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Abstract of the Dissertation
Condensed-Phase Photochemical Aging in Secondary Organic Aerosols
By
Vahe Joseph Baboomian
Doctor of Philosophy in Chemistry
University of California, Irvine, 2022
Professor Sergey A. Nizkorodov, Chair

The net effect of acrosols on the Earth’s climate is highly uncertain. Secondary organic aerosols
(SOA) contribute heavily to this uncertainty due to their complex chemical composition. This
uncertainty is enhanced by the fact that SOA can be physically and chemically transformed as it
slowly disperses through the atmosphere, a process known as aging. These aging processes
further complicate the interpretation of the climate effects of aerosols. The condensed-phase
aging occurring inside aerosol particles is an active area of research, with condensed-phase
photochemistry driven by ultraviolet (UV) solar radiation being an area of particular interest.
Recently, a number of studies have found that condensed-phase photochemistry of SOA can
have a profound effect on its chemical composition and subsequent effects on climate. However,
the role of these aging processes in controlling the climate and air pollution is still highly

uncertain.

In this dissertation, model SOA was generated in either an aerosol flow tube reactor or smog
chamber from a variety of aerosol precursors and oxidants. Chapter 2 discusses the triplet
reactivity of select carbonyl compounds that are known photosensitizers that can be found in
SOA using nanosecond transient absorption spectroscopy. The photosensitized reactivity of SOA
arising from the photooxidation of naphthalene was also investigated. Combining the study of
these individual and known photosensitizers with those formed in the atmosphere demonstrates
that tropospheric photosensitization may involve a large variety of compounds and will introduce
previously unconsidered chemical pathways that impact atmospheric multiphase chemistry.
Chapter 3 extends these ideas and discusses the photosensitized uptake of SO into naphthalene
photooxidation SOA. The aerosol particles were observed to grow in size and sustain
photosensitized processes resulting in the production of particle phase sulfate (0.2 — 0.3 pg m™3

h™1). As naphthalene and other polycyclic aromatics are important SOA precursors in the urban
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and suburban areas, these photosensitized reactions are likely to play an important role in sulfate
and SOA formation.

Chapter 4 discusses the long-term photodegradation of SOA produced from biogenic and
anthropogenic precursors. The experiments relied on a quartz crystal microbalance (QCM) to
quantify the mass loss rate from SOA materials while being irradiated by a 305 nm UV LED.
Long-term changes in the chemical composition of SOA were examined using high-resolution
electrospray ionization mass spectrometry. These experiments confirm that condensed-phase
photochemistry is an important aging mechanism for SOA during long-range transport. Chapter
5 builds on the result of Chapter 4, and investigates the viscosity and phase state of UV-
irradiated SOA. The viscosity of UV-irradiated SOA was measured after an equivalent UV
exposure of 6-14 days at midlatitudes in summer. Results indicate that the viscosity and
characteristic mixing times of organic molecules within an SOA particle can be as much as five
orders of magnitudes larger for aged SOA. The increase in viscosity likely leads to an increased
abundance of glassy SOA particles that can act as ice nuclei in the atmosphere. Furthermore, the
increase in viscosity and mixing times can impede gas-particle partitioning and heterogeneous
chemistry. Overall, results clearly demonstrate that aging driven by condensed-phase

photochemistry needs to be considered when predicting the environmental impacts of SOA.

Chapter 6 discusses preliminary work on quantifying the mass loss and volatile organic
compound (VOC) production from ambient biomass burning organic aerosol (BBOA). BBOA
was collected using an impactor onto QCM crystals during the December 2020 Santiago Canyon
Bond Fire. Experiments involved irradiating the BBOA substrates using a 305 nm LED while
simultaneously measuring the mass loss rates using a QCM and photoproduced VOCs using a
proton transfer reaction mass spectrometer. These preliminary experiments indicate that
photodegradation of ambient BBOA can be a large source of VOCs, particularly formic acid, in

the atmosphere.

On the whole, this dissertation makes a strong case for the critical importance of condensed-

phase photochemistry in determining climate-relevant properties of organic aerosols.
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Chapter 1: Introduction



1. Background

1.1 Brief Context of Atmospheric Chemistry

The Earth's atmosphere is comprised of several different layers, each with their own unique
characteristics. The troposphere begins at sea level and continues for about 15 km. The troposphere
is characterized by decreasing temperature with altitude and the air within the layer is vertically
well-mixed due to the heating of the Earth's surface by solar radiation.* The stratosphere lies above
the troposphere and continues until about 50 km. It is characterized by increasing temperature with
altitude resulting in much slower vertical mixing compared to the troposphere. This is due to the

ozone (O3z) layer absorbing incoming radiation in the stratosphere.*

Although most of life on the planet would not exist without the stratosphere blocking incoming
ultraviolet radiation, much of the atmospheric chemistry affecting living organisms occurs in the
troposphere due to a combination of warm temperatures, convective transport, water prevalence,

and their proximity to the biosphere and hydrosphere.?

Atmospheric chemistry has had its beginnings rooted in studying the fundamental chemical
processes occurring in the troposphere and stratosphere. Considerable efforts have been placed in
studying the photochemistry of small molecules (e.g., NO, Os, H20).>” Different parts of the
atmosphere have varying wavelengths of radiation accessible to them. For example, the
troposphere only has access to wavelengths longer than 290 nm because the ozone layer in the
stratosphere absorbs radiation between 200 and 290 nm.® The stratosphere contains solar radiation
that extends much further into the ultraviolet regime of the electromagnetic spectrum. This creates
interesting differences in photochemistry for a given atmospheric species depending on if it is in
the troposphere or stratosphere. For example, photochemistry of carbonyls in the troposphere are
driven by weak n — 7 transitions but are driven by much stronger (shorter wavelength) 1 — "
transitions in the stratosphere.® These different transitions can affect the photochemical reactivity
of the excited molecule. For example, the quantum yield of O(*D) from the photolysis of ozone is
constant at unity below 300 nm but sharply decreases at 308 nm down to a quantum yield below
0.1 above 313.5 nm.*® A similar effect is observed during the photolysis of nitrite ion in water
where the quantum yield of hydroxyl radical formation decreases as the photolysis wavelength

increases.!t



In more recent years, studies have shifted away from exclusively gas-phase reactions and towards
multi-phase processes including gases, particles, aqueous droplets, and surfaces (both indoor and
outdoor.>** This shift in research efforts are due to the inability to explain the mixing ratios of
atmospheric constituents using only gas phase processes. Multi-phase processes needed to be
considered in order to narrow the gap in uncertainty. Some of the most notable examples involving
multi-phase reactions include the reactions of HCI and CIONO: on stratospheric ice clouds,* the
loss of glyoxal on aerosols,™ the loss of N2Os on aerosols,'®" and the oxidation of SO in fog

droplets.t

1.2 Aerosol Chemistry

Aerosols are defined as liquid or solid particles that are suspended in a gas and typically consist of
sizes ranging from 10° — 10" m*18%° There are a variety of aerosol types in the Earth’s atmosphere
and are typically separated into inorganic aerosols and organic aerosols (OA). OA’s predominantly
contain organic compounds (i.e., compounds made from carbon, hydrogen, oxygen, nitrogen)
while inorganic aerosols contain inorganic compounds such as sulfuric acid and its salts, nitric
acid and its salts, black carbon, and metal oxides.? Both types of aerosols can contain varying
amounts of liquid water in the particle phase known as aerosol liquid water (ALW).?* Compounds
within aerosols internally mix though, which results in a continuum of compositions ranging from
being completely inorganic to completely organic. Aerosols can also be externally mixed, where

different types of particles are in the same air mass but are individually different.

OA s are further separated into two groups depending on how they are formed: primary organic
aerosols (POA) and secondary organic aerosols (SOA). POA is produced directly by individual
sources like biomass burning, automobile exhaust, and factory plumes.?? Global estimates of POA
can be upward of 30 Tg y.22 SOA are produced indirectly through the oxidation of anthropogenic
and biogenic volatile organic compounds (VOCs).12%22 Atmospheric oxidants include ozone (Os),
hydroxyl radical (*OH), chlorine, and during the nighttime, nitrate radical (*NO3).*®% In more
urban areas, oxides of nitrogen (NOy) are present* and can react along with other oxidants to
oxidize VOCs and produce OA.*?" The oxidation of VOCs leads to lower volatility compounds,
these lower volatility compounds can further react with oxidants. After multiple cycles of

oxidation, the oxidized VOCs (OVOC) have a vapor pressure low enough that they can partition



into pre-existing particles or participate in new particle nucleation.?®? Global estimates of SOA

production are contested with values between a few to hundreds of Tg y* 1830

In practice, the differentiation between POA and SOA is difficult as OA is known to be quite
complex. For example, semi volatile gasses from POA can evaporate in the atmosphere and
partition into a pre-existing SOA particle. Another possibility is a gas evaporating from POA,
reacting with an oxidant, and forming SOA.332 Thus, the line between POA and SOA is blurred

in the atmosphere and is difficult to separate.

Aerosols have several important negative health implications. Exposure to aerosols smaller than
2.5 um (PM255) has been shown to have strong statistical correlations with cardiovascular disease,*

respiratory cancers,* overall reduction in life expectancy,® and several other illnesses.®

Aerosols also have important climate effects as they can directly affect the Earth’s climate by
absorbing or scattering sunlight, which also reduces visibility.>¢383 Depending on their chemical
composition and thus their hygroscopicity, these particles can also indirectly affect climate by
acting as nuclei onto which water can condense to form cloud droplets.*’ Since the chemical
transformations of aerosol particles are still not fully understood, their net effect on climate
remains uncertain.'®4-43 For example, the latest Intergovernmental panel on climate change (IPCC)
report has shown radiative forcing by aerosols to span between positive and negative values,
indicating a large uncertainty between the net cooling or warming of the atmosphere due to
aerosols (Fig. 1.1).* Furthermore, the report suggests that the composition of the aerosols largely
dictates if the aerosols have a warming or cooling effect.**# This uncertainty can be minimized if

the chemistry of aerosols becomes more understood.
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Figure 1. 1: Radiative forcing (Wem) for atmospheric species, relative to the year 1750. The green box highlights
the contribution from aerosols. Figure adapted from Figure SPM.5 in IPCC, 2013: Summary for Policymakers. 4

1.3 Secondary Organic Aerosol Complexity

The composition of SOA is very complex and depends on multiple environmental factors. Even if
SOA is produced from a single VOC, there can be thousands of oxidations products present.*->°
This can become even more complex if the SOA is formed by the oxidation products of multiple
VOCs (e.g. a-pinene and isoprene).*®5-53 Furthermore, the composition strongly depends on the
VOC type, oxidant type, VOC : oxidant ratio, presence of NOy, temperature, humidity, ALW

content, and actinic flux.



For example, under dry conditions, SOA produced from aromatic hydrocarbons and hydroxyl
radical oxidation have a lower yield if NOx is present compared to low NOx conditions.> On the
other hand, SOA formed through aqueous processing follows the opposite trend.>® For example,
SOA formed from the aqueous processing of methylglyoxal, a gas-phase oxidation product of
many aromatic compounds, has higher SOA yields if NOx is present.>® The presence of NOyx does
not only affect SOA derived from anthropogenic VOCs. Biogenic SOA (e.g., isoprene SOA)
produced under high NOx conditions contains less isoprene epoxydiols (IEPOX) relative to methyl
vinyl ketone or methacrolein.*® Furthermore, isoprene SOA formed in areas with NOx contain more
organic nitrate compounds, whereas isoprene SOA produced in areas free of NOx contain more
highly oxygenated Cs compounds.®” As mentioned, SOA composition also depends on the oxidant
concentrations. For example, biogenic precursors produce a much higher yield of low volatility
compounds when formed under elevated ozone conditions compared to high NOx conditions.®
SOA production yields and composition are also dependent on the amount of ALW present, as it
affects the particle phase partitioning of semi-volatile compounds and the subsequent particle
phase reactions of those compounds.? For example, the SOA vyield of acetylene SOA doubles in
high ALW conditions relative to low ALW conditionsand is attributed to increased aqueous phase
partitioning and particle phase reactions of the glyoxal oxidation product.*®® Thus, the composition
of SOA is highly variable and depends on the environmental conditions it is formed under. In order
to obtain a broader understanding of SOA in the atmosphere, a variety of SOA types and oxidant
conditions should be studied. Many SOA types in varying conditions were produced and studied

for this dissertation.

The presence of seeds can also strongly influence the composition and yield of SOA. For example,
isoprene derived SOA yield has been found to increase when formed in the presence of sulfate
seeds®® due to increased particle phase acidity and subsequent increased oligomer formation.® This
may result in an overestimate of the realistic aerosol yield found in the environment. Similar effects
have been observed from the a-pinene SOA system by varying the seed type and acidity under
which it is formed. a-pinene SOA yield increased by 40% under acidic seed conditions and the
molecular species larger than 300 Da were also enhanced when formed with sulfuric acid seeds

compared to ammonium sulfate seeds.5?



1.4 Aerosol Aging

Once formed in the atmosphere, SOA are transported throughout the troposphere.®*-% SOA have
average lifetimes on the order of one to two weeks,®® but can be considerably longer with
increasing altitude. During this atmospheric transport, SOA particles can undergo “aging” (i.e., a
gradual change in chemical composition and properties) by multiple processes, including
heterogeneous oxidation,® % aqueous phase photooxidation,’®"® photosensitized uptake of
gases,’*"" and ultraviolet (UV) photolysis or particle constituents.”® 8 These processes transform
aerosol composition and size, thus affecting their ability to absorb/scatter sunlight.20484+8" One
example of chemical aging processes is the gas phase oxidation of a semi-volatile compound that
evaporated from a particle, followed by the oxidation products re-partitioning into the particle.
However, there are other, potentially more important, forms of chemical aging such as
heterogeneous reactions on the particle surface or condensed-phase reactions within the
particle.®888 For example, gaseous sulfur dioxide can be oxidized in fog droplets and form particle
phase sulfate and sulfuric acid.® Furthermore, N2Os (a reservoir species for NOx) can be removed
from the gas phase by aerosols, drastically reducing its ozone forming potential.'®1°* Condensed
phase UV photolysis has been reported to decrease mass, increase the oxidation state, decrease the
volatility, and decrease the light absorption and scattering ability of SOA particles 478819294

Experiments that simulate aging often involve exposing a chemical compound representative of
the SOA to an oxidant in a reactor.®>* More recent studies have studied the aging of the entire
SOA sample, which consists of thousands of compounds and is more environmentally relevant.
For example, after being formed in a chamber, SOA from a-pinene,®® toluene,® and polycyclic
aromatic hydrocarbons (PAHs)®” were aged by exposing them to hydroxyl radical and UV
irradiation. Depending on the aging process, organic aerosol concentrations have been found to
increase or decrease. For example, the photochemical aging of toluene high NOx SOA resulted in
increased aerosol concentrations and increased oxidation and lower volatility compounds within
the SOA.®® Another interesting example is the aging of a-pinene SOA under either high OH
concentrations or under low OH concentrations and UV irradiation. Aging under high OH
concentrations led to increased organic aerosol by a factor of 2-3 due to gas phase vapors being
functionalized, lowering their volatility, and subsequently partitioning into the particle phase.

Under low OH concentrations and UV irradiation however, fragmentation of highly functionalized



secondary oxidation products leads to substantial organic aerosol loss.®® These examples help
demonstrate how complicated the chemistry occurring within SOA can become. More studies are
needed to better understand the extent of aging and chemical mechanisms responsible for SOA
aging in the atmosphere.

A large uncertainty in these chamber aging experiments is whether the effect of aging comes from
gas phase or particle phase processes. One way to better understand this is to separate the two and
study the particle phase processes individually. Multiple studies have done this and have found
condensed phase aging to be very important.’480-829297 Eor example, in an experimental study by
Epstein et al.,”> SOA was generated from a chamber and flowed through a series of denuders to
remove any oxidants and some VOCs, allowing the particles to pass through. The particles were
then aged with UV radiation in a flow tube and found that the mass loss from condensed phase
photochemical reactions were fast enough to compete with other forms of aging and should be

considered.

1.4.1 Particle Growth and Phase State at VVarying Relative Humidity

Uptake of a gas into a particle causes the particle to grow, thus affecting its climate forcing
properties as larger particles scatter sunlight more efficiently.®®* The general mechanism for
particle growth in the atmosphere is through uptake of gases. This mechanism involves several
steps including diffusion through the gas phase to the surface, adsorption at the surface and mass
accommodation, and diffusion through and incorporation into the bulk.1%-02 After the gaseous
molecule is incorporated into the particle, it can either react with another molecule in the particle

phase (reactive uptake) or can desorb back out into the gas phase (Figure 1.2).
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Figure 1. 2: A schematic of the steps involved in how a gaseous species (G) interacts with a particle or droplet in the

absence of a chemical reaction.

