC lipids depends upon the surface pressure, and
that significant gauche defects occur in the chains below 20 mN/m, except in the case of

the hoopoe lark.

8.3.4. Interfacial Water Organization near SC Lipid Monolayers of Lark Species.
Figure 8.8 shows ssp spectra of the interfacial water structure of black-crowned finchlark,
hoopoe lark, horned lark, and skylark monolayers at various surface pressures. In the case

of pure water, three features are typically observed at 3200, 3400, and 3700 cm™.'*® The
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bands at 3200 and 3400 cm™ correspond to the strongly and weakly hydrogen-bonded

147148 while the narrow band at 3700 cm™ is

water molecules in the subsurface region,
attributed to free OH groups of topmost water molecules.'**!*” Due to limitations in the
spectral bandwidth (~600 cm™), only the bands at 3200 and 3400 cm™ are observed here.

All lark species, with the exception of the horned lark, show an enhancement in the
observed intensity of 3200 and 3400 cm™ bands relative to the neat air-water interface
when the monolayer surface pressure is greater than 0 mN/m. Enhancement of the SFG
signal can happen from increased alignment of water molecules perpendicular to the
interface plane or an increase in the depth probed.'”*** Studies of model phospholipid
membranes have similarly shown enhancement of water structure, which is generally
attributed to the electric field generated at the interface by the charged headgroups.'*****
% Only a small fraction of the monolayer is likely charged for monolayers studied here;
the carboxylic acid headgroup of fatty acids are the only ionizable group at this pH (~6),
and studies have shown that the interfacial pKa of fatty acids (~8-10) is much higher than
the reported bulk value (~5).""*""

Relative enhancement of the 3200 and 3400 cm™ bands appears to depend on the
chemical composition of the SC monolayer, as no distinct trend is observed between the
four lark species. In the case of black-crowned finchlark and skylark, an enhancement of
both the 3200 and 3400 cm™ peaks occurs once the monolayer has a surface pressure
greater than 0 mN/m. The intensity of the 3200 cm™ band remains constant, but the 3400

cm’ band enhancement becomes more intense with increasing surface pressure.

Furthermore, for skylark, there appears to be a band forming at ~3500-3550 cm™ that is
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more intense than the 3200 cm™ band when the surface pressure is > 20 mN/m. Increased
intensity from weakly hydrogen-bonded (less coordinated) water molecules could reflect
increased solvation or hydrogen-bonding of interfacial water to the lipid headgroups,
leading to a disruption in the hydrogen-bonding network of water molecules.

Water structure of the hoopoe lark SC monolayers is unaffected by surface pressure (after
compressing to a value greater than 0 mN/m). Enhancement of the 3200 and 3400 cm™
bands occurs, with 3200 cm’' band more intense. This indicates that water molecules are
more ordered (strongly hydrogen-bonded) near this monolayer.

As mentioned earlier, the horned lark SC monolayer has little enhancement compared to
the other lark species. At 10 mN/m a slight enhancement of the 3200 cm™ band occurs,
along with suppression of the 3400 cm™ band. An increase in surface pressure results in a
slight decrease in intensity of the 3200 cm™ band. These small perturbations suggest that
the interfacial water hydrogen-bonding is not significantly impacted by the horned lark

monolayer.

8.4. Conclusions.

Here the interfacial properties of SC lipid monolayers from desert and mesic lark
species were investigated and compared to understand CWL rates in larks. Results
indicate that lipids of mesic species form fluid monolayers in which components are not
miscible and had significant gauche defects in the alkyl chains. In contrast, desert species
did not display similar properties despite having similar lipid composition; the black-
crowned finchlark exhibited behavior similar to the mesic species while the hoopoe lark

was found to form a rigid, miscible monolayer in which lipid chains had a trans
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configuration. Interfacial water hydrogen-bonding was correlated to monolayer
morphology. Species that exhibited porous monolayer structure had an increase in weakly
hydrogen-bonded water molecules, while condensed monolayers had a higher intensity of
strongly hydrogen-bonded water molecules. In general, SC lipids from mesic species
were less ordered, which could explain their increased CWL. A clear trend was not
observed for desert species, however. Investigation of more lark species than probed here
could shed more light on the relationship of CWL and lipid structure. Furthermore,
studies done at physiological temperatures would reflect the lipid structure of living birds

