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Abstract
Surface Chemistry of Human-Derived Organic Compounds in Indoor Environments
Jana Lee Butman

Thesis Advisors: Prof. Franz M. Geiger and Prof. Regan J. Thomson

Human skin oils are significant scavengers of atmospheric oxidants in occupied indoor
environments. Many techniques used to study gas-phase transformations of surface films indoors have
been limited to off-line bulk analysis, although more surface-selective methodologies are
emerging. Here, we present a multi-prong analytical approach to characterizing skin oil ozonolysis.
Skin oil is a complex heterogeneous system containing compounds like oleic acid and squalene, a
major ozone-active constituent. We employ a combined spectroscopic and atomistic modeling
approach to elucidate the conformational and otientational preferences of squalene at the air/oil
interface and their implications for reactions with ozone. We find that squalene chains tend to align
with surface normal, resulting in different concentrations of the various types of its double bonds at
the interface and thus different reactivities. Skin oil and squalene are found to produce different
vibrational sum frequency generation spectra in the C—H stretching region, while exposure to ozone
results in surface spectra for both materials that is consistent with a loss of C—H oscillators. Measured
contact angles show that the hydrophobicity of the films increases following exposure to ozone,
consistent with the reduction in C=C---H,O (“nH”) bonding interactions that is expected from C=C
double bond loss due to ozonolysis and indicating that the polar functional groups formed point
toward the films’ interiors. Further elucidation of skin oil’s surface partitioning behaviors are revealed
through mixing ratio studies of a binaty squalene/oleic acid mixture. Implications for heterogeneous

indoor chemistry are discussed.
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Chapter 1:

Surface Analysis in Indoor Atmospheric Chemistry

Portions of this chapter appear in the following publications:

von Domaros, M.; Liu, Y.; Butman, J. L.; Perlt, E.; Geiger, F. M.; Tobias, D. J., Molecular
Orientation at the Squalene/Air Interface from Sum Frequency Generation Spectroscopy and
Atomistic Modeling. The Journal of Physical Chemistry B 2021. 125 (15), 3932-3941

Butman, J. L.; Thomson, R. J.; Geiger, F. M., Unanticipated Hydrophobicity Increases of Squalene
and Human Skin Oil Films Upon Ozone Exposure. | Phys Chem B 2022, 126 (45), 9417-9423
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1.1 Introduction
Whether at home or at work, North Americans spend the vast majority (90%) of their time
indoors.! This behavior can be problematic, as the concentration of certain air pollutants can be 2 to
50 times higher indoors than outdoors. Indirect evidence supports connections between high levels
of pollutants found indoors and morbidity (chronic fatigue syndrome, asthma, sick building syndrome)
and even mortality.”* Surface to volume ratios indoors far exceed that of the outdoors, > making
surface chemistry disproportionately important in understanding pollutants. Through processes
collectively referred to as “sorption”, surfaces regulate physical and chemical transformations that gas-
phase species undergo indoors.”® Numerous methods exist for evaluating the bulk properties of
indoor environments, but surface analysis requires specific methodologies. We attempt to bridge the
existing knowledge gap in indoor surface chemistry using vibrational spectroscopy combined with

optical profilometry, contact angle measurements, and other surface characterization techniques.

1.2 Molecular-Level Analysis in Indoor Surface Chemistry

Understanding the interaction of sorbed surface species with gas-phase reactants indoors is
critical to understanding the subsequent impacts of indoor air pollution on human health through
dermal uptake and inhalation.”"” Recent molecular-level studies on the surface processes of indoor
environments provide microscopic and mechanistic insights into these heterogeneous chemical
transformations.” ™ These surface processes we define as the interaction of the topmost layer of
molecules in direct contact with the gas phase, with a micrometer-thick bulk phase beneath an
Angstrom to nanometer-thin surface. From atmospheric aerosol studies, we have learned that RH
(relative humidity) governs the diffusivity between the surface and bulk, making the bulk accessible to
incoming reactants in a humid environment. > At a low RH, the viscosity and diffusivity in a sorbed

film is inhibited, endowing the topmost surface layer with a larger role in gas-phase interactions. The
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responsivity of thin surface films to environmental conditions indicates a need for surface analysis
that can be performed in ambient conditions. Methods requiring ultra-high vacuum (UHV), elevated
temperature, and other deviations from standard indoor conditions can reveal useful information but
are ultimately observing nontypical systems.

Current state of the art chemical analysis of collected surface films indoors often include
experiments that are performed off-line and require solvent extraction, divorcing the studied systems
of interest from the original conditions at which they need to be understood. *>"** Solvent extraction
can lead to material loss of low-solubility compounds at the site of collection as well as material loss
of low-volatility compounds in transportation and sample reconcentration. Similar off-line approaches
run the additional risk of scrambling the surface and bulk phase components, limiting accuracy
regarding actual indoor pollutant behavior. Sample collection for these approaches is often restricted
to longer time scales, with collection windows ranging from hours to months. Specific surface
processes that can be monitored on-line at faster time resolutions are therefore necessary to

understand fast heterogeneous processes like ozonolysis.

1.3 The Impact of Human Occupation and Ozonolysis on Indoor Air

Numerous studies exist for both on- and offline analysis of indoor air pollutants that evolve
due to human occupancy, with model environments ranging from closed airplane cabins to
classrooms.” These studies point to a common conclusion: that human occupancy immediately
changes the composition of an indoor space, on a time scale of seconds. Bulk measurements like
on- and offline MS analysis show a rapid increase in human-derived VOCs (volatile organic
compounds, e.g. exhalants like acetone and CO,) the longer a subject remained in an observed
enclosed area.”” Human occupants significantly impact indoor air composition directly through

breath and skin emissions.”*”*! Indirectly, human presence causes a similarly significant impact due



17
to skin oil acting as a source/sink for gas-phase indoor reactants, leading to the formation of secondary

VOCs (sVOCs) that further alter the chemistry of an indoor environment.

7 z 7

squalene (12-20%)

cholesterol oleate (cholesterol esters, 3-6%) cholesterol (1.5-2.5%) o
0 \/\/\/\/;/\/\/\)I\OH
~o~ o=~~~ o oleic acid (fatty acids, 15-30%)

/\/\/\/E/\/\/\/\B/O\)\/OB/\/\/\/E/\/\/\/\
triolein (triglycerides, 30-50%) 0
/\/\/\/\/\/\/\)I\O/\/\/\/\/\/\/\/\

cetyl palmitate (wax esters, 26-30%)

Figure 1.1: Major components of skin oil with structures of representative molecules and percentages

Much focus has been paid to the interaction of ozone with the components of human skin
oil, in part due to the proximity of evolved sVOC:s to critical mucous membranes and inhalation sites.
The C=C double bonds of unsaturated lipids in skin oil can react heterogeneously with ozone on
various surfaces such as skin, hair, soiled clothing, and any other indoor surface including shed skin
flakes and deposited skin oil, processes known collectively as “desquamation.” These reactions
immediately lower the ozone concentrations in occupied indoor environments and generate a variety

of (di)carbonyls, carboxyls, and hydroxycarbonyls, some of which have been identified as lung and

skin irritants as shown in Figure 1.2.°"%
Me Me 0
Qs M )%/\)‘\\/\)LM
Me Me Me € e
Me = P — geranylacetone
~ i ~ Me - " Me 0 0
e Me Me T ML
I Me’ Me Me)LMe
squalene
: 6-methyl-5-hepten-2-one acetone
O
OV\)LMG OMO
4-oxopentanal 1,4 butanedial

Figure 1.2: Chemical structures of squalene and select ozonolysis products.
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Studying the surface properties of the heterogeneous reaction of ozone with human skin oil is

critical to understanding the ultimate impact of indoor air pollution on human health. The speed of
the reaction necessitates fast on-line analytical methodology. The collision of an ozone molecule with
a C=C double bond is needed to start the reaction, as shown in Figure 1.3. Deconvoluting the surface
orientation of a C=C bond containing skin oil molecule would therefore provide insight regarding the

surface-gas interaction involved in initiating ozonolysis of skin oil.