The phase of the particle has important implications for mechanisms by which gases will interact
with the particle and how it will grow. A liquid droplet will reach a thermodynamic quasi-
equilibrium between the particle and gas phases very quickly with intraparticle diffusion
timescales on the order of seconds.182°31103-105 Thege particles will be well-mixed or homogenous
in composition. However, under certain conditions (i.e., low RH and/or low temperature), SOA do
not exist as a liquid droplet, but rather as a semi-solid or glassy phase state.''4 In fact, a study
by Shiraiwa et al.'** showed that a majority of the tropospheric SOA particles exist as a solid or
semi-sold phase. In this case, the interactions between gasses and the particle phase will occur on
a slower time scale and will be controlled by a kinetically limited, diffusion mechanism. Diffusion
limitations from these viscous particles lead to hindered evaporation of bulk phase compounds.
For example, a study using a particle core of limonene SOA coated with B-pinene observed that
the outer surface layer of the particle evaporated preferentially over the inner core limonene
compounds, due to the kinetic diffusion limitation of the inner core.'® Another study investigated
the incorporation of organic nitrate compounds into the particle phase of glassy a-pinene derived
SOA and found that the amount of organic nitrates incorporated into the particle phase was much
larger if the incorporation occurred during particle growth rather than after particle growth. This
suggested that enhanced uptake of organic nitrates during SOA formation and growth is due to a

kinetically controlled “burying” mechanism, rather than equilibrium partitioning.**’
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Interestingly, whether or not an aerosol exists in a glassy phase state depends on the conditions in
which it was formed. For example, one study found a-pinene derived SOA formed under humid
conditions was less viscous than when formed under dry conditions, with an increased contribution
from carboxylic acids under humid conditions and a decreased contribution from higher molecular
mass products under dry conditions. Furthermore, a-pinene derived SOA that was formed dry and
subsequently humidified remained solid even under high RH conditions.*'® This makes a strong
case for the importance of understanding the phase state dependence on RH for a variety of SOA

types, formed under various conditions.

The humidity of the air surrounding the particle drastically affects its phase state.!'® Increased
humidity leads to water uptake into the particle and subsequently causes the particle phase state to
more become more similar to a liquid droplet (with faster diffusion times).06111119120 Thjs has
important implications for particle growth and reactivity mechanisms. For example, Renbaum-
Wolff et al.!*! found that a-pinene SOA ranged from solid to liquid phases across the range of
atmospheric relative humidity (RH) and found that gas-particle partitioning was limited to the
surface of the particle at RH < 30%. Assuming instantaneous equilibrium partitioning would result
in an overprediction of particle phase semi-volatile and low-volatility organic compounds by an
order of magnitude. Thus, SOA studies should be conducted at various RHs in order to accurately

describe the various phases of SOA in all parts of the world.

1.4.2 SOA Viscosity

To predict the importance of SOA for air pollution and climate, information on viscosity
and diffusion rates within SOA particles is needed.'® Viscosity and diffusivity are
inversely related as described with the Stokes-Einstein equation. Slower diffusion rates
have been found to affect gas-particle partitioning and hence the evolution of mass and size
distributions of SOA.1'3121 Molecular diffusion also affects rates and mechanisms of
multiphase reactions within SOA, which in turn dictate SOA composition!?2123 and long-
range transport of pollutants such as polycyclic aromatic hydrocarbon.'?41% The
viscosities of SOA can also be used to infer the phase state of the SOA particles. SOA will
be liquid when the viscosity is below 10? Pa s, semi-solid when the viscosity is between

102 to 10% Pa s, and glassy when the viscosity is greater than 102 Pa s.*?° Viscous aerosols
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have been shown to create anoxic conditions as well as limit molecular motion, resulting
in the stabilization of photochemically produced radicals, trapping them in the organic
matrix.**%%3! Furthermore, the viscosity of SOA can impact their ability to act as cloud
condensation nuclei*® and ice nuclei.*® For example, if SOA particles are in a glassy phase
state, defined as a material with a viscosity greater than 102 Pa s, they may act as

heterogeneous ice nuclei in clouds.5

1.4.3 Photodegradation of SOA Leading to Particle Mass Loss

Previously, there had not been many studies investigating the condensed phase photolytic
processes of SOA particles. These studies investigated the VOCs produced from irradiating SOA
material using cavity ring down spectrometry (CRDS),+%% Fourier transform infrared
spectrometry (FTIR),™” and gas chromatography (GC).**® More recently, there has been an
increased interest in studying the extent of SOA photodegradation and its effect on particle
composition and size, particularly over longer timescales. Photodegradation reactions tend to
fragment the SOA organics into smaller, more volatile compounds which can evaporate into the
gas phase leading to SOA mass loss.8981:8592.138 Thege higher volatility species have been shown
to include CO, CO., methane, acetic acid, formic acid, acetone, acetaldehyde, and other small
organic molecules.821*51%° These photodegradation processes affect the Earth’s climate because
they reduce the mass concentration and particle diameter, making SOA scatter sunlight less
efficiently.*® Indeed, a recent study found that the average SOA concentration in the Amazon rain

forest would decrease by ~50% if photolysis reactions were considered.'4

Compounds containing carbonyl and peroxide functional groups are examples of photochemically
active species responsible for the SOA mass loss under tropospheric sunlight (A >295 nm). 13413
The C-C(O) bond in carbonyls can be broken by Norrish I and Norrish Il type photocleavage
processes to form smaller products.’”®%21% Peroxides break at the weak O-O bond, forming two O-
centered radicals, which undergo secondary processes on a picosecond time scale.*! However, not
all photochemical processes result in fragmentation. Secondary reactions of free radicals in the
SOA particles can also lead to oligomerization products that increase the carbon number of SOA

species and lead to a lower volatility SOA mixture.”

11



As previously mentioned, RH can dramatically affect the phase state and viscosity of SOA, which
in turn affect the diffusion time for molecules within the particle. These changes in diffusivity can
also affect the aging mechanisms of SOA. For example, Wong et al.**® re-aerosolized chamber
produced SOA into another chamber (in order specifically study the condensed phase) and aged
them with UV light. The resulting aged SOA was more oxidized and they found photodegradation
rates to increase by a factor of 2 under humid conditions due to decreased particle viscosity.
Therefore, a more accurate view of organic aerosol aging should include condensed-phase
photochemical reactions occurring over long time scales and various RH as they can drastically
effect the OA chemical composition and physical properties, which in turn affect OA’s influence

on climate and health.8081.92.142.143

1.4.4 Photosensitized Particle Growth

Another important form of photochemical aging is photosensitized reactions.”* 76144145 Rather than
photolysis, which is considered a direct form of photodegradation, photosensitized reactions occur
more indirectly with multiple steps required to lead to photodegradation.’ 7144146147 Thegse steps
involve a molecule (photosensitizer) being promoted to an excited singlet state through the
absorption of a photon, followed by intersystem crossing into a triplet state and the subsequent
reaction between the excited triplet molecule and an adjacent molecule. The reaction between the
photosensitizer and the adjacent molecule are most commonly energy transfer, proton transfer, or
electron transfer reactions and lead to the formation of organic radicals and reactive oxygen species
(ROS).146.148.149 An example of this is shown below where the photosensitizer (PS) absorbs a
photon and is promoted to an excited singlet state (PS™), followed by intersystem crossing into a
triplet state (°PS"). The triplet state PS then reacts with ground state oxygen and transfers its energy

to form singlet oxygen, a well-known and very reactive oxidant in the atmosphere.

PS +hv - 'PS”
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— 3PS

* *

ps
%PS*+ 0, » PS + 107"
These types of processes do not only occur with gaseous oxygen, but rather, can also occur between

organic molecules within an aerosol particle or even between the particle and gas phase.”#76.14414
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Not all molecules can act as efficient photosensitizers. An efficient photosensitizer generally
requires efficient intersystem crossing from to form a long-lived triplet state and usually have
delocalized 7 electrons (e.g., aromatic species).’*” Many molecules identified in POA and SOA
have aromatic characteristics and have potential for photosensitization — with porphyrins,
quinones, imidazoles, and PAHSs being good examples.146.147.14-151 The presence of these molecules
in SOA have important implications for climate as these photosensitized reactions lead to particle
growth. For example, Monge et al.” found that particles containing a photosensitizer were able to
grow in diameter and mass in presence of UV irradiation and limonene vapor. Their proposed
mechanism involved the excited photosensitizer (3PS”) oxidizing the limonene vapor either
directly or through ROS (i.e., 10,, Oz, *OH) and the subsequent uptake of the oxidized limonene
product into the particle phase. They also found a strong correlation between the presence of
molecular oxygen and the amount of photosensitized particle growth — indicating that limonene
oxidation primarily occurs through the formation of ROS. This form of photochemical aging can
occur with various other gaseous vapors such as SO’ and other VOCs’" and can account for

almost 70% of the particle growth observed in some field studies.”™

1.5 Condensed-Phase Aging Techniques

Various methods of studying condensed-phase photochemical aging of SOA are discussed below.
Some of the most commonly used techniques include batch chamber, flow tube, and substrate

aging. An illustration of the three techniques are shown in Figure 1.3.

hv hv hv

voc
!

Chamber Photolysis Flow Tube Photolysis Substrate Photolysis

Figure 1. 3: Commonly used methods of investigating photochemical aging of SOA resulting in the production of
VOCs. The orange spheres correspond to SOA dispersed in a gaseous phase or collected on a substrate. The blue bars

represent a UV light source while hv corresponds to the photons of lights inducing the photochemical aging of SOA.
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Chamber photochemical aging studies involve aging SOA in the same chamber it is generated
in 8797140152153 or s collected, extracted, and re-aerosolized (in order to remove gaseous species
formed during SOA generation) before being aged.'® This method provides useful insight into the
condensed phase photochemical processes of SOA but suffers from the added interference from
gas phase photochemistry. This method may also introduce artifacts from the collection,

extraction, and re-aerosolization process, where the SOA phase and composition may be altered.

Flow tube aging is another useful method which involves generating OA in a chamber/flow
reactor/atomizer, flowing them through a denuder (to strip away any aerosol related gasses), and
then sending them through a quartz flow tube surrounded by UV lights.”76921% This method has
some advantages over the static chamber aging method. By flowing the aerosols through a denuder
and using a dynamic flow, secondary oxidation by photoproduced oxidants and gasses is
minimized. However, this method still suffers from interference from the re-evaporated gas phase
aerosol components.®? For example, even after flowing through the denuder, aerosols can

evaporate in the flow tube, thus re-populating the gas phase with photolyzable molecules.

Aging on substrates is also a commonly used method,’*7®81134135 where SOA are collected on an
inert substrate such as a Teflon filter or CaF, window, before being irradiated directly on the
substrate. The main disadvantage of this method is that it can suffer from mass-transfer limitations
during the photochemical aging process.1%%113155-157 More specifically, the thickness of the SOA
material film can be thicker than the diameter of an aerosol particle, which would hinder the
diffusion of photoproduct VOCs out of the film and/or hinder the diffusion of water or oxygen
(which participates in photochemical reactions) into the film. This method does, however, have
the advantage of removing some of the interference from gas-phase photochemistry and allows us
to specifically study the condensed-phase photochemical reactions of SOA. This dissertation

utilized both the flow tube and substrate aging method.

1.6 General Methods of the Dissertation
1.6.1 SOA Generation in a Smog Chamber

SOA was generated in a smog chamber for the work presented in Chapters 2, 4, and 5. The general
specifications of the chamber are discussed in this section, while the experiment specific details

are discussed in each corresponding chapter. The chamber is approximately 5 m® in volume and

14



uses FEP Teflon as the chamber walls. The chamber is enclosed by an opaque, rigid, acrylic
structure to support the chamber and prevents UV radiation from escaping the chamber. Forty-two
UV-B lamps (SolarcSystems, Inc. Model FS40T12/UBV) centered at 310 nm surround the walls
of the chamber and are used to initiate the photooxidation process. Incoming purified purge air
(Parker FT-IR purge gas generator model 75-62NA) can be optionally humidified by a Nafion
exchanger (Perma Pure model FC125-240) coupled to a heated water circulator (Julabo model HE-
BASIS). This allows for studies investigating the aging of SOA formed under various RHs in
different parts of the world.

Various oxidation conditions were used in this work in order to investigate the aging of SOA
formed in more urban (high-NOx) or more rural (low-NOx) conditions. For OH/Low NOx
conditions, a measured volume of a 30% wt. hydrogen peroxide aqueous solution (typically tens
of uL) was injected into a glass trap with 10 SLM of zero air flowing through it. The zero air
carried the peroxide through a partially heated stainless-steel tube (40 °C) before flowing into the
chamber. For OH/high NOx conditions, after adding the peroxide solution, NO gas was added from
a premixed gas cylinder with a calibrated mass flow controller opened for a set time duration. For
ozonolysis oxidation conditions, ozone was generated by flowing UHP oxygen (AirGas) at 6 SLM
through an ozone generator and into the chamber. The SOA precursor (pure VOC liquid) was then
added into the chamber the same way as the peroxide solution — with naphthalene SOA as an
exception and is discussed in further chapters. The oxidant(s) and SOA precursor were then
allowed to mix in the chamber for several minutes before the chamber lights were turned on (except

for ozonolysis conditions) to initiate the photooxidation process.

The SOA generation can be monitored through multiple instruments and sensors. The chamber
temperature and RH were monitored using a Vaisala HMT333 probe. The ozone and NOy (nitrogen
oxides & compounds from the oxidation of these oxides) mixing ratios were monitored using
Thermo Scientific 49i and 42i-Y monitors, respectively. The particle number concentration and
size distribution were monitored using a scanning mobility particle sizer (SMPS, TSI model 3936).
The gas phase VOC concentrations were monitored using a Proton Transfer Mass Spectrometer
(PTR-MS). After the maximum particle mass concentration was reached in the SMPS readings
(typically 2-4 hours), the chamber lights were turned off (except for ozonolysis conditions) and
SOA collection began.
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As previously mentioned, this work relied on the substrate collection method. SOA were collected
using a Micro-Orifice Uniform-Deposit Impactor (MOUDI, MSP Corporation model 110-R)
operating in the rotating mode at a flow rate of 30 standard liters per minute (SLM). A charcoal
denuder was placed before the MOUDI collection flow in order to strip away any excess oxidants
or gasses which may age the particles while being collected. A diagram of the chamber and

collection setup is shown below in Figure 1.4.

UV-B Lamps
Zero Air & . PTR-M5
0 - e SMIPS
e [\] I
U’UC}'IH ;G; p—— ouD
p— Vont
NO .
[ OJ/NO,
RH/Temperature | Monitors
Probe

Figure 1. 4: A diagram of the smog chamber used for this work. The oxidants, VOC precursors, monitoring

instruments, and collection devices are shown connected to the chamber.

1.6.2 SOA Generation in a Flow Tube Reactor

The aerosol flow tube consisted of a 20 L Plexiglas tube. A syringe pump (World Precision
Instruments, Model: SP1001) was used to inject (25 pL ht) a liquid VOC into a Swagelok T-fitting
that was flushed (5 L min™) with air from a zero-air generator (Parker, FTIR purge gas generator
model 75-62NA). A 1 L min? flow of oxygen was passed through an ozone generator and
homebuilt ozone photometric detector before mixing with the VOC air flow within the flow tube.

The residence time within the flow tube was 3.5 min.

16



03 Generator

v
03 Monitor—

Flow Tube

Syringe Pump
with VOC

Clean Air

Charcoal Denuder ](7
Filter HEPA

Figure 1. 5: A diagram of the flow tube used for this work. The O3, VOC precursors, charcoal denuder, and filter

collection are shown connected to the flow tube.

At the exit of the chamber and the flow tube, the SOA containing air flow was passed through a
charcoal denuder to denude excess Os. SOA particles were then collected either onto
poly(tetrafluoroethylene; PTFE) filters (FGLP04700, Millipore, 47 mm diameter, 0.2 mm pore
diameter), quartz crystal microbalance (QCM) crystals, or onto hydrophobic glass slides (12 mm
diameter, Hampton Research, HR3-277).

1.6.3 Collection Substrates

The aerosols generated for experiments were collected on various substates for aging and

measurements.