more accurately.
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Figure 8.1. II-4 isotherms of SC lipid monolayers from black-crowned finchlark,
hoopoe lark, horned lark, and skylark species.
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Figure 8.2. Compressibility modulus of SC lipid monolayers of lark species as a function
of surface pressure. The hoopoe lark monolayer is the most rigid of the four species.
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Figure 8.3. Compression-expansion isotherms of SC lipid monolayers of (a) skylark and
(b) hoopoe lark. No hysteresis was observed.
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Figure 8.4. BAM images of black-crowned finchlark, hoopoe lark, horned lark, and
skylark SC lipid monolayers at various surface pressures during film compression. Scale
bars are 50 um for each image. The surface pressure is indicated in the top left corner of

the respective image.
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Figure 8.5. VSFG spectra of hoopoe lark SC lipid monolayer at 10 mN/m in the CH
region for (a) ssp and (b) ppp polarization combinations.
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Figure 8.6. VSFG in the CH region with increasing surface pressure for SC lipid
monolayers of (a) black-crowned finchlark (b) hoopoe lark (¢) horned lark and (d)
skylark
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165



Table 8.1. Relative abundance of lipid classes in the SC of four lark species. Values
calculated from data provided in Champagne, et al. J. Exp. Biol. 2012, 215, 4299-4307.

Black-

Lipid Crowned ~ 1100Po¢ Homed o\ jark
. Lark Lark
Finchlark
Cholesterol Ester 10.86 11.69 2.80 5.98
Fatty Acid Methyl Ester 3.76 5.08 53.71 4.62
Triacylglycerol 11.47 13.53 6.05 31.10
Free Fatty Acid 15.92 14.61 4.39 30.33
Cholesterol 3.81 3.75 2.67 4.12
Ceramide I 2.47 2.10 1.81 2.26
Ceramide 11 3.68 4.70 0.86 0.00
Ceramide 111 14.11 13.09 14.10 8.96
Total Ceramide 20.25 19.89 16.78 11.23
Cerebroside 33.92 31.45 13.59 12.63
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Chapter 9: Atmospheric and Biological Implications

Work presented in this dissertation is motivated by a growing interest in the molecular
level organization and structure of atmospheric and biological interfaces. To gain insight
into these interfaces the spectroscopic techniques Brewster angle microscopy (BAM),
infrared reflection-absorption spectroscopy (IRRAS), and vibrational sum frequency
generation (VSFQG) spectroscopy were utilized to probe lipid monolayers at air-aqueous
interfaces. A variety of lipid-aqueous systems were investigated here and the findings in
each study are applicable to both sea spray aerosols (SSA) and biomembranes.

A model phospholipid, dipalmitoylphosphatidylcholine (DPPC), on concentrated salts
solutions was investigated as a proxy for organic coated SSA in which ions are enriched.
Enrichment of ions is thought to occur due to complexation with lipid molecules. For the
six cations studied here, binding affinity with the PC headgroup was found to have the
following trend: Zn*" > Ca®" > Mg*" > Na" = K" > Sr*". This trend is consistent with
calculated enrichment factors, where Zn*" had the highest enrichment and Sr*" was
depleted in SSA. This result implies that enrichment (or depletion) of inorganic ions in
aerosols 1s a consequence of their interaction with surface-active organic molecules.
Furthermore, surface properties of the DPPC monolayer were altered on the concentrated
salt solutions, and have implications for aerosols and biomembranes. Diffusion of water,

uptake of gases, and transport of small molecules are all influenced by morphology of
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organic films. Here, the packing density of DPPC molecules and surface morphology
were impacted, the extent of which depended on cation identity and concentration. This
indicates that the rate of processes such as diffusion will be altered depending on the
relative abundance of different cations. Refractive index of the DPPC monolayer was
found to decrease with increasing salt concentration, which implies that optical properties
of aerosols (scattering and absorption of light) will change when ions are enriched in
SSA. The presence of cations was also found to perturb the hydrogen-bonding network of
water near the DPPC monolayer. At high Zn®" concentrations water molecules reorganize
to preferentially solvate the PC-Zn*" complex, resulting in a reduced hydrogen-bonding
network. Exchange of water with the vapor phase is likely reduced as a result. Similarly,
diffusion of water molecules through biomembranes is also likely reduced as a
consequence.