82
e G
Y i 4
Rﬂ\o z» R R

Figure 1.3: General mechanism for the ozonolysis of a C=C bond

1.4 Thesis Scope and Organization

In this introduction, we present an overview of the field of indoor air pollution’s impact on
human health and identify some of the current shortcomings regarding the analytical methods used
to characterize atmospherically relevant surfaces. We identify challenges in the field of indoor surface
characterization including the need to perform surface-specific analysis at ambient temperature and
pressure, as well as the difficulty of obtaining on-line data of heterogeneous surface transformations.
A knowledge gap exists regarding heterogeneous transformations occurring between ozone and skin
oil components, which must be understood at the molecular surface level to understand their
subsequent effects on human health. Our efforts to close this gap include probing environmentally

relevant surfaces under ambient conditions using vibrational sum frequency generation (SFG)
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spectroscopy paired with atomistic modeling, investigating surface properties using optical microscopy
and contact angle measurements, and mixing studies using multicomponent model systems.

In Chapter 2, an investigation of molecular orientation at the squalene/air interface is
performed using vibrational SFG spectroscopy under ambient conditions. Further morphological
information about squalene films on silica is obtained using optical profilometry. Combining this
experimental surface-selective approach with atomistic modeling reveals important implications for
squalene ozonolysis products and rates.

Chapter 3 covers the effects of ozonolysis on the surface properties of skin oil and squalene
films using SFG spectroscopy, contact angle measurements, and optical profilometry. The final
section of chapter 3 details preliminary on-line kinetic observation of skin oil ozonolysis including
bond-specific data obtained using SFG spectroscopy.

Chapter 4 covers preliminary surface studies of a two-component model system comprised of
oleic acid and squalene observed using SFG spectroscopy and bulk scattering. The appendix will cover

additional characterization of organosulfate atmospheric VOCs using SFG spectroscopy.



Chapter 2:

Surface Investigation of Squalene

Portions of this chapter appear in the following publications:

von Domaros, M.; Liu, Y.; Butman, J. L.; Perlt, E.; Geiger, F. M.; Tobias, D. J., Molecular
Orientation at the Squalene/Air Interface from Sum Frequency Generation Spectroscopy and
Atomistic Modeling. The Journal of Physical Chemistry B 2021. 125 (15), 3932-3941

20
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2.1 Introduction
Among the many heterogeneous reactions that are relevant for the chemistry of the indoor
environment, much attention has focused on the oxidation of unsaturated organic compounds by
ozone.” Specifically, ozone can react with the C=C double bonds in skin oil constituents, forming
volatile lung irritants.” Since these constituents are amply available on skin, clothing, and other indoor
surfaces, these irritants are formed in very close proximity to the respiratory system.” Models of skin
oils have largely focused on commercially available unsaturated compounds, like squalene and oleic
acid.”* These choices are reasonable: due to the abundance of its C=C double bonds, squalene
constitutes about 50% of the ozone-reactive species,” even though it comprises only about 10% of
human skin oil. The remainder of human skin oil is comprised of saturated fatty acids which contain
only one C=C double bond (e.g., oleic acid),” and unsaturated or saturated compounds like
triglycerides. Much work has focused on the ozonolysis of these C=C double bonds as the process
can lead to the formation of 4-oxopentanal, acetone, and other known lung irritants, particularly in
close proximity to the human respiratory system.” *>*>" The impact that skin oil has on the indoor
atmosphere is not limited to durations of human occupation. Deposited skin oil, shed skin flakes, and
other off-body, desquamated material also act as a significant sink for ozone indoors.”’ We focused
our research on the properties of these desquamated samples, selecting silica (SiO») as a substrate, as
it has been used as a model system for window glass, a common indoor surface, in several studies

previously.”

2.2 Methods

2.2.1 Materials
Samples were prepared by dissolving squalene (Sigma-Aldrich, Part No. $3626, >98%, used

as received) in deuterated chloroform, CDCl; (Sigma-Aldrich, Part No. 151823, 99.8 atom % D), and
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spin-coating squalene at 3000 rpm onto a fused silica optical window substrate (ISP Optics, Part No.
QI-W-25-3) that had been sonicated in methanol (Fisher Scientific, Part No. A452-4, HPLC grade),
rinsed with methanol and Millipore water alternately, and then plasma cleaned. Skin oil samples were
obtained from one human who did not use personal care products on the day of sampling. Following
the method published by the Abbatt group,” the subject swiped their thumb over their forehead once
and deposited the collected skin oil onto a fused silica window, smearing the oil to create a thin film.
The coated sample window was clamped vertically on a translational stage. The ambient temperature

and relative humidity in the laboratory were maintained at 20 = 1 °C and 30 — 50%, respectively.

2.2.2 Vibrational Sum Frequency Generation (SFG) Spectroscopy

Previously, squalene’s bulk and surface properties had been studied using many of the methods
outlined in Section 1.2, although SFG characterization did not yet exist in the literature. Second-order
nonlinear vibrational spectroscopy allows for surface-selective chemical characterization, as bulk
responses to the spectra are forbidden by symmetry arguments, and the technique is applicable at

53-56

ambient pressure and temperature,” " avoiding the pitfalls of other methods that require heat or ultra-
high vacuum (UHYV). Using SFG, we can obtain bond-specific and surface-selective chemical
information.

SFG spectroscopy relies on a second-order process that occurs when two light fields overlap

spatially and temporarily at an interface and generate an output light field that oscillates at the sum

frequency of the two incident fields. The intensity of the output SFG signal is proportional to the

effective second-order susceptibility, )(gc}, of the interface. At the surface of an organic film, the

@ .
nonresonant component of the term X is generally small when compared to the resonant

contribution. The resonant component can be written as
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1P =N < Bijrg > (1

where N is the number of interfacial molecules and < B 4 > is the orientational ensemble average
of the molecular hyperpolarizability tensor. For each normal mode ¢, B;jkq is proportional to the
product of the derivatives of both the polarizability, @;;, and dipole moment, py, with respect to the

normal mode coordinate, Q.

L e
ljk,q aQq aQq

The polarization-resolved SFG signal is sensitive to the orientations of vibrational modes, which can
help us deduce the orientation of the chemical bonds and even the entire molecule. Such an approach
has seen many successful precedents in interfacial chemistry in various contexts, which provides a rich
library aiding in spectral assignment and orientational analysis, especially in the C—H stretching
region.”” !