In some experiments (Chapter 4) SOA was collected onto a QCM crystal. This was done by using
a Micro-orifice Uniform Deposit Impactor (MOUDI; MSP Corp. model 110-R) at a flow rate of
~25 L min'* for 1-4 h with custom adapters to accommodate a 2.54 cm diameter chrome/gold QCM
crystal, as shown in Figure 1.6a below. The MOUDI was used in the rotating mode in order to
ensure a more uniform deposition of particles on the substrate. In these experiments, Stage 7 was

used since it provided the largest amount of SOA mass to be collected.
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Figure 1. 6: a) SOA collected onto a quartz crystal microbalance crystal using a MOUDI in the rotating mode. b)
SOA collected onto a Teflon filter using an external pump. ¢) SOA collected onto hydrophobic glass slides using a

MOUDI in the non-rotating mode.

In some cases SOA was collected onto poly(tetrafluoroethylene; PTFE) filters (FGLP04700,
Millipore, 47 mm diameter) by connecting the filter holder to an air pump, with typical flows of
~20 L mint. An example is shown in Figure 1.6b. These substrates were used to dissolve SOA
material into solution for either laser spectroscopy (Chapter 2) or mass spectrometry measurements
(Chapters 2-5).

For the viscosity measurements discussed in Chapter 5, SOA was collected onto hydrophobic glass
slides (12 mm diameter, Hampton Research, HR3-277). This was done using the MOUDI in a non-
rotating mode using stage 8 operated at a flow rate of 20 L min™t. Sampling with the non-rotating
MOUDI created discrete spots of aggregated SOA particles of ~35-60 um in diameter after a
typical collection time of 1 h (Fig 1.6c). Glass slides were made hydrophobic by coating with
FluoroPel 800 (Cytonix).

1.6.4 Ultra-performance liquid chromatography high resolution mass spectrometry

In many experiments the chemical composition of SOA was analyzed using ultra-performance
liquid chromatography coupled with a Thermo Q Exactive Plus orbitrap mass spectrometer
equipped with an ESI source. A Luna 1.6 um Omega Polar C1g (150 x 2.1 mm) column was used
for separation. Solvents A and B used during liquid chromatography were HPLC grade acetonitrile
(with 0.1% formic acid) and water (0.1% formic acid), respectively. The gradient elution protocol
included a 3 min hold at 5% solvent A, an 11 min linear gradient to 95% solvent A, a 2 min hold

at this level, and a linear gradient back to 5% solvent A in preparation for the next run. The column
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was maintained at 30 °C. The UV-vis spectrum was measured with a photodiode array (PDA)
detector from 250 to 700 nm. The ESI settings were +4.0 kV spray potential, 35 units of sheath
gas flow, 10 units of auxiliary gas flow, and 8 units of sweep gas flow. The instrument was
operated in either in a positive or negative ion mode with a mass resolving power of ~10° at m/z
200.

1.7 Structure of the Dissertation

Despite the growing literature on the photochemical aging processes of SOA, many unanswered

questions remain. The studies in this dissertation were guided by the following questions.

e How can photosensitized reactions change the chemical composition of SOA?

e What types of compounds can be oxidized into the particle phase through photosensitized
reactions?

e How fast do these photosensitized reactions occur?

e What are the photolytic lifetimes of SOA from various precursors?

e How does relative humidity affect the photodegradation rates of SOA?

e What are the chemical composition changes due to long term photodegradation?

e What effect does this composition change have on the physical and chemical properties of
SOA?

Chapter 2 discusses the triplet reactivity of known photosensitizers that are likely found in organic
aerosols. The photosensitized chemistry of three aromatic ketones (xanthone, flavone, and
acetophenone) was investigated by means of transient absorption spectroscopy. Halide ions were
selected to probe the reactivity of the generated triplet state. The photosensitized reactivity of SOA
arising from the photo-oxidation of naphthalene was also investigated. Combining the study of
these individual and known photosensitizers with those formed in the atmosphere demonstrates
that tropospheric photosensitization may involve a large variety of compounds and will introduce
new, unconsidered chemical pathways that impact atmospheric multiphase chemistry.

Chapter 3 extends the previous study of triplet reactivity occurring in organic aerosols.
Naphthalene photooxidation SOA was generated, injected into an aerosol flow tube, and exposed
to UV radiation and gaseous volatile organic compounds or sulfur dioxide (SO). The aerosol

particles were observed to grow in size and the resulted in the production of particle phase sulfate.
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As naphthalene and other polycyclic aromatics are important SOA precursors in the urban and
suburban areas, these photosensitized reactions are likely to play an important role in sulfate and
SOA formation.

Chapter 4 discusses the long-term photodegradation of secondary organic aerosols produced from
biogenic and anthropogenic VOCs. The experiments relied on a quartz crystal microbalance
(QCM) to quantify the mass loss rate from SOA materials while being irradiated by a 305 nm UV
LED. The mass loss rates were observed to increase at a higher relative humidity because volatile
photoproducts could diffuse out of SOA faster. Long-term changes in the chemical composition
of SOA were examined using high-resolution electrospray ionization mass spectrometry. These
experiments confirm that condensed-phase photochemistry is an important aging mechanism for
SOA during long-range transport.

Chapter 5 is an extension of the previous SOA photodegradation study and investigates the
viscosity and phase state of UV-aged SOA. The viscosity of UV-aged SOA was measured after an
equivalent UV exposure of 6-14 days at midlatitudes in summer. Results indicate that the viscosity
and characteristic mixing times of organic molecules within an SOA particle can be as much as
five orders of magnitudes larger for aged SOA. The increase in viscosity likely leads to an
increased abundance of glassy SOA particles that can act as ice nuclei in the atmosphere.
Furthermore, the increase in viscosity and mixing times can impede gas-particle partitioning and
heterogeneous chemistry. Overall, our results clearly demonstrate that UV-aging needs to be

considered when predicting the environmental impacts of SOA.

Chapter 6 discusses preliminary work done on quantifying the mass loss and VOC production
from ambient biomass burning organic aerosol (BBOA). BBOA was collected using a MOUDI
onto QCM crystals during the December 2020 Santiago Canyon Bond Fire. Experiments involved
irradiating the BBOA substrates using a 305 nm LED while simultaneously measuring the mass
loss rates using a QCM and photoproduced VOCs using a Proton Transfer PTR-MS. These
preliminary experiments indicate that photodegradation of ambient BBOA can be a large source

of VOCs, particularly formic acid, in the atmosphere.
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Chapter 2: Quenching of ketones triplet excited states by
atmospheric halides

Portions of this chapter were reproduced with permission from Gemayel, R., Emmelin, C.; Perrier, S.; Tomaz, S.;
Baboomian, V. J., Fishman, D. A.; Nizkorodov, S. A.; George, C. (2021). Quenching of ketone triplet excited states
by atmospheric halides. Environmental Science: Atmospheres, 1, 31-44. https://doi.org/10.1039/DOEA00011F
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2.1 Abstract

The photosensitized chemistry of three aromatic ketones (xanthone, flavone, and acetophenone)
and also of secondary organic aerosol (SOA) arising from the photo-oxidation of naphthalene was
investigated by means of transient absorption spectroscopy. Halide ions were selected to probe the
reactivity of the generated triplet states. The quenching rate constants ranged from 10° M-1s! with
iodide ion to less than 10° M*s™ with chloride ion. The halide-triplet state interactions produced
the corresponding radical anion (X>™) along with halogenated and more oxidized organic
compounds as identified by liquid chromatography and mass spectrometry. Deoxygenated
naphthalene SOA solutions showed strong transient absorption at 420 nm when excited at 355 nm,
which were also quenched by iodide ion similar to the single compound experiments indicating
that compounds in naphthalene SOA can act as a photosensitizer. Combining the study of these
individual and known photosensitizers with those formed in the atmosphere (in this case through
the oxidation of naphthalene), demonstrates that tropospheric photosensitization may involve a
large variety of compounds of primary or secondary nature and will introduce new, unconsidered

chemical pathways that impact atmospheric multiphase chemistry.
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2.2 Introduction

The hydroxyl radical (*OH) is certainly one of the dominant tropospheric oxidants in both gas and
aqueous phases.!®® However, besides the *OH radicals, a number of other oxidative pathways
including nitrate radicals, ozone, halogenated radicals, singlet molecular oxygen, peroxyl radicals,
peroxides, and triplet excited states of organic compounds (3C*) have also been shown to play a

significant role in the troposphere, 5160

Very recently, the potential importance of triplet state chemistry has been unraveled for the
atmospheric aqueous phase by novel ambient measurements of triplet state concentrations in fog
and aerosol water, and by reactivity measurements under atmospheric conditions of various
photosensitizers known to be present in the particulate matter.*>+1%°-167 For instance, triplet excited
states of aromatic ketones have been shown to oxidize phenols commonly found in biomass
burning aerosol,'%1%° and halide ions commonly found in sea spray aerosol.!’® In the latter case,
the halide ion oxidation induces the formation of halogen atoms (X°) or radical anions (Xz"),%
which are important reactive species for the oxidation of organic and inorganic compounds
throughout the troposphere. The halide ions such as iodide, bromide, and chloride represent
compounds of interest because of the high reactivity of their associated atomic radicals and because

of their ubiquity.t’+174

This chapter reports the reactivity of common halide ions towards organic triplet states from three
aromatic ketones: xanthone, acetophenone, and flavone. These compounds are present in different
environmental compartments and were previously considered as aqueous phase
photosensitizers.!*® They are also present in the gaseous and particulate atmospheric phases. Of
these three compounds, xanthone is more abundant in the particulate phase having a concentration
of hundreds of pg m™ in urban areas.”>1"® Different primary and secondary sources of xanthone
have been identified such as wood and agricultural waste burning, and combustion of diesel,
gasoline, and city gas.}’"18 Acetophenone has been detected in aerosols but it mainly partitions
into the gas phase.l’” Primary and secondary sources of acetophenone have also been identified,
including wood combustion and diesel emissions.*’®1® Flavone has been identified in biogenic
emissions as flavonoids are known as a plant-protective antioxidant.*®® In a recent study, flavone

has also been identified in biomass burning emissions.
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To answer the question whether direct emissions are the unique way to introduce primary
photosensitizing compounds into the troposphere, the possibility of producing such compounds
in-situ in the air was also investigated. Previous work showed that particulate phase chemistry
induces the production of such secondary photosensitizers.1*> This study extended this approach
to secondary organic aerosol (SOA). Specifically, the examination of the triplet-state reactivity
towards I for a complex mixture of organic compounds in SOA produced by the photooxidation
of naphthalene under high-NOXx conditions. This naphthalene SOA has been shown to strongly
absorb near-UV and visible radiation.®? UV irradiation of naphthalene SOA has been shown to

result in an efficient photosensitized production of singlet oxygen,**°

and reactivity towards
limonene.” The working hypothesis was that a subset of compounds in naphthalene SOA has

sufficiently high triplet state energies to oxidize halide ions.

This work aims to explore the effect of the triplet state chemistry of these compounds on the
formation yield of reactive halogen species (X', X2™) and their kinetics. The identification of
products from these aqueous photosensitized reactions is also providing insights into the potential
chemical mechanisms. It is noteworthy to point out that the chemistry investigated here is not only
of importance for liquid particles, but also for the description of photochemical processes at the
air/sea interface. As recently highlighted by our previous work, there is rich photochemistry taking
place in the sea surface microlayer,'® which has now been demonstrated to involve PAHs and
organic compounds of marine interest.*8418 Therefore, PAHs can also be efficient photosensitizers

at the sea surface and in aerosols as well.

2.3 Experimental

2.3.1 Materials and Solution Preparation for Single-Component Experiments:

Experiments with single ketones were conducted by the Christian George group in IRCELYON.
The chemicals used in this study - xanthone (97% Sigma-Aldrich), acetophenone (96% Sigma-
Aldrich), flavone (97% Sigma-Aldrich), sodium chloride (>99% Sigma-Aldrich), sodium iodide
(>99% Sigma-Aldrich), sodium bromide (>99% Sigma-Aldrich) — were all used without further
purification. All solutions were freshly prepared using 18 MQ ultra-pure water. The
photosensitizer was dissolved in water using magnetic agitation in the dark for two hours. Aqueous

solutions containing = 2 uM of photosensitizer were deoxygenated with a stream of argon for 20
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min to avoid any interference or electron transfer with singlet oxygen. All the experiments are

performed at a temperature maintained at 23°C.
2.3.2 SOA Preparation:

Naphthalene SOA was prepared under high NOx conditions (NAPH/OH/NOy) and 40% relative
humidity (RH) in a 5 m® Teflon batch chamber surrounded by 42 UV-B lamps. The chamber was
equipped with a proton-transfer-reaction mass spectrometer to monitor naphthalene concentrations
and a scanning mobility particle sizer to monitor particle concentrations and size distributions in
the chamber. The NOx concentration and RH of the chamber were monitored by a Thermo
Scientific 42i-Y and Vaisala HMT333 probe, respectively. The starting naphthalene, H>O>, and
NOx mixing ratios were 0.4, 2, and 0.4 parts per million by volume (ppm), respectively. After the
naphthalene was added to the chamber and the concentration stabilized, H2O, and NO were added
and the UV-B lamps were turned on to initiate the photo-oxidation process (with a steady state OH
concentration of ~10° molecules cm®). The OH steady-state concentration was determined from
the rate at which the starting organic compound is removed from the chamber as measured by
PTR-MS. Once the particle mass concentration peaked (~3 h), the SOA was collected onto a
poly(tetrafluoroethylene) (PTFE) filter (FGLP04700, Millipore, 47 mm diameter, 0.2 um pore
size). The filter was then extracted with HPLC-grade water to produce a 0.170 g/mL SOA solution.
Aliquots of an aqueous KI solution were added to the SOA solution for quenching studies. All the
samples were deoxygenated for 20 minutes before the transient absorption experiments, as

mentioned for single compound photosensitizer experiments.
2.3.3 Laser transient absorption

The transient absorption spectrum of the excited photosensitizer (xanthone, flavone, and
acetophenone) was followed with a classical laser transient absorption apparatus.'® It corresponds
to a standard laser transient absorption system except the reaction cell is replaced with a Teflon
AF liquid waveguide (Fig. 2.1). The fourth harmonic (266 nm) of an Nd:YAG laser (Surelite 11
10, Continuum) was used as the excitation source for most experiments. In the case of xanthone
the third harmonic (355 nm) was also used. The laser output was shaped by a dispersing lens to
irradiate homogeneously the outer surface of this 1 m long transparent waveguide wounded in a
reel. Using a peristaltic pump, the solutions containing all reactants were flowing through the

waveguide to constantly replenish its content between each laser shot (the residence time of the
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sample in the cell being less than one second). All connections were made from either glass or
PTFE tubing. This is important to limit the exposure of the solution to repeated laser pulses to
maintain a constant temperature in the flow cell and to reduce the degradation/photolysis of the
solution. Transient species produced by the pulsed laser beam were monitored employing time-
resolved absorption spectroscopy. A continuous wave 150 W high-pressure Xenon arc lamp was
used as a broadband radiation source. The light from the lamp passed along the axis the waveguide
and the optical fibers and was collected then by a % m monochromator (Spectral Products DK240)
equipped with a 2400 grooves/mm grating and coupled with a photomultiplier (PMT, Hamamatsu
H7732-01). The output signal of the PMT passed through a high-speed current
amplifier/discriminator (Femto) and the AC component recorded on a 300 MHz oscilloscope
(Tektronix TDS3032c). Typically, signal from 512 laser pulses were averaged for each
measurement. To construct the transient absorption spectrum, measurements were repeated every
10-15 nm between 300 and 650 nm. The full transient absorption spectrum was reconstructed from
the steady and transient signals (330 ns after the laser pulse), and reported in a wavelength region

free of spectral interferences from the ground state solution.
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Figure 2. 1: Experimental setup for the laser flash photolysis.
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Based on the photosensitizers’ absorption spectra (Fig. 2.2), the laser wavelength was set at 266
nm where the three photosensitizers absorb. The laser was operated in a single-shot mode, and its
energy was set to ~10 mJ per pulse for 266 nm photolysis experiments. Using moderate energy
helps to limit as much as possible the direct photolysis of the photosensitizer and therefore avoid
possible interferences from its products. To get closer to the atmosphere conditions, another set of
experiments was carried out at a laser wavelength of 355 nm. At this wavelength, only xanthone
absorbs efficiently, but 1.7 times less than at 266 nm Therefore in this case a slightly higher laser

energy was used.
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Figure 2. 2: Absorption and transient absorption spectra of solutions of xanthone, acetophenone and flavone. The
solid line (-) shows the (UV-Vis) absorption spectra of solutions before the laser excitation (266 nm). Absorption
spectra recorded 330 ns after the laser pulse of an aqueous solution of xanthone (-A-), acetophenone (-e-) and flavone

(-m-) (102 mM). Spectra were recorded in the absence of salts.
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The transient absorption experiments on NAPH/OH/NOx SOA solutions were conducted using a
different laser transient absorption apparatus at the University of California, Irvine. The sample
was placed in a standard 10 mm fused silica cuvette. Circulation was not used due to the limited
amount of available sample. The solution was excited at 355 nm (40 mJ per pulse) and the
transients were probed using a similar Xenon arc lamp, monochromator, and oscilloscope setup
(averaging 40 pulses). Exciting the molecules at 355 nm ensured that the transients formed would
be tropospherically relevant and would lead to photochemical aging of organic aerosols in the

lower atmosphere.
2.3.4 Chemical characterization

Chemical analysis of the reaction products was performed in the case of xanthone. For this
purpose, solutions were prepared, containing the same concentration of xanthone, without halide
ions, with sodium iodide (0.89 mM) and finally with sodium bromide (0.1 M). Half of each
solution was kept in the dark for reference, and the remaining half was exposed to laser pulses at
355 nm in the waveguide. These six solutions were then desalinated and concentrated by solid
phase extraction (SPE) (Waters, Oasis MAX 6 cc Vac Cartridge, copolymer, 30 um). The extracts
were dried under a nitrogen flow and reconstituted in 1 ml of acetonitrile. Samples were analyzed
by ultra-high performance liquid chromatography (UPLC, Dionex 3000, Thermo Scientific)
coupled with a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific)
with an electrospray ionization source. The separation relied on a Water Acquity HSS C1s column
(1.8 pL, 100 x 2.1 mm) at a flow rate of 0.3 ml/min with a mobile phase gradient using acidified
water (eluent A: 0.1%, v/v, formic acid; Optima liquid chromatography (LC/MS), Fisher
Scientific) and acidified acetonitrile (eluent B: 0.1%, v/v, formic acid; Optima LC/MS, Fisher

Scientific).