Another proxy system of organic coated SSA investigated here includes glycolipids. In
this study the hydrogen-bonding network and depth of interface were found to differ for
soluble and insoluble glycolipids. This has implications for the growth, adsorption, and
chemical reactivity of particles.

The impact of pH on a model free fatty acid, palmitic acid, was also investigated. Here,
dissolution of lipid molecules into bulk solution was observed at high pH. Addition of
NaCl to solution increased surface propensity of lipids, but did not restore a full
monolayer. Uptake of water and other gaseous species, and hence size and optical

properties of aerosols, are influenced by organization of organic films. The
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hygroscopicity and chemical reactivity of acidic and basic particles are likely different as
a result.

While seemingly unrelated to aerosols, avian stratum corneum lipid monolayers can also
be considered as a proxy for organic coated SSA in which the organic film is chemically
diverse. Lipid composition was found to impact surface morphology and interfacial water
organization. As SSA are chemically complex entities, these results imply that small
changes in relative abundance species has the ability to modify many properties,
including evaporation of water, uptake of gases, and albedo. Furthermore, these results
have implications for biomembranes, as permeation of water is related to the formation of

channels within the membrane.
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Appendix A: BAM Data Processing

A.1. Camera Calibration

In order to obtain quantitative monolayer thickness or monolayer refractive index
values, the CCD camera must be calibrated to relate the measured gray level to the
intensity of the reflectance, / = |Rp|2. To calibrate camera, collect an image of the bare
aqueous surface at incident angles + 0.5° from the Brewster angle in integrals of 0.1°.
Record the gray level in the center of the image. The gray level can be taken as the counts
displayed in the Andor Solis software, or determined from the BAM image in Image]
software (as discussed below). When the gray level is plotted against the incident angle a
parabolic shape should be observed, as shown in Figure A.1.

The gray level can be related to /, calculated from Eq. 2.3, by plotting the 7 vs. gray
level for each individual incident angle, as shown in Figure A.2. A linear trend should be
observed. After fitting the data with a linear function (y = mx + b), the measured grey
level in BAM images can be converted to a reflectance value for that particular subphase.

This process should be repeated for each subphase.

A.2. Grey Level Determination in ImageJ
Grey level on bare and monolayer-covered surfaces in this dissertation was

determined with the software Image]J. Image] is a free software program
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(https://imagej.nih.gov/ij/). In Imagel, open a BAM image. The scale for the image

should be set before any further processing is done. To set the scale go to the Analyze
menu, and select Set Scale from the dropdown menu. Enter the distance in pixels, known
distance, and unit of length. If several images are to be analyzed, click the global box,
and the scale will be applied to all subsequent images opened. For the BAM setup
described in this dissertation, the distance in pixels is 63, the known distance is 100, and
units are um. Images should be cropped to the most resolved region, and can be done by
selecting Crop under the /mage menu. If a scale bar is desired, add one by going to the
Analyze menu, selecting Tools, and then selecting Scale Bar. Enter details of desired
scale, etc. To obtain grey level, first draw a line across the whole image using the select
tool, as shown in Figure A.3. Under Analyze menu select Plot Profile; the grey level for
the pixels over which the line was drawn on the image will appear as a new window, as
shown in Figure A.4. This new window may be saved as a text file. In studies done here,
the gray level was obtained for three separate y-pixels, and then averaged. An overall
grey level was determined for each image by averaging over all x-pixels to obtain a
single value. This grey level value can then be converted to a reflectance value, as

determined by the camera calibration.
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Figure A.1. Grey level of BAM image as a function of incident angle for a 0.6 M NaCl
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Figure A.3. Cropped BAM image, where a line has been drawn horizontally using the
select tool.
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Figure A.4. Grey level of each x-pixel (in distance um) over which the horizontal line
was drawn in BAM image shown in Fig. A.3.
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Appendix B: IRRAS Data Processing