SFG spectroscopy can probe the functional groups on surfaces nondestructively under
ambient conditions in an online manner with time resolution of sub-seconds. Moreover, SFG
spectroscopy is intrinsically surface selective because SFG signal is generated through a nonlinear
optical process where centrosymmetry is broken and thus amorphous bulk media inherently remain
silent. Our broadband vibrational sum frequency generation spectrometer has been described
previously.””** Briefly, spectra were collected using either the ssp, ppp, ot sps polatization combination,
corresponding to s-or p-polarized sum frequency, visible, and infrared beams, respectively. The ssp

combination probes vibrational modes having transition dipole moment components aligned

perpendicular to the interface, the sps polarization combination is sensitive to components of the



24
vibrational modes that are oriented parallel to the interface, and off-diagonal elements of the nonlinear
susceptibility tensor are probed in the ppp polarization .**

The incident IR beam and visible beam overlap spatially and temporally in an external
geometry at the airisqualene interface. SFG spectra were taken with ssp, ppp, and sps polarization
combinations, of which the three letters stand for the polarizations of the output SFG beam, the
incident visible beam, and the incident IR beam, respectively. Among them, ssp and gps polarization
combination probe the components of the vibrational modes that are oriented normal and parallel to
the surface, respectively. The ambient temperature and relative humidity in the laboratory were
maintained at 20 £ 1 °C and 30 — 50%. All measurements were carried out in duplicate. It takes about
45 minutes to collect one SFG spectrum over the 2600-3100 cm™ range, including collection of the

background (IR beam blocked), to obtain SFG spectra at the quality reported in this study.

2.2.4 Optical Profilometry

Optical microscopy samples were prepared using the same technique described in Section
2.2.1. The thickness of the spin-coated squalene film was characterized using a 3D optical microscope
(Bruker ContourGT, 130 nm lateral and better than 1 nm height resolution). We prefer this approach
over atomic force microscopy, which produces noise due to material accumulation on the tip during
scans.” A portion of the fused silica substrate was covered with Kapton tape so as to provide an
internal zero-height reference (RMS roughness of 9 to 10 nm, determined for several 300 x 300 pm?

areas). On the atomic scale, the RMS roughness of the uncoated fused silica substrates is 0.4 nm, as

determined by atomic force microscopy (AFM) from several ten-pm linescans.*
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2.3 Results and Discussion

2.3.1 SFG Analysis of the Surface of a Squalene Film
A representative ssp-polarized spectrum of the surface of a squalene film in the C—H and O-
H stretching regions (2600 — 3800 cm™) is shown in Figure 2.1. Because the spectrum is normalized

to the reference nonresonant signal from gold and the signal from it is relatively low towards the edges

of the spectrum due to weak IR power there, the signal-to-noise ratio is relatively low on both ends.

lsr [a.0.]

0

T T T T T T T T T T
2700 2800 2800 3000 3100 3200 3300 3400 3500 3600

Vibrational Frequency [cm_1]

Figure 2.1: A representative ssp-polarized vibrational SFG spectrum of the surface of a squalene film.

Considering the molecular structure of squalene, the most striking feature of the spectrum
shown in Figure 2.1 is the lack of a distinguishable signal around 3050 cm™, which would be expected
for the vinylic (=C-H) modes, despite the fact that squalene contains six vinylic C~H bonds.” "
The other polarization combinations we used did not show signal intensity in that frequency region
(Figure 2.2). This finding indicates that the vinylic C—H bonds are oriented such that their transition
dipole moments sum to zero, which would be expected for all #7ans-configured modes, or modes that
are symmetrically distributed in and/or normal to the x-y plane of the interface. Next, the O-H

stretching region appears to contain a weak broad band, indicating the presence of some water

molecules at the squalene surface at ambient relative humidity. The 3400 cm™ center frequency of this
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broad band matches that of bulk liquid water, indicating perhaps the presence of a loosely hydrogen-
bonded network of water molecules.”

The sp’-hybridized C-H stretching region (below 3000 cm™) is dominated by two main peaks
ataround 2855 cm™ and 2915 cm™', which are usually assigned as methylene symmetric and asymmetric
stretches, respectively.”” ™" A shoulder appears near 2965 cm™', which is normally attributed to methyl

7 or methyl Fermi resonances.” The considerable SFG intensity at 2900 cm™

asymmetric stretches
indicates the presence of additional modes, given the spectral resolution of our instrument (~8 cm™
near 2900 cm™). Indeed, all-trans-configured n-octadecyl silane show no signal intensity in this
frequency region.”

While the frequencies of the two dominant peaks and the shoulder are consistent with reported

IR spectra of squalene in literature,”*”’

the published spectral assignments have only been approximate
in the C-H stretching region. This lack of information is not surprising, given the complexity of

squalene’s molecular structure.
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Figure 2.2: Replicates of ssp-, ppp-, and sps-polarized SFG spectra of the surface of squalene films on fused silica.

Replicates of ssp-, ppp-, and sps-polarized SFG spectra of the surface of squalene films on fused
silica collected are shown in Figure 2.2. The spectra were all normalized to the highest peak in ssgp-
polarized spectra to demonstrate the relative intensity of different polarization combinations. The sgp-
polarized spectra show the highest signal-to-noise ratio and the sps-polarized spectra have very low
spectral intensity. The low intensity of gps-polarized spectra can be explained by the nearly isotropic
orientation of functional groups azimuthally within the x-y plane.

These spectra were collected from different samples prepared on different days and the
spectral features are generally consistent. The C—H stretching region in the sgp-polarized spectra is
dominated by two main peaks at around 2855 cm™ and 2915 cm™ and a shoulder around 2965 cm™.
One of the ssp-polarized spectra is an outlier without the shoulder band and is notated with dashed

lines. The ppp-polatized spectra generally exhibit three peaks at around 2965 cm™, 2930 cm™, and 2900
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cm™ and the sps-polarized spectra only contain a small bump at around 2930 cm™. The broad O—-H

stretching band only appears to be significant in some ssp-polarized spectra.

2.3.2 Optical Profilometry Reveals Non-Uniform Height vs. Distance Profiles with 100 nm to
>1 mm Tall Features.

spin-coated squalene clean fused silica surface
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Figure 2.3: Top panel: A 3D optical image of the border of spin-coated squalene on fused silica (on the left) and the
clean fused silica surface (on the right). The size of a laser spot is indicated with the orange circle. Bottom panel: The
height profile of the blue line across the field of view.

We have examined the spin-coated film with 3D optical microscopy (Bruker ContourGT).
The 3D optical microscopy shows scattered droplet-like patches of squalene, shown in Figure 2.3.
The height of the droplets ranges from ~20 nm to ~200 nm (the spots with sharp edges and higher
heights are likely to be dust). We have also attempted using AFM (Bruker Dimension FastScan) to
characterize the film surface. However, because squalene is oily and sticky, we found that it would
accumulate on the tip during scans and introduce noise to the image. Optical profilometry circumvents

this problem as it is a non-contact method.
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2.4 Implications for Chemistry of the Indoor Environment and Conclusions.

The approach presented here has already shed light on different aspects of the interfacial
structure and reactivity of squalene. Further elucidation of the surface properties of squalene was made
possible through collaboration with Dr. Michael von Domaros in the Tobias group at UC Irvine. With
50 vibrational normal modes in the C—H stretching region and close to 125000 possible conformations
stemming solely from the dihedral flexibility of the main carbon chain, squalene is a spectroscopically
complex molecule.