In addition, the distribution of compounds found in NAPH/OH/NOx SOA was examined using the
same UPLC-Q-Exactive system equipped with UV photo-detector array (PDA). The instrument
was operated in the negative polarity mode. The most relevant compounds in SOA are the ones
that strongly absorb near-UV radiation, and were assigned by examining the correlation between
chromatographic peaks detected by both PDA and mass spectroscopy detectors. In addition, the
chromatograms were analyzed using Compound Discoverer to locate compounds with high

abundance in the mass spectrum regardless of their light-absorption properties. All peaks were
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assigned to formulas of [CcHhOoNn — H], where c,h,0, and n represent the corresponding number
of atoms in the ions. Identified peaks met a sample:blank ratio greater than 5 and the formula
assignments were limited to 30 C, 50 H, 20 O, and 10 N atoms with a maximum error of 5 ppm.
When multiple formula possibilities existed, compounds that could be conceivably derived from
naphthalene were selected. Assignments were not verified with standards, so the formulas cited

below should be regarded as tentative.

2.4 Results

2.4.1 Triplet state transient absorption spectra

The transient absorption spectrum recorded after the 266 nm laser pulse is characterized by a strong
absorption peak with a maximum absorption wavelength of around 590 nm for xanthone, 340 nm
for acetophenone, and 350 nm for flavone (Fig. 2.2). These wavelengths are in reasonably good
agreement with previously published spectra as discussed below. The wavelength of maximum
absorption for excited xanthone and acetophenone depends on the nature of the solvent. In non-
polar solvents, the maximum absorption wavelength is at 600 nm for xanthone and 350 nm for
acetophenone when excited at 355 nm.5!87-1% Ags shown in Figure 2.2, the triplet flavone transient
absorption spectrum presents three peaks at 350, 370 (appearing as shoulder due to broad
absorption and limited spectral resolution), and 620 nm. The strongest one is at 350 nm and the
weakest one is at 620 nm. These results are in good agreement with the work published by Avila
and Previatli,®* who observed two absorption maxima at 370 nm (the most intense) and 620 nm
when excited at 337 nm. These maxima were practically independent of the solvent used (benzene,
ethanol, acetonitrile). For the determination of lifetimes and quenching rate coefficients, the triplet

state decay was monitored at the wavelengths reported above.
2.4.2 Characteristics of the photosensitizer triplet state

Laser flash photolysis of deoxygenated solutions containing the selected photosensitizers showed
strong transient absorptions as shown in Figure 2.3A for flavone. Over the 0-7 us range, the
absorption decay was fitted with a single exponential decay with an offset (Equation 2.1) (Fig.
2.3B). The triplet state lifetime without quenchers was thus calculated following equation 2.2

where Kqecay IS the observed rate constant.
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y = Am + be_kdecayt (21)
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Figure 2. 3: (A) Transient absorption decays of flavone triplet state (excited at 266 nm) in a deoxygenated aqueous
solutions containing different concentrations of Nal observed at 390 nm and (B) with different concentrations of NaBr

observed at 350 nm.

These constants in deoxygenated solutions are presented in Table 2.1. For the three compounds,
the lifetime of the triplet state ranged from 1.85 us for acetophenone to 5.5 us for flavone. These
values are in agreement, with triplet state lifetimes reported in the literature for a large variety of
compounds, which are in the range of 107 — 1 5.1 The triplet lifetimes of cyclic ketones vary with
the ring size and with the degree of substitution; for cyclohexanone it varies between 0.6 to 40
ns.1% In the presence of oxygen, the decay became faster indicating a quenching by oxygen,
probably by energy transfer producing reactive oxygen species such as singlet oxygen.®* Singlet

oxygen can then undergo reactions with nearby molecules, as discussed in Section 2.4.5.
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Table 2. 1: First-order rate constants and triplet lifetimes in the absence of quenchers such as oxygen or halides. The
ground state reduction potential E°, the triplet state energy Er, and the triplet state reduction potentials E°*of the three

photosensitizers are also given.19-200

Kaecay (Us™) | 7 (us) Kaecay (Us™) T (us) E (V) Er(v) |[E"(V)
266 nm 266 nm 355 nm 355 nm
Xanthone 0.44+0.02 2.27+0.10 | 0.43+0.03 2.33+0.16 | -1.21 197 3.171%8 1.96
Acetophenone 0.54+0.04 1.85+0.14 -1.42199 3.19 20 1.77
Flavone 0.18+0.02 5.5+0.61 -1.18 1% 2.69 196 151

2.4.3 Triplet state quenching rate constant

The quenching of the selected photosensitizers by halide ions was investigated. Different
concentrations of Nal, NaBr, and NaCl were added in the deoxygenated aqueous solution of the
different photosensitizers. Their decay became faster with increasing concentration. This

chemistry is expected to produce atomic halogens according to R1 in the next mechanism:*"

3" > quenching by solvent (R-0)
PTEX D P+ X (R-1)
X+X & X~ (R-2)
X2 + P = Product (R-3)
X' + P - Product (R-4)
X2+ X~ > Xo +2X (R-9)
X222 Xa) (R-6)

Under pseudo-first-order conditions, where the quenchers being added are in excess compared to
the triplet state, the quenching rate coefficients can be determined by the following Stern-VVolmer
equation (Equation 2.3):

_d[3Px]
dt

(2.3)

= (ko + kl[X_])[?’P*] = kdecay [3P*]
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In equation 2.3, ko corresponds to the rate constant of the triplet state decay in the absence of
oxygen and other quenchers in pure water, while k1 corresponds to the quenching rate constant by
the halide X" in reaction 1.1% For a constant concentration of photosensitizer, ki corresponds to
the slope of the line obtained from the plot of the observed rate coefficient as a function of quencher
concentration. The different quenching rate coefficients are summarized in Table 2.2.

Table 2. 2: Reaction 1 rate constants ki for quenching of ketones triplet states by different halide ions following
excitation at 266 nm and 355 nm, redox potentials (E(X")/X) for the anions and the free energy of the electron transfer

AGer. Values were obtained with 3 experimental repetitions.95-200

- Br Cl
E(X/X) (V) 0.535 1.087 136
ket (M1s”
AGEeT ki (M1s?t) AGer | ker (M) AGer 1
Xanthone (266 nm) (8.34+0.43)x10° (6.46+0.01)x108 <10°
-1.425 -0.873 -0.6
Xanthone (355 nm) (1.86+0.82)x10° (1.060.23)x10’ <10°
Acetophenone (266
) 1235 |(3.47+0.28)x10° | |-0.683 |(9.89+0.6)x10° 041 |<10°
nm
Flavone (266 nm)  |-0.975 |(4.850.35)x10° | [-0.423 |(1.28£0.28)x10° | [-0.15 |<10°

The ground state reduction potential E° and the triplet state energy Et for the different
photosensitizers studied are presented in Table 2.1. The triplet state reduction potentials E™ is the
sum of Et and E°. Using these values, one can calculate the free energy (AG) of one electron
transfer between the excited photosensitizer and the quencher, (Equation 2.4) presented in Table
2.2. The deactivation of the excited photosensitizer by reaction (R1) will take place spontaneously

only if AGet is negative. This quantity may be calculated using the Rehm-Weller equation:2%

AGer =nF(E(X /X)—E —Er)+C (2.4)
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where nF is the total charge transferred during the reaction. The entropic variation and the
coulombic term (C) are considered here as negligible. Considering each photosensitizer
individually and comparing AGer with different halides, shows that thermodynamically, the
electron transfer reactions are the most favorable through reactions with iodine, with the AGer
ranging from -0.975 to -1.425 (eV). In the presence of bromide and chloride, the electron transfer
is thermodynamically less favorable than for iodide with AGer values ranging from -0.873 to -
0.423 (eV) and -0.6 to -0.15 (eV), respectively. These results may explain the different measured
values of ki for the same photosensitizer with the different halide ions. And indeed, efficient
guenching assumed to correspond to a rapid electron transfer, has been measured for iodide, but

with somewhat lower rates for the bromide, and a much slower rate for chloride.

Comparing the measured values of ki for the different photosensitizers with the same halide ion,
shows that in all cases, xanthone presents the highest values for ki. This can be explained by
considering the triplet state reduction potential, E™, which is a critical value for the kinetics of
electron transfer reactions.?> The E™ for xanthone is the highest, compared to those of
acetophenone or flavone, and corresponds to 1.96, 1.77, and 1.51 V, respectively.?® This
observation has been proven in the literature where two studies show that the E™ influence and
control the kinetics of the quenching oxidation reaction.!*®2%® Based on the same concept and
comparing the measured values obtained for acetophenone to those obtained for flavone, shows
that E™ can explain the differences observed with bromide where acetophenone ki is almost a 100
times higher than ki of flavone. In the case of iodide, a different trend is observed with flavone ki
being 1.4 times higher than acetophenone ki. This difference, a factor 10 to 100 with bromide
while a factor 1.4 for iodide, can be due to the diffusion effect in the solution which plays a limiting

role in this case.
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Figure 2. 4: (A)- Transient absorption spectra of deoxygenated acetophenone solution (red triangles) and
deoxygenated acetophenone with Nal (black circles) at 330 ns (bottom) and at 5 us (top) after the 266 nm laser shot.
(B)- Transient absorbance decays of acetophenone triplet state in aqueous solutions containing different

concentrations of NaBr observed at 350 nm after 266 nm excitation.

Figure 2.4A shows the transient absorption spectrum of acetophenone in the presence of I at 330
ns after the laser shot. The maximum absorption corresponds to 350 nm, which is slightly higher
than the value obtained for acetophenone in absence of any quencher (340 nm). This shift may
correspond to the formation of an absorbing transient compound (see below) produced rapidly
after the laser discharge. Consequently, the underlying decay kinetics are affected and more
uncertain. These measurements have also been carried out for xanthone, at an excitation
wavelength of 355 nm. At this wavelength, there is still a pronounced reactivity with the halide
ions, which is in the same order of magnitude with iodide whereas with bromide the kinetics are
more than 50 times slower than at 266 nm (Table 2.2).

2.4.4 Transient absorption spectra of transient species and products

Based on reactions (R1) and (R2), iodine and bromine atoms are expected to be produced after the
triplet quenching. While no transient compounds were observed in the absence of photosensitizers,
the situation appeared more complex with added iodide or bromide ions in the solution. Indeed,
after the laser discharge, the transient absorption should return to its initial background absorption
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(Ao) due to the relaxation of the triplet state. The time needed to return to the initial background
absorption depends on the lifetime of the triplet and the presence of other quenchers. When the
absorption does not return to the Ao level, or does so over much longer timescales that expected
for triplet state reactions, it indicates the formation of a transient or new product.

2.4.4.1 Flavone

In the presence of Nal and NaBr, the absorption decay of the flavone triplet does indeed not return
to its background value, indicating the presence of transient species. Figure 2.3 shows the flavone
absorption decays at different concentrations of Nal at 390 nm (Fig. 2.3A) and at different
concentrations of NaBr at 350 nm (Fig. 2.3B). The long-lived absorption values at these
wavelengths are a function of the halide concentrations. It is important to note that the maximum
intensity of this long-lived absorption is observed at 390 nm for Nal and at 350 nm for NaBr and
that lower values are observed at wavelengths of 20 nm around these wavelengths. Based on the
literature, for Nal solutions, this maximum absorption wavelength could be assigned to the radical
I exhibiting absorption bands at 385 and 725 nm with an extinction coefficient of 9500 and 3000
L mol™* cm3, respectively.?* This system did not allow for the detection of the second peak at 725
nm because of its lower intensity. For the NaBr solutions, the maximum absorption wavelength at
350 nm would correspond to Br>™ having an absorption band at 354 nm with an extinction

coefficient of 9900 L mol* cm3,20

Considering the extinction coefficient of I,™at 390 nm (9000 L mol* cm) and for Br,™ at 350 nm
(9900 L mol?* cm®), calculations show that the yield of 12" is 239 times higher than the one for

Br>™ at 10 s after the laser pulse, which is consistent with the results presented above.

Flavone presents the lowest values of triplet state energy and triplet state reduction potentials
compared to acetophenone and xanthone. In consequence, it should lead to the lowest halide ion

oxidation rates.
2.4.4.2 Acetophenone

For acetophenone solutions in the presence of halide ions (Br and I'), transient products have also
been detected. A comparison of the transient absorption spectra, between acetophenone in pure
water or in the presence of Nal, at 330 ns and 5 ps after the laser discharge is shown in Figure

2.4A. A new absorption band at 390 nm appears a few s after the laser discharge for the solution
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containing Nal. The acetophenone triplet lifetime is 1.85 ps and therefore the observed absorption
band at 5 s is unlikely to be explained by the acetophenone triplet state but could be attributed to

1o

The long-lived absorption at 350 nm for acetophenone solutions in the presence of a different
concentration of NaBr is presented in Figure 2.4B. In this case, the long-lived absorption is more
pronounced than for flavone for the same NaBr concentration range. To quantify the yield of Brz™
formed and to compare to the results obtained with flavone, the correlation between the absorption
at 10 pus and the different concentrations of NaBr is presented in Figure 2.4B’. A simple first-order
fit for this data gives a slope of about 1.2, i.e., corresponding to 6 times more Br,™ production with
acetophenone than with flavone. This observation could be explained by the different values of
triplet state energies. Acetophenone has an E higher than that for flavone and slightly higher than
the Et for xanthone, while a value of triplet state reduction potential is in between the two values

of other photosensitizers.
2.4.4.3 Xanthone

Because of technical limitations, the transient absorption spectra of xanthone alone, xanthone with
Nal and xanthone with NaBr, at 330 ns and at 5 ps after the laser pulse, start at 370 nm in Figure
2.5A and 2.5A” (no signal is detected for wavelength <370nm). Approximately 5 ps after the laser
pulse, half of the absorbance at 590 nm decreases in the absence of any quencher, while a new
absorbance appears with a maximum at 390 nm for a solution containing Nal. Another weaker
peak appears around 700 nm. The ratio of the absorbance (0.56/0.19) of these two peaks
(390nm/700nm) equals the ratio of the extinction coefficients (6/1.8) of these two peaks from the
I, spectrum?® confirming the formation of these transient radicals. For the solutions containing
NaBr, the new absorbance band appears around 370 nm but we cannot confirm the wavelength of

the maximum absorbance.
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Figure 2. 5: Transient absorption spectra of deoxygenated xanthone solution (red circles), deoxygenated xanthone
with Nal solution (black squares) and deoxygenated xanthone with NaBr solution (green triangles) A- at 330 ns
(bottom) and A’- at 5 us (top) after the laser shot. B- transient absorption decays of xanthone triplet state in a
deoxygenated aqueous solution, in black containing Nal observed at 390 nm, and in green containing NaBr observed

at 370 nm. All spectra acquired after 266 nm excitation.