Baseline correction of IRRAS spectra was done in OriginPro 9.0 (OriginLab). The
spectrum was plotted in the region of interest and then processing was done. In the
phosphate region, as shown in Figure B.1, the region of interest was restricted to 1300-
900 cm™. In other regions the spectrum was limited to: for CH region, 3000-2800 cm;
for C=0, 1800-1550 cm'; for §(CH,), 1500-1400 cm™; and for §(CH,), 1100-1000 cm™.
To do the baseline correction, the absorbance peaks in the original spectrum were deleted
from the spectrum, as shown in Figure B.2. The remaining points in the spectrum were fit
with a third order polynomial, as shown in Figure B.3. The fitted polynomial is
considered the baseline, and was subtracted from the original spectrum to obtain the
baseline corrected spectrum, as shown in Figure B.4. Several baseline-corrected spectra

(a minimum of two) were averaged to obtain a final spectrum.
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Figure B.1. Original IRRAS spectrum of DPPC on water in the phosphate region (1300-
900 cm™) prior to any processing.
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Figure B.2. Spectrum from Fig. B.1 after absorbance peaks are deleted from the
spectrum.
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Figure B.3. Third-order polynomial fit of spectrum shown in Fig. B.2.
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Appendix C: VSFG Data Collection and Processing

C.1. Data Collection

The time of acquisition depends on the region of interest. In regions of interest in
which an intense signal could be obtained in a short acquisition time, the cosmic
correction function was selected in the SpectraSense (Version 5.0) software. The
selection of this function doubles the integration time. For example, when 60 seconds is
input as the integration time, the total spectrum actually takes 120 seconds. For long
acquisition times, the spectrum was cosmic corrected after collection, which is discussed
in more detail below. The following integration times were used in various regions: OH
& free OH region (3000-3700 cm™), 5 min; CH region (2800-3000 cm™), 60 s with
cosmic correct function (120 s total); CD region (2000-2300 cm™), 60 s with cosmic
correct function (120 s total), C=0 region (1750-1600 cm™), 5 min; COO" region (1500-
1350 cm™), 5 min; phosphate region (1150-1000 cm™), 5 min.

When long acquisition times were used (i.e. 5 min without cosmic correct function),
vertical binning of pixels was done to reduce cosmic radiation spikes. Horizontal binning
cannot be done in the SpectraSense software. Prior to collection of the spectrum, an
image of the SFG signal on the CCD chip was taken for a period of 60 seconds (lipid-

covered surfaces) or 120 seconds (bare surfaces) to determine its vertical position. A
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binning region of 20-30 pixels on either side of the center of the SFG signal was then

selected, as is shown in Figure C.1.

C.2. Data Processing

As discussed in Chapter 2, VSFG spectra were processed by filtration of cosmic
radiation. Removal of cosmic radiation spikes was typically only done for spectra with
long integration times, as the cosmic correct function sufficiently removes spikes for
short integration times. Cosmic spikes are removed from spectra by doing a 3-point
smooth around the spike (Note: a 3-point smooth is not applied to whole spectrum, just
the x-axis value(s) at which the cosmic radiation spike occurs). Removal of cosmic
radiation should not significantly impact shape of spectrum, as shown in Figure C.2.

After removal of cosmic radiation from the spectra, two VSFG spectra were
averaged. The background spectrum is then subtracted from the averaged spectrum. A
background spectrum is collected for the same period of time, and is achieved by moving
the visible beam delay stage such that both the visible and IR impinge the surface, but
SFG is not produced due to lack of temporal overlap. Negative values resulting from the
background subtraction should be corrected to 0. After background subtraction, the
spectrum is normalized to the non-resonant spectrum of GaAs (in the same polarization
combination). A GaAs spectrum is collected for 1 s, independent of the spectral region.

The normalized spectrum is the final spectrum
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