We began to disentangle this complexity with MD simulations that revealed strong
otientational/conformational preferences of interfacial squalene molecules. Our approach indicated
that the vinylic =C—H oscillators point up and down in the interfacial region, largely resulting in an
unanticipated cancellation of the SFG signal intensity at the expected oscillator frequency of ~3050
cm’. Vibrational peak assighments derived from common, long alkyl chain-containing molecules,
which would attribute the 2855 cm™ and 2915 cm™ peaks to methylene stretches, were found to be at
variance with the largely an#i-configured CH, groups dominating the interfacial squalene molecules in
the MD simulations. Instead, the spectral features at these frequencies are likely to be largely due to
the methyl groups that are oriented along the surface normal. Next steps require the synthesis of
isotopologues (*H or "°C) in pure and homogeneous form to separate the SFG signal contributions

from different vibrational modes.”®®



30

0.8
0.7

0.6 —— terminal DBs

innermost DBs

05 ——

a —— interjacent DBs

\El, 0.4 — anyDB Z
0.2 e {
0.1 )
0.0

0 5 10 15 20 25 30 35 40
z/A

Figure 2.4: Position-dependent ozone—double-bond collision rates, cos-ps.

Another key finding of this study is that the concentrations of various types of squalene double
bonds are predicted to differ in the interfacial region compared to the bulk. This prediction has direct
implications for the reactivity of squalene with ozone and other indoor air oxidants. While ozone does
not show any preference to collide with a particular class of double bonds in the bulk, collisions with
terminal double bonds are more frequent than others in the interface (Figure 2.7). Collision rates
between ozone and terminal double bonds were estimated to be higher in the interface when
compared to those with interior bonds. This outcome warrants a more detailed investigation in kinetic
models describing this important aspect of indoor air chemistry, as it would point towards a reaction
mechanism in which the differing accessibility of each of the six C=C double bonds to ozone would
determine which oxygenated gas phase product would be formed. As relative humidity values indoors
can vary considerably during the day, the role of adsorbed water, clearly observed in the SFG spectrum
shown in Figure 2.1, should also be investigated, especially given recent results indicating an intricate
connection between viscosity and water:squalene interactions in reverse micelles.” Similar to what has
been reported for secondary organic material formed from the atmospheric oxidation of plant-derived

82-83

terpenes,” - water activity-dependent viscosity may act as a “gate” to permit or deny incoming
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oxidants like ozone access to C=C double bonds in the bulk of squalene. Such an effect would then
result in the production of volatile organic compounds and possible lung irritants from the C=C
double bonds in the nanometer-thin surface region described here under conditions of low relative
humidity (typically daytime). At high relative humidity (typically nighttime), more volatile organic
compounds could be formed from C=C double bonds inside the bulk organic film. This effect, if it

exists, would be counterbalanced, however, by the diurnal variation of indoor ozone concentrations.



32
Chapter 3:

Skin Oil and Squalene Ozonolysis

Portions of this chapter appear in the following publications:

Butman, J. L.; Thomson, R. J.; Geiger, F. M., Unanticipated Hydrophobicity Increases of Squalene
and Human Skin Oil Films Upon Ozone Exposure. | Phys Chem B 2022, 126 (45), 9417-9423
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3.1 Introduction

Having characterized squalene-ozone interactions using a combination of spectroscopy and
modeling, we were interested in further investigating surface chemical transformations due to
common indoor heterogeneous reactions. As the outcomes described in Section 2.4 revealed, we
found similarities between this transformation and previously known atmospheric aerosol surface
characteristics. We wanted to develop an experiment that would allow us to see the effect of changing
relative humidity, kinetic factors, and controlled ozone levels.

Depending on the relative humidity (RH), ozonolysis may be limited to the surface region of
the deposited skin oil layers and films or involve bulk-localized C=C double bonds. The surface
structure and chemistry may thus be subject to humidity-dependent “gating”, similar to what we
previously reported for secondary organic aerosol material relevant for atmospheric chemistry
outdoors.” Yet, despite the importance of heterogeneous processes in indoor chemistry, surface-
selective studies of C=C double bond oxidation relevant to indoor environments are sparse.”
Laboratory experiments tracking heterogeneous ozonolysis are complicated by the large bulk response

to spectroscopic readouts, or require off-line analysis.*> *®

Bringing these approaches indoors to
probe real, complex interfaces under indoor relevant conditions of atmospheric pressure, room
temperature, 30-50% RH and 10-50ppb of O; holds the promise of aiding in our molecular
understanding of indoor heterogeneous chemistry.”™

The ozonolysis of squalene and the evolution of its products as depicted in Figure 1.2 has
been studied extensively with bulk analytical methods like MS.*> * % %2 A lack of on-line surface
analysis that is distinguished from the bulk response is what prompted our investigation into surface

ozonolysis of skin oil and its components. We hypothesized that surface specific characterization for

these transformations is critical for a complete understanding of indoor sVOC evolution. By
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conducting on-line SFG analysis we would be able to obtain molecular information about squalene

and skin oil ozonolysis that was both surface selective and bond specific.

3.2 Methods
3.2.1 Integrated SFG Spectroscopy Gas Flow Setup

We employed a home-built flow cell machined from PVC described previously.””* The fused
silica optical windows, Swagelok inlet fittings, Viton O-rings, and the flow cell were rinsed with
methanol (Fisher Scientific, HPLC grade) and Millipore water alternately and dried with nitrogen gas.
The Swagelok fittings were dried in a 160 °C oven for 1 hour. The windows, block, and O-rings were
then plasma-cleaned for 10 minutes (Harrick Plasma, 18W, set on “high”) immediately prior to starting
an experiment. Following this cleaning process, the silica windows gave no SFG signal in the C-H
stretching region over 45 minutes of spectral data acquisition time.

The multi-path flow system used here was adapted from the setup used in our previous work.””
* Briefly, a stream of helium gas (Ultra-High Purity Grade, 99.999%) was split into a “dry” path,
through which it directly reached the sample stage, and a “wet” path, wherein it passed through a
bubbler containing Millipore water in order to control the RH of the reaction being monitored. Ozone
was generated by passing a stream of oxygen diluted in helium through an ozone generator (Teledyne,
Model 430). Use of a bypass loop and appropriately placed on-off valves allowed for rapid ozone rise

times when starting ozone exposure in the sample cell.



35

0~ Sample Cell
liﬂl oL F > g

- " ol B Bl w 5

By-passing Loop
><
>
w Mass Flow Controllerﬂ ﬁ Bubbler P><@ Valve

Figure 3.1: Integrated SFG gas-flow setup

Ozone concentrations were monitored during the experiments using an ozone detector
(Teledyne API Model 430) and kept to a range of 10-50 ppb to be representative of ozone
concentrations that have been both reported in actual indoor environments as well as model

chambers. 86959

Flow rates were controlled and monitored by digital mass flow controllers (MFCs,
Alicat) for each path and are reported in standard liters min™ (SLPM). All experiments wete conducted
at an ambient laboratory temperature maintained at 22.0 (+0.5) °C. Skin oil samples were obtained
from one human who did not use personal care products on the day of sampling. Following the

method published by the Abbatt group,” the subject swiped their thumb over their forehead once and

deposited the collected skin oil onto a fused silica window, smearing the oil to create a thin film.