Figure 2.5B shows the absorbance as a function of time at 370 nm for xanthone in a 0.21 M NaBr
solution and at 390 nm for Xanthone in a 0.56 M Nal solution. An absorbance at 370 nm and at
390 nm were seen in the literature, showing the formation of these anion radicals.?%>?% Taking
into account the extinction coefficient of Bro™at 370 nm (9200 L mol™* cm™), the concentration of
NaBr in the solution and the values of long-lived absorbance, indicates that photoexcited xanthone
can oxidize Br to Br’, followed by the formation of Br,” 4 times more efficiently than
acetophenone and 24 times more efficiently than flavone. Likewise, xanthone shows a high
capacity to oxidize iodide, up to 42 times larger than for flavone. Compared to the other
photosensitizers, xanthone has the highest E™, the highest AGet, and the fastest kinetics with

halides, which can explain the behavior of this photosensitizer.
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2.4.5 Chemical characterization

Based on (R-3) and (R-4), electron transfer and H abstraction reactions are expected due to the
reaction between the radicals X°, X>™ and the surrounding organic compounds. As a result,
halogenated products should be detected in the aqueous phase and some of them may escape to
the gas phase.?%” Previous studies have detected the formation of halogenated products and Xz in
the gas phase from photosensitized reactions.’%2% |n this study only the products present in the

aqueous phase were examined.

As the solutions were not degassed, in absence of halide ions, the products after the laser discharge
correspond to chemistry involving oxygen (and peroxy radicals).?%%%1® Using the UPLC-MS
analyses, the molecular formulae were identified based on their molecular masses and isotopic
abundance. Without tandem analysis (MS-MS) only the empiric formula could be confirmed
(Table 2.3).

Table 2. 3: Compounds identified (D, Detected; ND, Not Detected) in the presence of xanthone and halide ions upon
irradiation (1) or in darkness (NI) by UHPLC-MS: theoretical m/z, measured m/z, empirical formula, and normalized

peak abundances.

Normalized peak abundances

Theoretical | Measured
mass-to- mass-to- | Empirical | Xanthone | Xanthone | Xanthone Xanthone +
charge ratio charge formula (NI) m + Nal (1) NaBr (1)
(m/z) ratio (m/z)
197.0603 197.19 C13HgO2 1 1 1 1
223.0759 223.08 C15H1002 ND 21x10t | 1.8x10? 1.9x10%
229.0501 | 229.0511 | Ci3HsOq ND 43x102% | 7.2x10° 3.8x10%
245.0450 245.0462 C13HgOs ND 1.7x102% | 1.4x 103 1.3x 10
247.0606 247.05 C13H1004 ND 7.1x10% | 3.0x10° 5.0x10°
263.0556 | 263.0569 | Ci3H100s ND 1.5x102 | 25x10° 1.4 x 10%
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279.0504 301.03 C13H1007 ND 1.4x102 | 43x10% 1.5x10*
341.9389 341.93 C12H704l ND ND 7.9x10* ND
372.9573 372.95 C13H9Osl ND ND 1.5x 103 ND
421.2331 421.2353 Co1Hal ND ND 5.6 x 10 ND

Only xanthone (m/z 197.19) was identified in the non-irradiated sample, however, six new
products were identified in the irradiated samples in the presence or absence of halide ions. The
most abundant product was CisH1002, and it represents the only product that has not gained
additional oxygen atoms. This molecule could be simply the combination of an excited xanthone
with C2H> fragment produced from photolysis. Five molecules gaining two or more oxygens have
been identified in the three irradiated samples. These molecules are the most abundant in the
samples without halide ions. This could be due to the concentration of oxygen in the solution, by
increasing the concentration of salt in a solution the solubility of oxygen decreases, which explains
the decrease in the abundance of these products with increasing salt concentration ([NaBr] >
[Nal]).2!! This observation can also show that oxygen is the limiting reagent in this photosensitized
reaction. Organo-iodide molecules were detected only in the irradiated sample containing Nal.
While no molecule containing bromine could be identified, it can be due to an insufficient
concentration of NaBr to produce a detectable concentration by the instrument. Some of the
observations presented above can be explained by the mechanism depicted in scheme 2.1, which
only shows the first oxidation steps. In fact, the production of halogenated and organic radicals is
inducing a rich and complex chemistry where a multitude of radical recombination reactions may
take place. These reactions would correspond to the halogen-halogen or organic radicals
recombination reactions has shown by Roveretto et al.,?® explaining some of the products listed
in Table 2.3.
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Scheme 2. 1: Xanthone photosensitized oxidation mechanism.
2.4.6 Naphthalene SOA Composition

An aqueous solution of NAPH/OH/NOx SOA was analyzed using a UPLC-PDA high resolution
mass spectrometer to help identify potential photosensitizers. The PDA chromatogram (Fig. 2.6)
showed several absorbing species in the 300 — 500 nm spectral region, and these peaks correlated
well with peaks appearing in the total ion chromatogram (TIC), which allowed for the assignment
of absorbing species to specific ions. The neutral formulas of the chromophores are listed beside

each of their mass spectrometry chromatograms (Fig. 2.6) and include multiple nitrogen containing
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species such as nitro-catechol (CsHsO4N), nitro-naphthol (C10H7O3N), and dinitro-naphthol, one
isomer of which is known as Martius Yellow (C10HsOsN2). Most of these compounds were
previously observed in naphthalene photooxidation by Kautzman et al..?!? The ten most prominent
compounds found by the Compound Discoverer (regardless of their absorbing characteristics) are
shown in Table 2.4, and are also dominated by nitrogen containing compounds. Although much
lower in intensity, smaller amounts of compounds with the same formula as acetophenone (0.3%

of the sum of all assigned compound intensities) were found.
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Figure 2. 6: A PDA chromatogram of naphthalene SOA integrated between 300 — 500 nm shows multiple absorbing

species. TIC of molecular species between m/z 120 — 500 overlap with peaks in the PDA chromatogram affording
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molecular formula assignment to major chromophores. The neutral formulas of the chromophores are listed beside

each of their single ion chromatograms.

Table 2. 4: Ten most prominent NAPH/OH/NOy compounds (in descending order of abundance) from UPLC-PDA-
MS analysis of the SOA solution. Proposed structures are also given but are not confirmed as no standards or MS-MS

were conducted on the sample.

MW Compound Representative Structure with | Retention | Measured m/z | Delta Mass/
Formula this formula Time / min ppm
1-nitro-2-naphthol
189 C10H703N OH 10.24 188.03491 2.14
0? No
Martius Yellow
OH (I)I
N
234 C10HsOsN> X0 11.05 233.01987 2.25
07 N0
4-Nitrocatechol
HO
@)
HO N;
155 CesHsO4N (|)l 7.74 154.01424 2.23
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166

CgHsO4

Phthalic acid

6.64

165.01891

2.57

183

C7HsOsN

4-hydroxy-3-nitrobenzoic acid

O -OH
£ \N;O
I

8.31

182.00903

2.53

205

C10H70sN

9.67

204.02977

2.25

150

CsHeO3

6.95

149.02402

2.67
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2-oxalobenzoic acid

HO 0)

194 CoHeOs 5.43 193.01375 2.57
OH

0

1-(2-nitrophenyl)ethane-1,2-
diol
OH

OH
183 CsHsO4N 8.11 182.04544 241

4
139 CsHsOsN \\O 8.59 138.01936 2.29

2.4.7 Naphthalene SOA Transient Reactivity

Laser flash photolysis of deoxygenated naphthalene SOA solutions showed strong transient
absorption at 420 nm (Figure 2.7a) when excited at 355 nm. A strong fluorescence was also
observed immediately after the laser excitation. This was expected, as naphthalene SOA is known
to fluoresce with an effective quantum yield of a few percent.*82213 After the fluorescence, there
was a buildup of transient absorption, followed by a slow exponential decay (~20 ps). The decay
portion was fitted with a single exponential (Equation 2.1) as done for single photosensitizer
molecule solutions (Figure 2.7b). As expected, the transient lifetimes from the exponential fits
decreased with increasing KI concentrations and were then used to conduct a Stern-Volmer

analysis to obtain the reaction rate constant (ki) of 3.0 x 108 M s*. This is similar to the single
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compound experiments but is an order of magnitude lower, which is reasonable considering that

not every absorber in naphthalene SOA can act as a photosensitizer.
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Figure 2. 7: (A)- Steady state (black line) and transient absorption spectra (green triangles) of deoxygenated
naphthalene SOA solution. The transient spectrum was the average signal from 1.2 — 2 us after 355 nm excitation.
Please note the transient spectrum is measured in mOD. (B)- The transient absorption decays at 420 nm were measured

and fitted to produce a Stern-Volmer analysis at varying concentrations of KI. All solutions were deoxygenated.

Comparing the SOA solution to the single photosensitizer experiments indicate some similarities
as the absorption values at later times were not equal to the absorption values before the laser
pulse, indicating the formation of a long-lived transient or a stable product (Figure 2.7b). Unlike
the single compound experiments where the long-time absorption increased linearly with quencher
concentration, the long-time absorption was independent of quencher concentration for SOA
solution experiments. The reason for this is not entirely clear but is not entirely surprising either,
as the SOA solution is a mixture of thousands of molecular species including quinones, and other
aromatic ketones, many of which can exhibit transient absorption ~420 nm. Although speculative,
it is expected that the transient absorption at 420 nm is most likely a composite absorption of
multiple triplets and free radicals, some of which react with iodide and/or other SOA species.
Similar behavior has been observed in the chromophoric dissolved organic matter (CDOM)
community.?421¢ Thus, the formation of new transients and products at long-times is expected to

be complex and will include atomic iodine as well as multiple cross reaction products between
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atomic iodine, radical iodide, and SOA radical species — the amounts of which depend on the
initial amount of iodide present. Increasing the amount of iodide present may increase the yield of
one photoproduct but may decrease it for another, resulting in a similar absorption signal. This is
further demonstrated by the y-intercept of the Stern-Volmer plot. The y-intercept of the plot is
larger than the theoretical value of 1, where the y-axis is the ratio of the lifetime without iodide
(t0) and the lifetime with a certain concentration of iodide (t). At the y-intercept, the ratio should
equal one, but the larger value here indicates chemical reactivity even when the iodide
concentration is zero, likely due to the aforementioned chemical complexity and cross reactions in

the solution.

The SOA system is complex, with multiple reactive species undergoing multiple generations of
cross reactions with each other, and cannot be well-explained by a classical triplet-quencher
mechanism. As such, results should be considered as a study of the “effective” reactivity of the

system based on the triplet/radical pool at 420 nm.

2.5 Conclusion

These experimental results indicate that aromatic ketones contribute towards photosensitized
reactivity in atmospheric particles as a source of anion radical formation in the atmosphere.
Compounds that come from primary emissions (xanthone, flavone, and acetophenone) as well as
from secondary oxidation of aromatic compounds (such as naphthalene) can act as potential
photosensitizers that are capable of abstracting electrons from halide ions. The rate of the resulting
radical anion formation depends on the free energy of the electron transfer of the photosensitizer,
and the oxidation potential of the halide ions. Furthermore, oxidized compounds and halogenated
organic compounds are also formed by irradiation at 355 nm in the presence of oxygen, which is
atmospherically relevant. These products are highly oxygenated, and their presence in the
atmosphere can be a marker of the photosensitization process from xanthone in the atmosphere.
This study demonstrates that tropospheric photosensitization may involve a large variety of
compounds of primary or secondary nature and will introduce new, unconsidered chemical

pathways that impact atmospheric multiphase chemistry.
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Chapter 3: Naphthalene-derived secondary organic aerosols
interfacial photosensitizing properties

Portions of this chapter were reproduced with permission from Wang, X., Gemayel, R., Baboomian, V. J., Li, K.,
Boreave, A., Dubois, C., et al. (2021). Naphthalene-derived secondary organic aerosols interfacial photosensitizing
properties. Geophysical Research Letters, 48, e2021GL093465. https://doi.org/10.1029/2021GL093465
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3.1 Abstract

We investigated the photosensitizing properties of secondary organic aerosol (SOA) formed during
the hydroxyl radical (OH) initiated oxidation of naphthalene. This SOA was injected into an
aerosol flow tube and exposed to UV radiation and gaseous volatile organic compounds or sulfur
dioxide (SO>). The aerosol particles were observed to grow in size by photosensitized uptake of d-
limonene and B-pinene. In the presence of SO, a photosensitized production (0.2-0.3 pg m= h?)
of sulfate was observed at all relative humidity (RH). Some sulfate also formed on particles in the
dark, probably due to the presence of organic peroxides. The dark and photochemical pathways
exhibited different trends with RH, unravelling different contributions from bulk and surface
chemistry. As naphthalene and other polycyclic aromatics are important SOA precursors in the
urban and suburban areas, these dark and photosensitized reactions are likely to play an important

role in sulfate and SOA formation.
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3.2 Introduction

Organic compounds and sulfate anions are ubiquitous in ambient aerosols, accounting for 20-90%
and 10-60% of the fine particulate mass, respectively.?22” A large fraction of these organic
compounds and sulfate are secondary in nature, i.e., they are produced through atmospheric
oxidation of volatile organic compounds (VOCs)* and sulfur dioxide (SO2).%8219 Both sulfate and
secondary organic aerosol (SOA) significantly impact air quality, climate, as well as human and
ecosystem health.?2022! Despite extensive research spanning nearly a century, we still do not fully
understand all possible pathways for their formation and transformation in the atmosphere.2?2223

Many previous studies showed that photosensitized chemistry may be an important pathway for
promoting the oxidation of VOCs!22 in atmospheric particles, which can increase the mass of
SOA. For example, irradiation of imidazole-2-carboxaldehyde (IC) and humic acid in the presence
of various gaseous VOCs, such as d-limonene, has been shown to produce highly oxygenated
compounds and thereby initiate aerosol growth by photosensitized mechanisms.75144:145.154.225
Previous studies have suggested that the photosensitized chemistry of humic-like substances
(HULIS) is not fast enough to compete with the conventional free-radical-driven growth under
ambient concentrations of d-limonene.??® However, while not being a major growth pathway of
aerosols, photosensitized processes have the potential to change the particle phase oxidation
capacity. For instance, significant amounts of oxygenated molecules with low-volatility have been
observed during photosensitized oxidation of some VOCs.'®*16167 The importance of such
processes is obviously linked to the concentration of triplet state in the condensed phase as
underlined by Kaur et al.,***who pooled all active triplet state into a one single T* family. In other
words, in contrast to well identified radicals (such as OH), the key feature of tropospheric
photosensitization is related to numerous compounds with diverse sources. Understanding those
is therefore key. To further illustrate this potential importance, it has been shown that
photosensitized chemistry involving the humic fraction of aerosols during Chinese haze events can
explain a significant fraction of the observed sulfate formation.” The authors highlighted the
specific role played by biomass burning (for cooking and heating during the cold season) as the

main source of the aerosol’s photosensitizing properties.

Naphthalene, emitted primarily from fossil fuel combustion and biomass burning, represents the
smallest, most volatile, and most abundant polycyclic aromatic hydrocarbon (PAH) in the
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atmosphere.??” Naphthalene is ubiquitous in suburban and urban areas, with a median
concentration of 0.94 pg m= in 11 U.S. cities.?® The OH-initiated oxidation of naphthalene
produces a number of different oxygenated compounds with high molecular weight and low-
volatility, which can partition into particles and contribute to SOA mass.®” Naphthoquinone, a
naphthalene oxidation product,?® is commonly found in atmospheric aerosols (e.g., Shanghai,
China;*° Tempe, USA;%! Kurashiki City, Japan;?? Yangtze River Channel®?), and is known to be
an efficient photosensitizer, inducing redox chemistry or producing reactive oxygen species.46:2%4
SOA derived from oxidation of naphthalene under high-NOx conditions has been shown to be
weakly fluorescent,? resilient to photobleaching,'® efficient in photosensitizing singlet oxygen in
aqueous solutions,**® capable of photosensitized oxidation of halide ions,?® and moderately
effective in photosensitized oxidation of d-limonene.” It is therefore likely that aerosol particles
containing naphthalene oxidation products (as well as oxidation products of PAHSs in general)

contribute to photosensitized chemistry in the atmosphere.

In this study, we investigated the photosensitizing activity of naphthalene-derived SOA using both
gaseous VOCs and SO- as reaction partners. These experiments were collaborative and involved
travelling to Christian George’s Laboratory in Lyon, France (IRCELYON) to conduct the
experiments. Naphthalene-SOA was generated in a laminar-flow Gothenburg (Go:PAM) oxidation
flow reactor, then its photosensitizing properties were investigated by explicitly measuring particle
growth in aerosol flow tube (AFT) experiments, in which particles were exposed to near-UV
radiation in presence of VOCs or SO2. Our data suggests that these aerosols do indeed exhibit
photosensitized chemistry, by converting SO into sulfate and d-limonene and B-pinene into

particle-phase organic products.

3.3 Materials and Methods

As shown in Figure 3.1, the experimental setup mainly consisted of a Go:PAM oxidation flow

reactor and an aerosol flow reactor.
3.3.1 Go:PAM Description

The Go:PAM flow reactor (9.6 cm inner diameter, 100 cm length) is made of quartz glass and
surrounded by two 30 W Philips ultraviolet lamps capable of producing 254 nm radiation.* The
gas flow injected into the Go:PAM chamber consisted of 250 mL min™ of pure air bubbled through
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hydrogen peroxide (H202, Sigma Aldrich, 26.4 wt. % in H20) solution, 20 mL min™* of pure air
containing naphthalene (Sigma Aldrich, 99%) vapor, 1 L min** of humidified air, and 2.78 L min-
L of dry air, leading to a residence time of 1.8 min. The Go:PAM was operated at room temperature
in the range of 297+2 K, whilst a fan was used to homogenize and maintain the temperature. As
calculated under the above conditions, the relative humidity (RH) and the concentrations of H20:
and naphthalene in the Go:PAM reactor were around 29%, 5.2x10° ppb, and 5.5x10? ppb,

respectively.

SO, analyser
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. H202
[
1
Dry air

| — El
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Figure 3. 1: Schematic of the experimental setup with the Go:PAM flow and aerosol flow reactors.
3.3.2 Aerosol Flow Tube Experiment

The Naphthalene-SOA air-flow was controlled by a needle valve and sent into a charcoal denuder
(100-160 mL min) (Sigma Aldrich, Norit RBAA-3) to reduce concentrations of gaseous
compounds and then into a differential mobility analyzer (DMA, TSI model 3081, impactor size
0.0508 cm) to produce monodispersed particles of desired size (mobility-equivalent diameter). The
size selection by DMA further reduced the concentration of gaseous compounds in the flow. The
size-selected SOA and VOC or SO (Linde, France) were injected into a temperature-controlled
horizontal jacketed aerosols flow tube (AFT) (6 cm internal diameter, 180 cm length) made of
Pyrex.” In order to reduce the evaporative loss of the naphthalene-SOA particles that is known to
happen after size selection,?"?® the temperature inside the AFT was kept at 285 K. The RH inside
the AFT was calculated based on the measured temperature and RH of the aerosol flow upon
exiting the AFT. The AFT was surrounded by eight UV-lamps (Cleo, Philips, Netherlands) with a
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continuous emission spectrum over 300-420 nm and a total irradiance of 6 x 10*® photon cm? s

1239

As shown in Figure 3.1, the aerosol flow was diluted by a factor of ~2 with pure air before being
sent to a scanning mobility particle sizer (SMPS, TSI 3936, impactor size 0.071 cm), an SO;
analyzer (Thermo 43i) and an Aerodyne compact time-of-flight (cTOF) aerosol mass spectrometer
(AMS), to characterize the particle size distributions in the range of 15-700 nm, gaseous SO>
concentration, and particle-phase sulfate production, respectively. The diluted aerosol flow was
further diluted with pure air before being analyzed by a stander SO analyzer. In some experiments,
a selected VOC was continuously injected in the AFT together with the particles. For this purpose,
a permeation tube placed in a temperature-controlled oven (Dynacal, Valco Instruments Co. Inc.,
U.S., using VICI Metronics, U.S., Dynacalibrator, model 150) was used to generate a specific
concentration of d-limonene or B-pinene.™® A high-resolution proton-transfer-reaction time-of-
flight mass spectrometer (PTR-TOF-MS 8000, lonicon Analytik) was then used to measure their
concentrations. The detailed setup and calibration of the PTR-MS were described in a previous
study.24

3.3.3 SMPS and AMS

The SMPS instrument consists of a differential mobility analyzer (DMA, TSI 3081) and a
condensation particle counter (CPC, TSI 3772, or TSI 3776). The gas flow was 0.3 L min* and
the corresponding sheath flow was 3 L min™.

The ionization efficiency (IE) and relative ionization efficiency (RIE) of the AMS were calibrated
using 300 nm ammonium nitrate particles. Ammonium nitrate (NH2sNO3) particles were generated
by a constant-output atomizer (TSI Model 3076), then dried by a silica dryer, size selected by a
DMA, and then sent to the AMS and CPC simultaneously. Notably, the Naphthalene-SOA used
for the sulfate production measurement experiments were size selected at 100 nm diameter before
being injected into the AFT. Therefore, dried monodispersed ammonium sulfate ((NH4)2SOa4)
particles with the same size (i.e., 100 nm) were flowed into the AMS and SMPS simultaneously,
and the collection efficiency (CE) of the AMS was derived by comparing the sulfate concentrations
measured by the AMS and calculated by the SMPS. The particle size distributions of (NH4)2SO4
measured by the SMPS were converted to mass concentrations using a density of 1.77 g cm™3.2

The study of Allan et al.**? showed that the CE value depends on the RH of the sample air. As
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such, all experiments in our study had the aerosol flow RH prior to the analysis by AMS below
25%; therefore, the calculated CE is applicable for all experiments. The AMS analysis software

Squirrel version 1.60P and Pika version 1.20P were used to analyze the obtained mass spectra.
3.3.4 HRMS analysis of Naphthalene-SOA

Naphthalene-SOA was collected onto 47 mm quartz fiber filters (Tissuquartz 2500QAT, PALL
Life Sciences) with a sampling time of 15 min at the flow rate of 4.05 L min“’. The blank samples
were collected using the same procedure but without injecting naphthalene. All filter samples were
extracted with two subsequent 6 mL extractions of acetonitrile (Optima® LC/MS, Fischer
Scientific, USA) and agitated for 20 min on an orbital shaker set at 1000 rpm. The combined
extracts were filtered through a 0.2 um polytetrafluoroethylene membrane (13 mm, Pall
Corporation, USA) using a glass syringe. Next, 0.5 mL of the extracts were diluted by adding 0.5
mL of water (Optima® LC/MS, Fischer Scientific, USA), before being analyzed by an Orbitrap
high resolution mass spectrometer (HRMS, Q Exactive, Thermo Scientific, Bremen, Germany)
with heated electrospray ionization (HESI). The diluted extracts were injected in a direct-infusion
mode using a Hamilton syringe at a flow rate of 5 pL min and analyzed in negative (ESI) mode.

The details of the HRMS analysis has been described in previous studies.?%23

In this study, Xcalibur software (2.2, Thermo Scientific) was used to analyze the obtained mass
spectra and export mass lists.>** All ions with a signal-to-noise ratio (s/n) > 3, signal intensity :
background ratio > 10, and in the m/z range of 50-750 were exported. Chemical formula (i.e., [M-
H]") assignments for these ions were calculated using a mass tolerance of +3 ppm.2** Additionally,
formulas were further constrained by setting H/C and O/C in the ranges of 0.3-3 and 0-3,

respectively.

3.4 Results and Discussion

3.4.1 Photosensitized uptake of SO2

In previously published control experiments, only one VOC or SO; was injected into the AFT
(without Naphthalene-SOA) under similar conditions to other experiments (i.e., the same RH, UV
exposure, temperature, and residence time). During these experiments, no loss of VOC or SO> and
no particle formation were observed,* indicating that gas-phase oxidation of the VOC or SO, was

not taking place in the AFT, due to an absence of gaseous oxidants.
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In the first series of experiments, Naphthalene-SOA (~5700 particles cm™, median size ~46 nm)

and SO2 (1 ppm after dilution) were injected into the AFT with a residence time of 16 min at a

high RH of 86-90%. Figure 3.2A shows a typical profile for the evolution of the median and mean

diameters of the particles at the outlet of the AFT. Notably, both the median and mean diameters

of particles (before UV irradiation) were smaller than selected inlet sizes, indicating some particle

evaporation in the first DMA and AFT. A small particle growth was observed once the UV lights

were switched on, growing 2 nm in terms of median and mean diameters.

Table 3. 1: Median Diameter Growth Factor (DGF, %) of Naphthalene-SOA with different gaseous compounds and

RH. Dpo, initial particle median diameter; Dp, particle median diameter after irradiation.

Gaseous Concentration  Residence
_ _ RH Dpo (nm) Dp(nm) DGF (%)

compounds (ppm) time (min)

0 16 47-49% 44.1+0.2 435+03 -14
None 0 16 68-71% 43.8+20.3 422404 -3.8

0 16 85-89% 42.4+0.2 41.4+03 -24

1 16 40-43% 448+0.2 43.0+0.3 -4.2

1 16 61-65% 425+0.2 41.3+08 -2.9
SO, 1 16 86-90% 42.8+04 44.7+0.7 4.3

0.7 16 86-90% 429+0.2 439+0.2 23

0.4 16 86-90% 429+0.2 43.1+0.2 05

0.1 25 39-43% 36.4+0.7 71.4+1.3 50.8
d-Limonene

0.1 25 84-88% 34.0+0.2 85.4+16 58.7

0.8 25 45-47% 37.0+0.4 40.6x0.3 8.9
B-pinene

0.8 25 85-89% 35.7+0.3 47.1+0.3 24.2
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In addition, the Diameter Growth Factor (DGF (%) = ((Dp — Dpo) / Dp) x100) was calculated for
different experimental conditions (see Table 3.1). As RH decreases to 61-65% and 40-43%, the
particle size measurements indicate particle shrinking instead of growth when Naphthalene-SOA
were exposed to 1 ppm SOz and UV irradiation. This is likely due to the particle phase undergoing
photodegradation when exposed to UV irradiation, resulting in smaller particle sizes. Indeed, it
has been shown that the photodegradation of SOA particles could produce small oxygenated VOCs
evaporating to the gas phase.t*® Notably, at RH 40-49%, the DGF was even lower when SOA
particles were exposed to SO> compared to control experiments, possibly due to the more acidic
aerosol phase enhancing the evaporation of small organic acids from particles. Slade et al.?*
suggested that degradation of SOA under viscous conditions (i.e., low RH), where diffusion into
the bulk is prevented, tends to promote the production of multiple generations of oxidation of the
same molecule, resulting in fragmentation and evaporation. Such processes could also be occurring

in our experiments at low RH when SOz is present.
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Figure 3. 2: Median and mean diameter (+ 26) growths of Naphthalene-SOA exposed to UV light and SO, for 16 min
in the AFT (A). The yellow region corresponds to the irradiation time. Sulfate production as measured by the cTOF-
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AMS of Naphthalene-SOA exposed to SO, at different RH (B), under different light intensities (C), and with different

SO; concentrations (D). L4 means four lamps were turned on; and L8 means eight lamps were turned on.

In the second series of experiments, 100 nm Naphthalene-SOA particles, up to 6000 particles cm-
3, were size-selected and exposed to 0.8 ppm SO for sulfate production measurement experiments.
The particle size-selection was changed (from 46 to 100 nm) due to the low transmission efficiency
of the cTOF-AMS for particles less than 60 nm. The total amount of all sulfate was then monitored
(the cTOF instrument has limited capabilities to distinguish between the inorganic and organic
sulfate). Figure 3.2B shows that at different RHs, particulate sulfate was produced from both dark
and photosensitized chemistry. The dark production of particulate sulfate can be explained by a
couple of factors. Firstly, organic peroxides were found to account for ~26.2% of the total
naphthalene-SOA mass,?!? which are believed to oxidize SO> to sulfate and organosulfates.246-248
In addition, dissolved S(IV) may react with aldehydes and quinones in Naphthalene-SOA?2 to
produce organosulfonates.?*2%° All these pathways could contribute to the measured sulfate in the
dark, which are in the range of 0.003-0.11 pug m™. In addition, a previous study showed that the
sulfate production from the reaction between SO, and a-pinene-derived SOA exhibits an
exponential dependence on RH,?*® which is similar to the result obtained in the present study
(Figure 3.2B).

When the UV lights were switched on, 0.05-0.08 pug m™ of sulfate (i.e., 0.2-0.3 pg m= h) were
produced at all RHs (Figure 3.2B). However, although the total sulfate production increases as the
RH increases, the sulfate production attributable to the photosensitized oxidation at RH 81-84% is
the lowest. This indicates a more complex RH dependence on the photochemical mechanism.
Saukko et al.'*® have investigated the physical phase state (solid, semi-solid, or liquid) of SOA
derived from various precursors by measuring their bounce behavior after inertial impaction on a
solid substrate. The measured bounce fraction was evaluated as a function of RH and SOA
oxidation level (O / C). In the case of Naphthalene-SOA, the bounce factor was indicative of an
amorphous solid or semi-solid state, up to RH close to 70%. At greater RH values, this factor
decreased, indicating a phase change with particles having a less viscous, more "liquid-like"
material. These trends are to be compared with the data shown in Figure 2B, where the dark
chemistry was predominant only at high RH. Such chemistry could be driven, among other factors,
by the peroxide, aldehyde, and quinone (i.e., naphthoquinone) compounds present in such
particles?? forming organosulfates, organosulfonates and sulfate.?%-20 But the fact that it occurs
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more efficiently at high RH (i.e., on more liquid particles), points towards a bulk process where
the chemistry occurs after solubilization of the incoming SO2 molecules. In addition, the sulfate
formed from dark chemistry can also impact physical properties such as hygroscopicity, acidity,
and phase state, %% which may further influence the solubility of S(IV) in the aerosol phase.

In contrast, the photochemical fraction of sulfate production is reduced at higher RHs but gains in
importance at low RH, where potentially the surface, or a small shell close to the surface, is
available for reaction. Notably, previous studies showed that in-particle diffusion is not rate-
limiting to SO uptake by a-pinene-derived SOA at low RH (<10%), whilst toluene-derived SOA
starts to lose the resistance above 20% RH.%8252252 Therefore, a significant diffusion limitation is
not expected in the present study. Besides, SO, could also be excited into the triplet state (by direct
absorption of light into an excited singlet state followed by intersystem crossing) with wavelengths
of 240-330 nm, which could react with H,O to produce sulfate.?®*?* However, this sulfate
formation pathway was shown to be minor in our AFT system due to the weak overlap of SO, light
absorption and spectral irradiance of our lamps.”® Additionally, the bulk chemistry may also
consume the existing photosensitizers and explain the reduced fraction of photochemically
produced sulfate at high RHs. Thus, at higher RHs sulfate production is dominated by bulk phase
solubilization and subsequent oxidation of SO, whereas photosensitized oxidation at the surface

of the particles dominates at lower RHs.

It is notable that the mean particle size of SOA decreased from 93 nm to 85 nm as the RH increased
from 37-39% to 81-84% in the dark, possibly due to the moisture-induced changes in SOA
morphology or phase and high evaporation of SOA at high RH,20121.1382% reqycing the surface
area and volume by ~16% and ~24%, respectively. Figures 3.2C and 3.2D show that sulfate

production decreases as the light intensity and SO, concentration decrease.

Traditionally, SO, oxidation is known to be mainly driven by gas-phase reactions with OH
radicals, ozone, H>Oz, nitrogen dioxide (NO>), and transition-metal ions in the aqueous phase,’
whilst interfacial SO, oxidation on acidic microdroplets?® and SO; triplet state chemistry?#2%
were also suggested to play a role in the sulfate formation. However, the photosensitized oxidation
of SO2 has recently been discussed as an important contributor to sulfate formation on biomass

burning type particles.”® Our findings here now extend such observations also to more
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anthropogenic particles and are posing the question whether such photosensitized processes are

widespread.

3.4.2 Chemical characteristics of Naphthalene-derived SOA

A total of 97 organic compounds were identified in ESI-. All formulas, together with their m/z,

intensities, ring and double bond equivalence (RDBE), and elemental ratios are listed in Table 3.2.

Notably, ESI-HRMS is highly sensitive to polar compounds, while being quite insensitive to non-

polar ones, as those exhibit very poor ionization efficiency.?® Therefore, many non-polar

compounds might not have been measured in this study. In addition, ESI techniques are prone to

matrix effects and varying ionization efficiencies for different compounds, meaning the signal

intensities reported here do not represent actual concentrations.