3.2.2 Contact Angle Goniometry

Contact angle goniometry is an effective approach for measuring surface hydrophobicity.”™

Sessile contact angles were measured using a computer-interfaced First Ten Angstroms goniometer
(FTA 125). Ultrapure water (Milli Q, Millipore Inc., 18.2 M€ cm) in a syringe was used to create a
droplet of water less than 3 mm in diameter on the substrate under investigation. Static contact angles

were determined from on-the-fly analysis of images collected at 1 Hz frame rate over a 40 second
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acquisition period starting at t=0. Samples used for contact angle measurements were not used for
subsequent contact angle or spectroscopic measurements. Each substrate has a surface area large
enough to accommodate 4-6 droplets, whose contact angles they made with the substrate were
subsequently averaged to give the final point estimate and standard deviation of the contact angle
measurement. For each experimental condition of pre- and post-ozone exposure, at least three
windows were studied, for a total of 12 to at least 18 measurements per condition.

To further characterize surface properties post-ozone exposure, we employed contact angle
goniometry. The measurement provides an indication of how hydrophobic (high contact angles) or
hydrophilic (low contact angles) the surface of a material is. While we expected the contact angles to
decrease upon ozonolysis relative to the starting condition (no ozone) due to polar carbonyl-
containing functional groups remaining with the film material as shown in Figure 3.8, we observed
significantly larger contact angles following exposure to 10-50 ppb of ozone in 40% relative humidity
for 20 minutes. This exposure sequence is the same we employed in the SFG experiments summarized
in Figure 3.4.

Longer observation of the contact angles reveals a continuous lowering of the contact angle,
which is attributed to the sessile drop flattening as capillary action causes the water to spread on the
surface.” '™ Nevertheless, the result seems to indicate interesting dynamics when ozone-processed

surface films are wetted in indoor settings, such as kitchens and bathrooms.
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Figure 3.2: Extended contact angle analysis. The time axis reflects the time dutring which the sample contains the water
drop needed to determine the contact angle.

3.3 Results and Discussion

3.3.1 Skin Oil SFG Spectra Are Highly Reproducible

In preliminary studies evaluating the viability of skin oil as a representative analyte for SFG

analysis, skin oil from three different subjects were collected using the same procedure described in

Section 3.2.1.
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Figure 3.3: sp-Polarized SFG spectra of skin oil from three different human subjects. Subject 1 provided skin oil for all
other experiments in this study.
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3.3.2 SFG Spectra Show Loss of C-H Oscillators Upon Ozonolysis

Figure 3.4 shows the sgp-polarized SFG spectra of squalene spin coated on a fused silica
window and of human skin oil deposited on a different fused silica window before and after exposure
to 10-50 ppb of ozone, both recorded at 40% relative humidity. Neither spectrum shows resonances
above 3000 cm, typically associated with vinylic =C-H stretches.” *> """ Our earlier work on
squalene showed that the vinylic =C-H stretches are absent due to symmetry, orientation, and weak

IR cross sections that diminish their SFG responses.”
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Figure 3.4: sp-Polarized SFG spectra of squalene (top) and skin oil (bottom) before (blue) and after (orange) 20
minutes of exposure to 10-50ppb of ozone at 40% RH. Measurement performed at 1 ATM total pressure and at room
temperature. Fingerprint image from public domain.

The spectra reveal clear differences between the squalene and skin oil sample. The skin oil
sample produces two modes in the SFG spectrum that are centered at 2940 and 2880 cm’, with
negligible signal intensity at 2900 cm™, while the spectral line shape obtained from the squalene
spectrum is characterized by two peaks at 2920 and 2860 cm™ and considerable signal intensity at 2900

cm’. Spectra recorded with other polarization combinations, shown in Figure 2.2, are less intense, and
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don't show any features above 3000 cm”, either. Atomistic simulations indicate the second-order
vibrational spectrum of squalene is dominated by its methyl groups pointing with their Cs, symmetry
axis along the surface normal, while the six olefinic C-H groups are oriented to cancel one another

65

out per symmetry, as explained in Section 2.4. As skin oil is a complex mixture containing many
lipids, including some squalene, we do not provide a spectroscopic assignment of the 2940 and 2880
cm” modes in the skin oil SFG spectra at this time. Yet, these frequencies are associated with the
methyl group asymmetric and symmetric stretching modes, at least based on literature precedent of
common aliphatic compounds.” "> Despite the chemical complexity of skin oil, its SFG spectra are
highly reproducible over a total of multiple skin oil samples taken over the course of several months
(Figure 3.3) indicating perhaps a certain number of surfactants dominate the surface structure
irrespective of naturally varying chemical composition in the bulk.

Figure 3.4 shows that exposure to several tens of ppb of ozone at 40% relative humidity leads
to considerable reductions in the SFG signal intensity of both the squalene and the skin oil samples.
While the intensities of the two prominent modes from the squalene sample diminish rather equally,
the intensity loss in the skin oil spectrum appears to involve largely the 2940 and 2880 cm™ modes,
with significant signal intensity remaining at 2850 cm™, the characteristic mode of CH, symmetric
stretches of aliphatic compounds.”™ ™ Taken together, the spectra indicate a loss of SFG signal
intensity at frequencies associated with methyl groups, which is consistent with the formation of CH;-
containing volatile organic compounds like acetone, as indicated in Figure 1.2. The material remaining
on the substrate would then consist of molecules having their share of methylene groups enriched
relative to that of the methyl groups. The observation that some spectral intensity is present after

ozonolysis indicates that the reaction has evidently self-terminated before all film material was

consumed.
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3.3.3 Contact Angle Measurements Show Increased Hydrophobicity Following Ozonolysis.

To further characterize surface properties post-ozone exposure, we employed contact angle
goniometry (Figure 3.5). The measurement provides an indication of how hydrophobic (high contact
angles) or hydrophilic (low contact angles) the surface of a material is. While we expected the contact
angles to decrease upon ozonolysis relative to the starting condition (no ozone) due to polar carbonyl-
containing functional groups remaining with the film material (Figure 3.8), we observed significantly
larger contact angles following exposure to 10-50 ppb of ozone in 40% relative humidity for 20

minutes.
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Figure 3.5: Contact angle images and average contact angles with standard deviation measured before (left) and after 20
minutes of exposure to 10-50 ppb of ozone at a constant relative humidity of 40% (right).

Contact angle before Contact angle after
Substrate ozonolysis (std. dev.)° ozonolysis (std. dev.)°
Plasma-cleanedsilica 3(1) -
Squalene 35(4) 55(9)
Skin Oil 30(4) 58(6)

Table 3: Contact angles before and after ozonolysis at 40% relative humidity.
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3.3.4 Optical Profilometry Shows no Major Morphology Changes Due to Ozonolysis

Optical profilometry was used to rule out morphology changes on the scale of a few tens of
nanometers to 300 microns as the cause of increased hydrophobicity following exposure to ozone.
The root mean square roughness (Sq) of the skin oil surfaces was measured before and after ozonolysis
at 30% RH. Roughness measurements were made in 4 different regions (300 um X 300 um) on the
surface of a given sample. A total of 3 different samples were analyzed for a grand total of 24 different
pre- and 24 post-ozonolysis conditions using an optical profilometer (Bruker Contour GT) that

generated 3D images of the surfaces that were analyzed with Profilm3D.
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Figure 3.6: Optical profilometry image and horizontal height profile of a wiped fingerprint on a silica window. Red
circle indicates SFG laser spot size.
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Sample Sq Before (um) (std. dev.) Sq After (um) (std. dev.) Percent Change in Sq
1 0.16 (0.03) 0.15 (0.03) -3.51 (0.08)
2 0.13 (0.04) 0.16 (0.05) 23.9(0.10)
3 0.15 (0.05) 0.14 (0.05) -3.22 (0.11)
4 0.25 (0.07) 0.26 (0.08) 6.94 (0.16)
5 0.26 (0.05) 0.26 (0.07) 1.01 (0.13)
6 0.28 (0.06) 0.27 (0.08) -0.97 (0.16)
7 0.42 (0.10) 0.35 (0.04) -16.7 (0.14)
8 0.12 (0.03) 0.14 (0.07) 23.1(0.13)
Average | 0.22 (0.16) 0.22 (0.17) 3.82(0.37)

Table 4: The root mean squate roughness (Sq) of select skin oil surfaces measured before and after ozonolysis.