Table 3. 2: All formulas, together with their m/z, intensities, ring and double bond equivalence (RDBE), and elemental

ratios tentatively determined in Naphthalene-derived SOAs.

m/z assigned formula Intensity H/C o/C RDBE
105.0345 C/HsO 3.52x10* 0.86 0.14 5
107.0501 C7HsO 1.35x103 1.14 0.14 4
119.0499 CgHsO 2.43x10° 1.00 0.13 5
123.0087 CeH403 1.13x10% 0.67 0.50 5
131.0501 CoHsO 2.27x10° 0.89 0.11 6
133.0294 CeHsO2 3.92x10° 0.75 0.25 6
135.0450 CgHgO2 1.52x10° 1.00 0.25 5
137.0242 C7HeO3 5.95x10° 0.86 0.43 5
142.9984 CsH40s 1.56x10* 0.80 1.00 4
143.0500 C10HgO 1.15x10° 0.80 0.10 7
145.0293 CoHsO2 3.12x10° 0.67 0.22 7
147.0450 CoHgO2 7.93x10° 0.89 0.22 6
149.0241 CgHeO3 3.77x10° 0.75 0.38 6
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151.0034

151.0399

153.0191

154.9985

159.0449

161.0242

161.0606

163.0035

163.0399

165.0191

166.9983

167.0347

169.0140

173.0090

173.0241

173.0450

175.0398

177.0191

177.0553

178.9984

179.0347

181.0136

181.0504

183.0295

185.0089

C7H404

CgHgO3

C7HeO4

CeH4Os

C1oHgO-

CoHeO3

C10H1002

CgH404

CoHgO3

CsHsO4

C/H40s5

CsHsO4

C7HeOs

CeHeOs

C10HeOs

C7H100s

C10HsOs

CoHeO4

C10H1003

CgH10s

CoHsO4

CsHsOs

CoH1004

CgHgOs

C7HeOs

8.24x10°

1.47x10°

1.59x10°

8.56x10°

1.60x10°

5.92x10°

2.17x10°

5.48x10°

2.05x10°

1.44x107

9.55x10°

4.17x10%

3.55x10*

4.63x10°

9.04x10°

1.42x10%

5.12x10°

7.30x10°

2.10x10°

1.35x104

2.00x10°

4.43x10°

3.33x10%

2.57x10%

1.08x10*
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1.00
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0.86

1.00
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189.0191

191.0347

193.0139

193.0501

195.0296

197.0088

197.0452

199.0245

201.0401

203.0346

203.0571

205.0139

205.0513

207.0295

209.0088

209.0450

211.0245

213.0401

215.0204

219.0295

221.0092

221.0454

223.0245

223.0608

225.0401

C10HsO4

C10HgO4

CoHeOs

C10H1004

CoHgOs

CsHeOs

CoH100s

CgHgOs

CsH1006

C11HgO4

CsH1206

C10HsOs

C11H1004

C10HgOs

CoHsOs

C10H1005

CoHgOs

CoH1006

CgHgOy

C11HgOs

C10HeOs

C11H1005

C10HgOs

C11H1205

C10H1006

4.70x10°

2.48x10°

1.10x108

7.06x10°

6.49x10°

2.84x10*

9.20x10°

2.03x10*

8.90x10°

2.89x10*

1.12x10°

9.57x10*

1.66x10*

1.41x108

7.31x10*

6.48x10°

6.55x10%

5.14x10°

3.48x10%

1.35x104

1.28x10*
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0.60
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227.0193

229.0351

233.0451

237.0401

237.0766

239.0194

239.0563

241.0351

249.0401

253.0714

295.0606

303.0658

307.0608

309.0764

311.0557

319.0604

321.0762
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325.0710
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335.0938

337.0711
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341.0662

349.0712

CoHgOy

CoH1007
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C12H1405

C1oHgO7

C11H1206
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C12H1006

C12H1406
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C18H1205
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C19H1405
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C20H1605

C19H1406
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C1gH1407
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6.79x10°

1.10x10°

9.71x10°

2.84x10%

2.23x10*
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1.30x10*
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351.0870 C20H1606 3.73x10* 0.80 0.30 13

353.0662 C1oH1407 2.63x10* 0.74 0.37 13
353.1025 C20H1806 7.92x103 0.90 0.30 12
355.0820 C19H1607 1.04x10* 0.84 0.37 12
365.0661 C20H1407 8.09x10° 0.70 0.35 14
367.0818 C20H1607 4.32x10% 0.80 0.35 13
369.0609 C19H1408 8.74x10° 0.74 0.42 13
369.0974 C20H1807 1.53x10* 0.90 0.35 12
383.0767 C20H1608 1.18x10* 0.80 0.40 13

As shown in Figure 3.3, C1o compounds (i.e., compounds with ten carbon atoms) are the most
dominant ones, accounting for 18.4% of total determined formulas and represent the ring-retaining
products.?®® Both the ring-opening products (i.e., C7, Cs, and Co series) and the dimers (i.e., Cas,
C19 and Czo) are also important products from the OH-initiated oxidation of naphthalene. In
addition, more than 78% of determined organic compounds contained more than 3 oxygen atoms
(Fig. 3.3), suggesting that these compounds bear multiple oxidation functional groups. Moreover,
Figure 3.4 shows that most of these compounds have high degrees of unsaturation and
oxygenation, highlighting their aromatic and polycyclic aromatic structures. Notably, excitation in
natural waters typically involves the promotion of an electron from an n or 7 orbital (the electronic
orbitals common in carbonyl and aromatic compounds) to a higher energy anti-bonding orbital
(n*), suggesting that carbonyl-containing aromatic compounds are well-suited candidates to act as
photosensitizers.*8?51 Therefore, in addition to naphthoquinone, other carbonyl-containing
aromatic products existing in Naphthalene-SOA?®? probably also play an important role in the
photosensitized oxidation of SO, and VOCs.
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Figure 3. 4: Van Krevelen diagrams for identified formulas in Naphthalene-SOA. The color-coding indicates the
RDBE values.

3.4.3 Photosensitized uptake of VOCs

To test whether these particles exhibit photosensitized reactivity toward different partner

molecules, we also exposed them to gaseous d-limonene or B-pinene. Control experiments using
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seed particles containing only ammonium sulfate or ammonium sulfate/succinic acid exposed to
limonene and UV light did not lead to particle growth.”>4 In contrast, as shown in Figure 3.5 and
Table 3.1, the particle size of Naphthalene-SOA particles (starting diameter of 37 nm) in the
presence of 0.1 ppm limonene increased by 50.8% and 58.7% at RH 39-43% and 84-88%,
respectively, corresponding to a residence time of 25 min. This is a remarkable amount of growth,
implying that particle volume goes up by (2.0-2.5)% or by a factor of 8-16. In addition, the reaction
with 0.8 ppm B-pinene at RH 45-47% and 85-89% resulted in similarly large DGFs of 8.9% and
24.2%. The RH dependence of particle growth is mainly driven by the enhanced solubility of
Naphthalene-SOA.?*® Such experiments are meant to show that these particles are reactive toward
unsaturated VOCs,»% since d-limonene was found to be a more efficient SOA precursor
compared to -pinene, but are not meant to suggest a strong involvement in particle growth in the
ambient atmosphere (due to the unrealistic experimental conditions). Similar to the study of
Aregahegn et al.**>, such growth is probably caused by the formation of highly oxygenated

products through limonene or B-pinene reacting with the triplet state of the photosensitizers.”™ 4
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Figure 3. 5: Median diameter (+ 2c) growths of Naphthalene-derived SOA exposed to UV-A light and 0.1 ppm d-

limonene (A) and 0.8 ppm B-pinene (B) for 30 min in the AFT. The yellow region corresponds to the irradiation time.

For example, the excited photosensitizer can abstract a hydrogen from an organic molecule (i.e.,

d-limonene or B-pinene), through either a direct transfer or proceed via an electron transfer
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followed by a proton transfer.*>* Since the initial step triggering the photosensitized uptake is a H-
abstraction reaction (and not an addition to a double bond), VOCs having weak C-H bonds will
react faster, which is observed here for limonene. The reduced photosensitizer radical can be
oxidized to the original ground state in the presence of Oy, at the same time, producing superoxide
radicals (HO2/O27).1** The photoproduct VOC and photosensitizer radicals can further react with
other molecules or be oxidized by HO- or O, to produce new products. The study of Rossignol et
al.™> found that highly oxygenated organic compounds including compounds retaining the same
number of carbons as d-limonene were produced from the reaction of the IC triplet state and d-
limonene in the aerosol phase through ring-opening and intramolecular isomerization during the

limonene oxidation process.

Interestingly, both Naphthalene-SOA and seed particles containing photosensitizers grow
efficiently even at low RH when exposed to limonene and B-pinene VOCs (Table 3.1).75#° This
indicates that the photosensitized processes may occur at the surface and be sustained even on
solid or semi-solid particles without passivation. This is in contrast to the expected behavior of a
solid where it is expected that the high viscosities promote radical recombination and the surface
is expected to be rapidly passivated. It is beyond the capabilities of these experiments to unravel
the molecular reason for this observation, but one could speculate that the presence of a
photochemically active surface may locally change the nature of the surface or induce chain
reactions that may propagate some surface reactivity. Another possibility is the triplet state of these
photoactive compounds convert molecular oxygen into reactive oxygen (e.g., Oz or '0y)
sustaining surface reactivity, which would be in agreement with high O yield from naphthalene-
SOA in aqueous solutions.** The produced oxygenated VOC may also form a new phase beneath
the surface, thus keeping the surface open for more reactions. This type of liquid-liquid phase
separation has been observed for various SOA types even under lower RH conditions observed
here.?®® Whatever the underlying reason, these observations tend to support that the surface of such

solid or semi-solid particles will not passivate while being illuminated with actinic light.

Notably, the increased DGF under high RH conditions indicates that the underlying photochemical
mechanisms are different for the VOCs and for SO.. Wang et al.”® suggested a direct reaction of
SO with the organic triplet states through different pathways, possibly influenced by pH. On the
other hand, Rossignol et al.*>* suggested that the underlying mechanism for the VOC uptake is H
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abstraction followed by the production of multiple generation multiple products (by condensed
phase autooxidation). As previously mentioned, at low RH, these first-generation products are
concentrated at the surface (because they cannot diffuse to the bulk under highly viscous
conditions) where they remain fully exposed to oxidants and undergo rapid further oxidation and
fragmentation, yielding highly-oxygenated products with lower molar mass. Those may therefore
degas (or desorb) preferably at low RH compared to high RH where diffusion into the bulk is
possible. Therefore, the different trends between the VOCs and SO is possibly to a combination
of mass transport limitations, and different chemistries being influenced by pH.

3.5 Conclusions

Naphthalene is ubiquitous in suburban and urban areas and its OH radical driven oxidation
produces oxygenated aromatic compounds with low volatility forming secondary organic aerosols.
Those particles are found to be reactive in the dark toward SO where the reaction of dissolved
S(IV) with naphthalene oxidation products such as quinones, aldehydes, and organic peroxides are
expected to produce organosulfonates, organosulfates and sulfates. The dark production of sulfate
was observed to increase at high humidity and hence on liquid like particles. In addition, these
particles possess photosensitizing properties at lower humidity (< 70% RH), and can oxidize SO>
even on solid or semi-solid particles. Moreover, the particle size of Naphthalene-SOA grows
efficiently under irradiation in the presence of VOCs, especially d-limonene. As the RH increases,
the photosensitized particle growth becomes more efficient. These results indicate that the
formation of sulfate and oxygenated organic compounds through Naphthalene-SOA photoinduced
reactions contribute to the sulfate concentration and size/mass of SOA particles.
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Chapter 4: Photodegradation of Secondary Organic Aerosols by
Long-term Exposure to Solar Actinic Radiation

Portions of this chapter were reproduced with permission from Baboomian, V. J., Gu Y., Nizkorodov, S. A., (2020).
Photodegradation of Secondary Organic Aerosols by Long-Term Exposure to Solar Actinic Radiation. ACS Earth and
Space Chemistry, 4(7), 1078 — 1089. DOI: 10.1021/acsearthspacechem.0c00088
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4.1 Abstract

Sunlight-driven chemical transformations of secondary organic aerosol (SOA) are important for
understanding the climate and health-relevant properties of atmospheric particulate matter, but
these photochemical processes are not well understood. We measured photodegradation rates of
SOA by condensed-phase photochemical processes observed over many days of UV exposure.
The experiments relied on a quartz crystal microbalance to quantify the mass loss rate from SOA
materials prepared by ozonolysis of d-limonene and a-pinene and photooxidation of toluene under
either high or low NOx conditions. We observed that 254 nm irradiation degraded SOA almost
entirely after 24 h. The mass loss rates were higher for toluene-derived SOA, which absorbs
strongly at 254 nm. Irradiation at 305 nm, which is more relevant for the troposphere, resulted in
larger mass loss rates from SOA generated from a-pinene and d-limonene, even though toluene-
derived SOA had a higher absorption coefficient. In all 305 nm irradiation experiments, the initial
mass loss rate was high (corresponding to 1-5% fractional mass loss per hour) but it slowed down
after 24 h of irradiation with a photorecalcitrant fraction of SOA degrading much slower (< 1%
fractional mass loss per hour). The mass loss rates were observed to increase at higher relative
humidity because volatile photoproducts could diffuse out of SOA faster. Long term changes in
chemical composition of limonene ozonolysis SOA were examined using high-resolution
electrospray ionization mass spectrometry and revealed a more complex mixture of species after
photodegradation compared to the initial SOA. The compounds in the photodegraded sample had
on average lower molecular weights, lower H/C ratios, and higher O/C ratios compared to the
compounds in the unphotolyzed sample. These experiments confirm that condensed-phase
photochemistry is an important aging mechanism for SOA during long-range transport.
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4.2 Introduction

Secondary organic aerosol (SOA) represents the dominant fraction of atmospheric particulate
matter and is formed in the atmosphere by the condensation of oxidation products of volatile
organic compounds (VOCs). VOCs are emitted from both biogenic sources, such as vegetation,
and anthropogenic sources, such as incomplete fossil fuel combustion and industrial processes.?®*
Common biogenic VOCs include isoprene, a-pinene, d-limonene, and other terpenes, while
common anthropogenic VOCs include aromatic hydrocarbons and saturated aliphatic
hydrocarbons found in fossil fuel. Once emitted, VOCs undergo oxidation to form lower volatility
oxygenated VOCs which can contribute to new particle formation or partition into pre-existing
particulate matter.18265266 Once formed, SOA travels through the atmosphere and undergoes
various chemical aging reactions that change its physiochemical properties. The current
understanding of SOA aging processes is limited, and this uncertainty contributes to the challenges
of quantifying environmental impacts of SOA.27268

The production, aging, and loss of SOA sensitively depend on environmental conditions such as
humidity, temperature, trace gas concentrations, and solar irradiance. Aging is especially
challenging to integrate into models due to the multiple mechanisms by which it can occur. Aging
processes include heterogeneous oxidation of particles by OH, reactive and non-reactive uptake
of semi-volatile species, and various condensed phase reactions such as direct photolysis,
photosensitized reactions, reactions involving free radicals produced inside particles, and non-
radical processes, such as hydrolysis.?#2% Photodegradation reactions tend to fragment the SOA
organics into smaller, more volatile compounds which can evaporate into the gas phase leading to
SOA mass loss.8081.85.92138 These higher volatility species have been shown to include CO, COo,
methane, acetic acid, formic acid, acetone, acetaldehyde, and other small organic molecules.8!13513°
These photodegradation processes affect the Earth’s climate because they reduce the mass

concentration and particle diameter, making SOA scatter sunlight less efficiently.*

Compounds containing carbonyl and peroxide functional groups are examples of photochemically
active species responsible for the SOA mass loss under tropospheric sunlight (A >295 nm).%13413%
The C-C(O) bond in carbonyls can be broken by Norrish | and Norrish 1l type photocleavage
processes to form smaller products.’9213 Peroxides break at the weak O-O bond, forming two O-

centered radicals, which undergo secondary processes on a picosecond time scale.'*! However, not
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all photochemical processes result in fragmentation. Secondary reactions of free radicals in the
SOA particles can also lead to oligomerization products that increase the carbon number of SOA

species and lead to a lower volatility SOA mixture.”™

Previous experimental studies have shown that photodegradation of condensed phase material in
SOA can occur on atmospherically relevant timescales.?0809213%8 A modeling study has predicted
that SOA mass would decrease by 40-60% after 10 days of atmospheric aging if condensed-phase
photochemical processes are permitted and proceed at the same rate as in the gaseous phase.?”® A
recent combined experimental and modeling study also predicted about 50% reduction in biogenic
SOA in the Amazon region due to SOA photodegradation.*° Such photodegradation processes are
particularly important for free tropospheric aerosols, which can have mean residence times four
times as large compared to those trapped by the boundary layer,® and have more time to contribute
to cloud formation and the Earth’s energy budget.?”*?"® Obtaining a better understanding of long-
term photochemical aging processes is necessary to understand the fate of SOA and can potentially

improve model—-measurement discrepancies.%%

Insights into SOA aging by condensed-phase photochemistry have been gained via laboratory
experiments where SOA was aged in batch chambers,®97138140 flow tubes,®> immobilized on
substrates,”#2137 or extracted into solution.”>"3182274-276 Aerosols have lifetimes of ~ 1 week in the
atmosphere but typical chamber studies are conducted for several hours or 1-2 days at the
longest.®”138140 | ong term aging is usually investigated by selecting experimental conditions to
allow laboratory time scales to reach atmospheric values. In studies of aging driven by
heterogeneous OH oxidation, unrealistically high OH radical concentrations to reach equivalent
atmospheric exposure times of ~1-2 weeks in a matter of seconds in an oxidation flow reactor. For
photochemistry, a related approach would be equivalent to increasing the intensity of UV radiation
way above the level normally found in the atmosphere.®? In either case, the results are then
extrapolated to atmospheric conditions assuming the processes scale linearly with OH
concentration and/or UV radiation flux and wavelength dependence. This method may not be
entirely accurate though, as the mechanism of aging processes in SOA can change under elevated
oxidant concentrations and solar fluxes.” Indeed, recent studies have begun investigating
condensed phase long term aging and have found appreciable differences in the aging mechanisms
and changes in composition compared to short term aging studies.”*” For example, Walhout et al.
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irradiated o-pinene ozonolysis SOA collected on Teflon filters for 4 days and found
photofragmentation reactions to be the dominant process in the first two days of aging, after which
oligomerization reactions between photoproducts become more important.” Further experiments
are needed over long laboratory time scales with more typical levels of oxidants and UV radiation
in order to better understand the rates of aging processes occurring in the atmosphere.