3.3.5 Kinetic Ozonolysis Observed by SFG of Skin Oil and Squalene

With the flow setup and the capabilities of the laser system described in Section 3.2.1, we have

started to investigate the ozonolysis process of squalene and skin oil, as shown in Figure 3.7.
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Figure 3.7: (left) Representative ssp-polarized SFG spectra (left) of skin oil before (in blue) and after (in orange) ozone
flow. (right) During all experiments, RH (light blue) was maintained at 20-40%. Ozone concentration (light red) was
maintained at 10-50ppb. The vertical dashed red line at t=0 represents when the bypass line was redirected from the
exhaust to the sample cell, beginning ozonolysis of the skin oil film. The black and gray traces represent the integrated
area underneath the peak at 2875 cm! and 2950 cm’!, respectively.

The SFG results reflect the conditions described in Section 3.3.2 linking C-H oscillator loss

due to ozonolysis with the overall decrease in SFG signal intensity. This loss appears to slow or stop

entirely at around t=4000s, suggesting that by then the surface skin oil-ozone reaction at standard

indoor relative humidity and ozone concentration is mostly complete. Further investigation towards
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tracking the ozonolysis of squalene and skin oil on a variety of indoor-relevant surfaces in real time
and under indoor relevant conditions such as ambient pressure, temperature, varying relative humidity,

and varying ozone concentrations is needed.

3.4 Implications for Chemistry of the Indoor Environment and Conclusions

The results shown in Figure 3.5 indicate that exposing squalene and skin oil samples to ozone
under our stated experimental conditions produces a more hydrophobic material relative to pre-Os
exposure. We previously reported on the phenomenon of increased hydrophobicity after the
ozonolysis of an alkene tethered to fused silica using silane chemistry, employed as a highly idealized
model system for atmosphetic organic aerosol particles.'”” We were surprised to find sequences of
sample exposure to water vapor and ozone that are common indoors to yield similar outcomes on the
more complex materials studied here.

To provide a rationale for the origin of the increased hydrophobicity, we considered several
scenarios: first, the polar functional groups formed during ozonolysis should point away from the air
(which is the least polar environment in this system) and into the processed bulk film, as pictured in
Figure 3.8. This scenatio would not make a difference in terms of a change in polarity as the films'
surface would consist of their hydrophobic moieties both before and after reaction with ozone.
Nevertheless, the larger contact angles are certainly consistent with the notion that the polar functional

roups formed point away from the aqueous droplet, into the films' interiors.
group p y q plet,

N

A==

Figure 3.8: Cartoon of C=C double bond loss during ozonolysis and polar oxygenated functional group orientation into
the film's interior and associated increase in hydrophobicity.
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We then considered changes to film morphology, which was motivated by an earlier
publication on the formation of organic aggregates having heights of 100s of nanometers and even
microns from the ozonolysis of self-assembled alkene monolayers observed by the Finlayson-Pitts
group using AFM, albeit at considerably higher ozone concentrations (1 ppm)."” Unfortunately, as we
had showed eatlier,” AFM probes become coated with the soft matter that constitutes the (several
hundred nm thick) squalene and skin oil films studied in our present work so that the images become
noisy, and the 3D optical microscope proved to be informative. We used this method to determine
the root mean square roughness (Sq) of the skin oil surfaces before and after ozonolysis using
Profilm3D online software.'” A total of 64 roughness measurements were made in 4 different regions
(300 pum % 300 um) on eight films before and after ozone exposure (Table 2). Our detailed analysis
showed the Sq value differences pre- and post-ozone exposure to be statistically insignificant (220 £
160 nm vs 220 £ 170 nm for all eight samples, four regions per sample, pre and post ozone; please
note that the average of the standard deviation in Sq for each of the eight samples is 50 nm; standard
error propagation was used for the standard deviation of all the eight samples. Recall that the Sq
estimates for the bare silica substrate is around 10 nm from optical profilometry and 0.4 nm from
AFM). We conclude that film roughness changes are not discernable, at least for the conditions of our
experiments, and if they occur, they are not on the order of magnitude reported in the self-assembled
monolayer work.'”

At first glance, these results appear to be at variance with previous interesting infrared
spectroscopy studies from the Liu group, which reported an increase in bulk water uptake following
ozonolysis of squalene films.” However, that study probed predominantly water in the bulk material
of the sample. The surface selectivity of SFG spectroscopy, along with the contact angle

measurements now allow us to posit that our samples are likely terminated by a hydrophobic shell,
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while there may indeed be water molecules present in the bulk below. Prior mass spectrometric studies
of squalene ozonolysis have shown that an increase in water vapor concentration increases Criegee
intermediate formation and gas-phase VOC product concentrations by a factor of 3.%

We then considered recent work by the Bertram group, who reported liquid squalene and skin
oil exposed to ozone form a new condensed phase comprised of oligomeric ozonolysis products.'”
These higher molecular weight oligomers could show increased hydrophobicity compared to
unreacted squalene and skin oil, but the optical microscopy data reported by the Bertram group
indicate them to be inside of the imaged sample drops. These observed oligomeric phases also evolve
over a much greater timescale than we observed, on the order of hours rather than minutes, and with
higher concentrations of ozone at lower RH%. If such a new phase formed inside the films studied in
our present work, it would likely be inaccessible to the water drops used in our sessile contact angle

measurements.

Bertram: This work:
Internal oligomeric External hydrophobic
phase formation shell formation
3h 700-800 ppb O, 40min 10-50 ppb O,
3-4% RH exposure 20-40% RH exposure

...4—  ——

Figure 3.9: Illustration of the difference of observed phase formation in squalene.

Given our data and the prior work discussed here, the increased hydrophobicity we observe
following ozonolysis is unlikely to be due to sole reorientation of newly installed polar functional
groups, morphological changes, or the formation of a new phase. However, our findings are consistent
with lower octanol-water partition coefficients (logP) for alkenes vs alkanes.'” Indeed, C5 to C8

hydrocarbons exhibit logP values that are about 0.5 to one log unit lower when double bonds are
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present, as in, for instance, n-pentane (logP=3.45) vs 1,4-pentadiene (2.48); n-hexane (4.00) vs 1-

hexene (3.40) vs 1,5-hexadiene (2.80); n-heptane (4.50) vs 1-heptene (3.99); n-octane (5.15) vs 1-octene

(4.57). This outcome is attributable to the polarizable mt-electron system of the C=C double bond

bl

with which water can form hydrogen bonds ("nH bonding")"”

having dissociation energies that range
from modest (10 k] mol" for ethene or 1,3-butadiene) to reasonable strong (20 k] mol" 2-methyl-2-
butene and 27 k] mol™ for 2,3-dimethyl-2-butene).'” The loss of the polatizable C=C double bonds

due to ozonolysis is consistent with the observation of increased hydrophobicity of the films we

investigated here.



Chapter 4:

Indoor Air and Oil Mixing
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4.1 Introduction

As stated previously, skin oil is a multicomponent system comprised of triacyl glycerols
(~25%), unesterified fatty acids (~25%), wax esters (~22%), squalene (~10%), mono- and diacyl
glycerols (~10%), and lesser amounts of sterol esters, sterols, phospholipids, and other species.'”
While we have been able to elucidate many aspects of squalene-air transformations including
otientation to the surface when interacting with ozone,'" and loss of C-H oscillators therein leading
to hydrophobicity,” squalene constitutes only one component of skin oil. The difference observed
between squalene and skin oil SFG spectra in Chapter 2 indicates that the surface characteristics of
the skin oil system cannot be modeled solely on the behavior of squalene.

Oleic acid is another commonly studied component of skin oil, also used as a model system

61 Zahardis et al. studied the ozonolysis of particles containing

much like we have used squalene.
mixtures of oleic acid with amines, reporting high retention of unoxidized oleic acid even at high
Os concentrations, suggesting Os diffusion into the particle core had been disrupted by the formation
of a semi solid crust.'?A kinetic multilayer model developed by Pfrang et al. simulated the ozonolysis
of particles containing mixed organic components including oleic acid.'” They illustrated that the
formation of a crust at the particle surface could explain previous measurements of chemical loss rates
in oleic acid-containing particles by acting as a diffusion barrier. In addition, Milsom et al. studied the
reaction between O3 and particles containing mixtures of oleic acid and sodium oleate and presented
experimental evidence of an inert surface crust forming during ozonolysis. Considering the effect that
phase separation could have on ozone penetration rates, the surface-partitioning behavior of the
components of skin oil is important to understanding the skin oil-ozonolysis reaction indoors. When

a gas-phase ozone molecule approaches surface-deposited skin oil indoors, it must collide with a C=C

double bond to cleave it. In Section 2.4, we were able to elucidate from experimental and modeling
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studies that ozone would prefer to collide with one of the outermost C=C double bonds of squalene
at the surface.

If, for example, squalene favored partitioning underneath other skin oil components like oleic
acid, ozone molecules would have to ‘burrow’ through layers of other skin oil components to reach
the reactive subspecies underneath. Importantly for our purposes, oleic acid gives SFG signal that is
qualitatively distinct from squalene, which allows us to distinguish between oleic acid and squalene
surface signal. In preparation for potential ozonolysis studies on a squalene-oleic acid binary mixture,
we wanted to investigate surface partitioning properties and phase separation mechanics of this binary
system. Squalene is normally below 20% of total skin oil composition, so we also tested whether there
was a mixing hole at which a binary squalene/oleic acid mixture in this range might become a

heterogeneous, phase separated solution.

4.2 Methods
4.2.1 Materials

Samples were prepared by dissolving squalene (Sigma-Aldrich, Part No. §3626, >98%, used
as received) and oleic acid (Sigma-Aldrich, Part No. O1008, >99%, used as received) in deuterated
chloroform, CDCl; (Sigma-Aldrich, Part No. 151823, 99.8 atom % D), and spin-coating at 3000 rpm
onto either a fused silica optical window substrate (ISP Optics, Part No. QI-W-25-3) or Cal, window
(ISP Optics, Part No. CF-W-25-3) that had been sonicated in methanol (Fisher Scientific, Part No.
A452-4, HPLC grade), rinsed with methanol and Millipore water alternately, and then plasma cleaned.
The coated sample window was clamped vertically on a translational stage. The ambient temperature

and relative humidity in the laboratory were maintained at 20 = 1 °C and 30 — 50%, respectively.
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4.2.2 SFG Spectroscopy of Squalene and Oleic Acid Mixtures

Our preliminary squalene and oleic acid mixing studies focused on a thorough exploration of
squalene and oleic acid SFG signals in various polarizations and reflection geometries. Because a
fluorescent baseline color center overlapping with the C-H stretching signal is produced when the
upconverter laser beam passes through silica in internal reflection mode, preliminary SFG studies on
this mixture were carried out on Cal,. Samples of squalene, oleic acid, and a binary mixture of the
two in equal molar ratios were prepared as described in Section 4.2.1 and observed using both ssp- and
ppp-polarized SFG, in both internal and external reflection geometries. Based on our observations
from this experiment, we focused on comparing the ssp-polarized SFG spectra of squalene and oleic
acid mixtures. As we focused on external reflection, we returned to using silica windows which acts

as a window glass analog as covered in previous chapters.

4.2.4 Scattering Studies of Squalene and Oleic Acid

We built a simple light scattering setup to determine whether a mixing hole exists for squalene
and oleic acid mixtures (Figure 4.3). Briefly, a 405nm laser (Micro Laser Systems, Model 1.4405N-7-
TE) was passed through a 1.5 microliter sample cuvette (Fisher Scientific, 14-955-127). The scattered
laser light 90° from the incident beam was focused into a spectrometer (Ocean Optics, USB4000) and

the scattered intensity was recorded.

Focusing A
Lens

Sample Cuvette

405 nm Visible

Figure 4.1: Simple diagram of the scattering setup. Most of the incident 405 nm laser light transmitted through the sample
cuvette. Observed scattered light was focused into the spectrometer at 90° from the incident beam.



51
4.3 Results and Discussion
4.3.1 Oleic Acid Dominates Squalene SFG signal at the Air-Oil Interface
As shown in Figure 4.1, ssp-polarized SFG signal of oleic acid at the external air interface (top
right) has three characteristic major peaks in the C-H stretching region. Qualitatively, oleic acid
dominates the observed external spectra of the binary 1:1 mixture on Cal. The internal reflection
spectra (bottom) of squalene and oleic acid are more alike, suggesting that their vibrational modes are
similarly oriented on the internal Cal interface. In the 1:1 mixture, oleic acid’s characteristic 3 spectral
peaks occurring at 2850 ecm™, 2935 cm™, and 2900 cm™ are cleatly visible in the external geometry.
While squalene is equally present in the mixture on a molar basis, the spectral line trace predominantly

displays oleic acid character.
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Figure 4.2: sp- (dark) and ppp-polatized (light) external (top) and internal (bottom) reflection SFG spectra of squalene
(left) and oleic acid (right) and a 1:1 mixture of both on CaF; (center)

Also present in the external spectra is a broad peak occurring at roughly 3400 cm’,

corresponding to hydrogen-bonded -O-H groups resulting from adsorbed water. The lack of a similar

peak in the internal reflection spectra may indicate that at typical RH levels i.e. 10-40% and STP, water
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does not fully penetrate the monolayer of oleic acid/squalene deposited onto CaF». The lack of a
similar peak in the internal reflection spectra may indicate that at typical RH levels i.e. 10-40% and
STP, water does not fully penetrate the monolayer of oleic acid/squalene deposited onto Cal.. It is
possible that at high RH and extended exposure time water signal could be observed in internal
reflection geometry using the flow setup from Chapter 3.

After gaining some insight into the surface partitioning behavior of oleic acid and squalene,
we narrowed our focus on investing SFG signal at different mixing ratios of the two compounds.
While the SFG spectrum of both oleic acid and squalene on silica (Figure 4.2) differ from those on
Cal?, oleic acid still displays 3 characteristic peaks while squalene displays two. Three peaks indicative
of oleic acid signal are clearly visible in the mixed samples on the left side of Figure 4.2. The samples
with higher squalene fractions on the right display two dominant peaks but are still affected by the

oleic acid fraction.

3:1 squalene:OA Squalene

10:1 squalene:OA

2:1squalene:OA

lsre (a.u.)

5:1 squalene:OA

1:1 squalene:OA

Oleic Acid 4:1 squalene:OA

4 -

T T T I T T I T T T T T I I
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Wavenumber (cm'1) Wavenumber (cm'1)

Figure 4.3: sp-polarized SFG spectra of squalene and oleic acid mixtures on silica.
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The SFG spectrum of the pure squalene sample has two clear peaks at approximately 2855
cm’and 2915 cm™. However, it is appatent in the 10:1 squalene:OA spectrum that the presence of
oleic acid causes these peaks to be slightly red shifted from that of pure squalene. In the 5:1 and 4:1
sample spectra, the peak at 2855 cm™ has a shoulder reminiscent of the third characteristic oleic acid
peak. By analyzing these mixtures of squalene and oleic acid using SFG spectroscopy, we hypothesized
that there would be a ratio of the two where squalene would be present in high enough concentrations

to dominate the air interface signal.

4.3.2 Scattering Experiments Show No Mixing Hole

Overall, the intensity of the scattered light remained constant relative to the mixing ratio. We
would expect to see the intensity of the scattered light to increase dramatically with new phase
formation. Taken together with the SFG experiments, the data indicate a pure surface (as opposed to
bulk phase separation) phenomenon supporting the notion that squalene acts as a surfactant when
mixed with oleic acid. These bulk measurements do not indicate a preference of oleic acid to phase

separate.

8000 —
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Figure 4.4: Scattering analysis of squalene and oleic acid binary mixtures.
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Appendix A: SFG of Atmospheric Sulfates Derived from Isoprene

Mass-spectrometry has often been the workhorse characterization method relied upon for
identifying secondary organic aerosol (SOA) material in field samples. However, conventional MS has
the limitation of being unable to distinguish between different isomers of compounds with the same
molecular weight. Several analytical methods have been identified to supplement MS. While different
conformers can be distinguished using a mass spec technique known as X which differentiates based
on cross-sectional area, it is necessary to cultivate a toolkit of different characterization methods.
Certain compounds may be nonvolatile and thus ineligible candidates for MS analysis. SFG is
presented in this appendix as a viable method for distinguishing different conformers based on surface
orientation. This may be useful for benchmarking known compounds in field SOA studies.

For this study, we have chosen to analyze a suite of 8 sulfated SOA compounds with identical
molecular weights. SOA have natural and anthropogenic origins and their impact on the environment
and atmosphere is hypothesized to be significant, but not well understood. Around 500 Tg of the
volatile organic compound (VOC) isoprene is estimated to be emitted annually by vegetation,
constituting ~50% of biogenic VOC emissions overall.'"* Isoprene can undergo photooxidation with
hydroxyl radicals in the environment to form secondary organic material (SOM) known as isoprene-
derived epoxydiols (IEPOX),'” which then reacts with anthropogenic sulfur in the atmosphere to
form organosulfates. The proposed reaction scheme of isoprene generating IEPOX, the tetraol 9 and
10, and sulfated compounds 1-8 is shown in Figure 2. The characteristic mass of compounds 1-8 has
been detected by a variety of laboratory and field studies, but the position of the sulfate ester is
unknown.

Previous work has shown it is possible to do DFT calculations comparing the amplitudes of

ssp- and ppp-polarized SFG spectra to discern bond orientation.'® For compounds like those in figure
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X with the same molecular weight, mass spec becomes less reliable. SFG has the advantage of being
highly sensitive to samples even on the nanogram scale, which makes it an appealing technique for
atmospheric field samples which can be very dilute.""” In contrast to mass spectrometry, SFG is
effective on nonvolatile specimens which is necessary for analysis of some particle phase analytes.
All observed compounds (Figure A.1) were synthesized according to procedures published
previously."® Each compound was characterized using NMR prior to observation with SFG.
Experiments utilized either the ssp polarization combination (S-polarized SFG signal, S-polarized 800
nm visible, P-polarized IR), which observes the components of the vibrational transition dipole
moments that are oriented perpendicular to the SiO; substrate, or the ppp polarization, which observes
bonds oriented parallel to surface normal. The SFG spectra were calibrated to the 2850 cm™ and 3060
cm’' peaks of a polystyrene film placed in the IR beam (ICL crystal laboratories). SFG intensity was
normalized to gold plus one to accurately represent SFG intensity and avoid exaggerating the noise
below 2700 cm™ or above 3100 cm™. The spectra reported are an average of 3 individual acquisitions
each recorded for 2 minutes in order to achieve an acceptable signal-to-noise ratio. All experiments
were performed at room temperature (21-23 °C) and 30-35% relative humidity. All experiments were
carried out in duplicate. All data was processed using IGOR software. Before each experiment, the
fused silica optical windows (ISP Optics), the Teflon block, and the Viton o-rings were sonicated in
methanol (Fisher Scientific, HPLC grade), rinsed with methanol and Millipore water alternately and
dried with nitrogen gas. The windows, block, and o-rings were then plasma-cleaned for 10 minutes
on high (18W) prior to acquisition (Harrick Plasma). All sulfate samples were prepared in 1mmol
solution in 1mlL. of d4-methanol (Fisher Scientific) and spin coated dropwise onto fused silica at 3000

rpm over 10 minutes.
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As shown in Figure A.1, the spectral signature of each compound can be qualitatively
distinguished from each other. Compounds 1-8 share the same molecular weight and formula, while
9 and 10 represent the syn- and anti-configurations of the tetraol precursor. The polar sulfate ester
group likely dictates the orientation of the molecule on the SiO; substrate, leading to differences in
the SFG spectra of each compound that allow a certain degree of distinction between conformers.
We do not fit our data because we have non-normal modes where symmetries aren’t known.
Orientational analysis is out. Instead, we can use SFG spectroscopy to find differences between

constitutional isomets.
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Figure A.1: Structures and ssp-polarized SFG spectra of the 10 isoprene derived compounds in this study.

The spectral signatures of 5, 6, and 8 bear strong similarities in peak intensity at 2950 and 2890
cm’' with a potential third peak at 2850 cm™ that has not resolved. Compound 1 can be distinguished
from the group of sulfates due to the higher relative intensity of the peak at 2890 cm™ compared to

the 2950 cm™ peak.
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We chose to compare ssp- and ppp-polarized SFG spectra of 7 and 8, in Figure A.2 as we
hypothesized that with the most hindered tertiary sulfate group their orientations would be most
different from each other in differing polarization modes. We also believe that the tertiary substituted
sulfate is the most likely isoprene-derived SOA structure based on the proposed reaction pathway of

IEPOX in the presence of anthropogenic sulfur emissions.
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Figure A.2: Compounds 7 and 8 in external (air) and internal (silica) interfacial geometries, in ppp and ssp polarizations

While compounds 7 and 8 both show signal in the s5p region around 2890 cm™ wavenumbers,
the C-H bond giving rise to the peak at 2890 cm™ in compound 8 is not visible in the ppp mode.
Further orientational analysis using DFG, a methodology used previously in this lab''® can lead to the
identification of the vibrational mode responsible for this signal. Here we show that by changing the
polarization mode of the SFG experiment, differences can be found between these sulfates due to

how they are oriented on the surface of silica.
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