Until recently, observations of aging driven by condensed-phase photochemistry in SOA have
been largely fundamental and at best gave only a rough estimate on the mass loss rate. More recent
studies have been able to directly measure the rate of photodegradation of SOA material but only
for a limited number of SOA types and under short timescales.?*4° The humidity dependence of
SOA photodegradation rates also remains an open question because most of the previous studies,
with a few exceptions,®1%.140 relied on dry conditions. The goal of this work was to extend the
study done by Malecha et al.®! by quantifying the long-term photodegradation of SOA derived
from representative biogenic and anthropogenic VOCs and investigate the effects of humidity on
the mass loss rate. This was accomplished by using a Quartz Crystal Microbalance (QCM) to
directly track the changes in SOA mass due to photodegradation as a function of time. Our results
support the conclusion that condensed-phase photochemistry can lead to large mass loss from SOA
particles over long periods of solar radiation exposure thus counteracting aerosol particle growth

due to gas-to-particle partitioning.

4.2 Materials and Methods

4.2.1 SOA Samples

Four different types of SOA were investigated for this study: a-pinene ozonolysis (APIN/Og), d-
limonene ozonolysis (LIM/Os3), toluene low-NOx photooxidation (TOL/OH), and toluene high-
NOx photooxidation (TOL/OH/NOx). The ozonolysis samples were collected using the flow tube
in Chapter 1 (Section 1.6.2) with starting mixing ratios of 14 and 10 ppm for Oz and VOC,
respectively. The TOL/OH samples were prepared using a different flow tube discussed below.
The TOL/OH/NOx samples were prepared in a smog chamber (see Chapter 1, Section 1.6.1). A
summary of all the samples made in this study can be found in Table 4.1.

For the TOL/OH sample, a different flow reactor was used as described in Veghte et al. (2018).2”"

Briefly, this oxidation flow reactor involved an 8 L quartz reaction vessel surrounded by two 254
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nm UV lamps inside a Rayonet RPR100 photochemical reactor. The pure VOC was injected using
a syringe pump into zero air flowing into the reaction vessel where it mixed with Oz. The UV
lamps converted Oz to OH by reacting with H20, OH reacted with toluene, and the SOA was
collected from the exit tube.

The aerosol smog chamber was used for making TOL/OH/NOx SOA (Chapter 1, Section 1.6.1).
The SOA was prepared similar to previous experiments on TOL/OH/NOx SOA.?"® The starting
VVOC, H20; and NOx mixing ratios were 1 ppm, 2 ppm, and 0.5 ppm, respectively. After the VOC
was injected and its concentration stabilized, H202 and NO were injected in the chamber, and
finally, panels of UV-B lights were turned on, resulting in a steady-state OH concentration of ~10°
molecules cm™. After 4 h of photooxidation of the VOC by OH, the SOA was collected. It is
important to note that the VOC concentrations used in this study are much higher than those found
in the atmosphere. These conditions can favor certain reaction pathways that can lead to
differences in SOA composition (which in turn, may affect their photodegradation processes). For
example, the higher mass loadings used in this study can increase the particle phase partitioning
of volatile carbonyl containing compounds, which may lead to an overestimate of the
photodegradation extent in the atmosphere.?®®
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Table 4. 1: Cf is the QCM sensitivity factor determined for every sample by dividing the frequency reduction of the
loaded crystal by the SOA mass on the crystal. In the experimental conditions column, “dry-long term” means hours
or days of exposure of SOA to UV radiation under dry conditions, an RH value means shorter term exposure to

quantify the initial photodegradation rate in humidified air, and control means irradiation under 405 nm LED.

Wavelength of Mass on . .
) L Experimental Maximum
SOA Type the irradiation Crystal after Ct (Hz/pg) o
] Conditions FMLR (h})
source (nm) Annealing (1g)
LIM/O3 305 2337 21.60 Dry Long-term 0.031
LIM/O3 305 1729 12.33 Dry Long-term 0.034
LIM/O3 305 1319 12.12 Dry Long-term 0.036
LIM/O3 305 457 14.28 Dry Short-term 0.014
LIM/O3 305 452 14.34 42% RH 0.026
LIM/O3 305 858 10.41 60% RH 0.043
LIM/O3 305 556 13.74 78% RH 0.054
Long-term
LIM/O3 305 1712 12.35 0.050
63% RH
APIN/O3 305 856 10.18 Dry Long-term 0.055
APIN/O3 305 1373 10.85 Dry Short-term 0.027
APIN/O3 305 1466 13.57 42% RH 0.053
APIN/O3 305 1473 12.52 62% RH 0.062
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APIN/O3 405 1365 13.28 Dry Control n/a
APIN/O3 Dark 1934 10.61 Dark Control n/a
APIN/O3 254 3429 13.56 Dry Long-term 0.933
TOL/OH 254 53 13.89 Dry Long-term 0.368
TOL/OH 305 185 10.83 Dry Long-term 0.008
TOL/OH/NOx 305 194 24.21 Dry Long-term 0.020

In all cases, the SOA was collected onto Stage 7 (0.32 — 0.56 um particle size) of a Micro-orifice
Uniform Deposit Impactor (MOUDI; MSP Corp. model 110-R) for 1-4 h with custom adapters to
accommodate a 2.54 cm diameter chrome/gold QCM crystal as the substrate. The MOUDI was
used in order to ensure a more uniform deposition of particles on the substrate, and Stage 7 was
used since it provided the largest amount of SOA mass to be collected. The resulting SOA material
was preconditioned by keeping the QCM crystal under a flow of clean, dry air overnight at 40°C
to remove the more volatile compounds and allow the particles to better adhere to the QCM
substrate and merge into a more continuous film. During this preconditioning step, the more labile
SOA compounds such as peroxide likely decomposed, so these measurements probe the behavior
or more thermally stable SOA compounds, such as carbonyls.?*?° The masses collected ranged
from 0.05 to 3.4 mg (Table 4.1) as determined by weighing the crystal before and after the
collection (and after preconditioning) with a Sartorius ME5-F microbalance (1 pg precision).
Assuming an SOA material density of 1.2 g cm®and 1 mg of SOA deposited, we estimate the
effective SOA material thickness to be 1.6 um on the 5 cm? QCM crystal.

4.2.2 SOA Photodegradation Setup

A commercial QCM was modified to include a sealed space above the QCM crystal with a CaF:
window on top to allow the sample to be irradiated (Fig. 4.1).8* A flow of 70 SCCM of clean air

passed over the sample to drive off the photoproducts. In order to investigate the effects of
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humidity on photodegradation rates, the humidity of the air flow above the sample was controlled
by mixing dry air with humid air that had passed through a Nafion single-channel humidifier
(PermaPure). Two light sources were used in this study to drive photodegradation: a light-emitting
diode (LED) centered at 305 nm (Thorlabs Inc., model M300L4) and a mercury pen-ray lamp
centered at 254 nm (Spectronics Corp. model Spectroline 11SC-1). The 305 nm LED was used to
represent tropospheric UV radiation (below ozone layer), while a 254 nm lamp was used in proof-
of-concept experiments. In addition, an LED centered at 405 nm (Thorlabs Inc., M405L4) was
used in control experiments where samples were irradiated but not expected to undergo
photodegradation.®! Using selected wavelengths of radiation as opposed to a full solar spectrum
made it possible to investigate the wavelength dependence of the photodegradation. It also avoided
unnecessary heating of the sample with visible and near-infrared radiation coming from broadband
radiation sources, such as arc lamps. The incident power of each lamp was measured using a
Coherent PS19Q power meter in the same geometry that was experienced by the QCM crystal.
The resulting powers were 2.6 mW for the 305 nm LED and 3.7 mW for the 254 nm lamp. Previous
experiments have shown that these power meter measurements agree reasonably well with

actinometry experiments.’#8

LED
__Dry Air
o <
i 1 []MFC ] g
3cm
Air Out 70 SCCM
- QCM Crystal
< 2.5cm > Equilibration
Volume

Figure 4. 1: SOA photodegradation setup. The QCM crystal with SOA is placed into the QCM oscillator. A 305 nm
LED, 405 nm LED or a 254 nm pen-ray lamp is mounted above the sample and irradiates the SOA continuously. The
photoproducts are purged out of the QCM setup through an exit port by a slow flow of VOC and particle free air. A

humidifier is used to control the relative humidity of the air flow.
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Exposure to UV radiation reduces the SOA mass on the crystal (due to the evaporation of volatile
photoproducts) and increases the crystal oscillation frequency. To convert the observed change in

frequency into change in SOA mass, a modified version of Sauerbrey’s equation was used:?!

dm 1 df

at  Cpadt (4.1)

where % is the rate of frequency change during irradiation (Hz/hr), Cy is the sensitivity factor

(Hz/pg), and C;—T is the mass change rate (ug/hr). The Crwas determined empirically through
calibration experiments as performed in previous studies.®*** C was calculated by measuring the
frequency of the clean crystal, collecting SOA on the crystal, weighing the amount of mass
impacted onto the crystal (Am), and noting the frequency change (Af) experienced by the QCM.
The sensitivity factor was then calculated through the integrated form of Equation 4.1.

A
C=—L (4.2)

Am

The resulting sensitivity factors for different SOA samples are listed in Table 4.1. They ranged
from about 10 to 24 Hz/ug. With the 0.1 Hz precision of the instrument, this translates into an

effective sensitivity of 4-10 ng for the SOA mass change on the crystal.
4.2.3 Characterization of SOA

A direct infusion electrospray ionization mass spectrometer (ES1-MS) was used to assess the extent
of composition changes of LIM/Oz SOA due to long term photodegradation. The instrument and
operation settings are discussed in Chapter 1, Section 1.6.4 with the caveat that the instrument was
operated under direct injection for these experiments with no chromatographic separation. The
lack of chromatographic separation and its effects on chemical ionization are further discussed in
Chapter 5. The ESI-MS was operated in a positive ion mode and the analyte was extracted off the
QCM crystal using a 1:1 solution of acetonitrile:water with an analyte mass concentration of 0.8
mg/mL. Peak positions and relative abundances were extracted from the raw data using Decon2LS
(https://omics.pnl.gov/software/decontools-decon?2Is). The peaks were assigned with 0.001 m/z

accuracy with formulas of [CcHnOo+Na]® (formation of sodium adducts was the dominant
ionization mechanism, no protonated ions [Cc.HnOo+H]* were detected). The mass spectra below

are plotted as a function of the molecular weight of the unionized compounds CcHnOo.
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4.3 Results and Discussion

4.3.1 Analysis of sample measurements

Figure 4.2a shows the observed QCM frequency change in a typical experiment. The frequency of
the clean crystal is shown as the green line, and it was of the order of 5.010 MHz in this particular
case. With LIM/Os SOA on the crystal surface, the frequency decreased to ~ 4.994 MHz. Without
irradiation under dry conditions, the frequency was changing very slowly due to slow evaporation
of SOA compounds from the substrate; an example of dark control measurements can be found in
Figure 4.3. The frequency began to increase once the 305 nm LED was turned on at the 0 h mark
due to the loss of the volatile photoproducts. The frequency increase to the maximum value was
not instantaneous as it takes time for the photoproducts to diffuse through and evaporate from the
SOA matrix.82 After the frequency began to stabilize, i.e., photodegradation has slowed down, the
LED was turned off (around 118 h in this example). We observed that turning off the LED slowed
down the frequency change suggesting that photodegradation was still faster than spontaneous

evaporation.

Taking the derivative of the frequency curve and using Equation 4.1 yielded the mass loss rate of
the SOA (Figure 4.2b). A boxcar smoothing algorithm with a 10 min rolling averaging window
was applied in order to remove the measurement noise caused by the clean air generator periodic
purges. The smoothing did not distort the time dependence of the curves shown in Figure 4.2.

Plotting the mass loss as a percent mass loss (Figure 4.2c) shows the LIM/O3 degrading until ~30%
of the initial mass is lost and stagnates afterwards. This is particularly important, as it confirms
that a photorecalcitrant (i.e., non-photodegradable) fraction of SOA remains after the more
photolabile compounds are photodegraded.”®” The photorecalcitrant fraction is thought to consist
of photochemically inactive SOA compounds left behind after photolabile carbonyl and peroxide
compounds have undergone photodegradation.®” Due to the photorecalcitrant SOA remaining on
the crystal the crystal frequency never recovered to its initial frequency (green line in Figure 4.2a).
The overall accuracy of the mass loss rates were quantified by integrating the mass loss rates over
the irradiation period to obtain the total mass lost. This value was compared to the mass lost by
directly weighing the crystal before and after irradiation using the Sartorius ME5-F microbalance.
The average percent deviation between QCM measurements and direct weighing was 8%,

representing a reasonable accuracy.
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Figure 4. 2: a) A typical QCM experiment where the clean crystal frequency (green line) decreases once SOA has
been impacted onto it. The LED was turned on at the 0 h mark, and the frequency began to increase due to the
evaporation of photoproducts. After ~118 h, the LED was turned off. b) Mass loss rate profile of the LIM/O3 sample.
The black dashed line shows the zero point. c¢) Percent mass loss of the same sample. d) Fractional mass loss rate of
the sample, where 0.035 h™! corresponds to 3.5% mass loss per hour. The blue curves correspond to mass loss due to

evaporation and UV degradation while the orange curves correspond to mass loss from UV degradation alone.

LIM/OQ, 305 nm LED

1 | 1 | L | 1 | 1 ]

0.02 |-

s C)
-___,f —— UV + Evaporation
UV Degradation Only
3 L | \ | X | 1 | \ J
[ d)
—— UV + Evaporation
i UV Degradation Only
_ B
.
MM’-—» - .
1 _ -. _ _I — 1 | 1 | I | L J
0 12 24 36 48 60 72 84 96 108 120
Time/h

78



Since the mass loss rate scaled linearly with the amount of SOA deposited on the crystal (Fig. 4.4),

the mass loss rates were normalized to the SOA mass remaining on the crystal to calculate the

fractional mass loss rate (FMLR) (i.e., 0.035 h at the peak of Figure 4.2d corresponds to 3.5%

mass lost per hour). The FMLR curve (Fig. 4.2d) has a similar shape to the mass loss rate (Fig.

4.2b), but it decays to zero slower because the SOA mass on the crystal was decreasing with

irradiation time. FMLR is a more useful metric to incorporate into models since it can be treated

as a rate constant (with the caveat that it is not actually constant).
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Figure 4. 3: Control experiments showed that mass loss under both dark and under 405 nm LED irradiation conditions

were similar and smaller compared to the mass loss due to photodegradation. APIN/Os (highest mass loss), LIM/Os,

and TOL/OH (lowest mass loss) SOA trials are shown for comparison to the control experiments. The inset shows

LIM/O3; SOA photodegradation under 42 % RH has a minimal percent mass loss before the LED is turned on at the

zero-hour mark. The data shown here are not yet corrected for evaporative loss and represent a combination of

evaporation and degradation effects (PMLiotar).
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Figure 4. 4: The maximum mass loss rate from the QCM measurement scaled linearly with the mass of SOA deposited
on the QCM crystal during 305 nm irradiation experiments with LIM/O3; SOA. This made it possible to normalize the
mass loss rate by the mass loading on the crystal to calculate the fractional mass loss rate (FMLR).

4.3.2 Photodegradation at 254 nm

As mentioned in the experimental section, two different light sources were used to examine SOA
photodegradation. Figure 4.5 show the results of irradiating APIN/Oz and TOL/OH SOA with 254
nm radiation, which represents an extreme case and serves as a proof of concept of the
experimental technique before investigating more subtle processes under tropospheric
wavelengths. The TOL/OH sample exhibited a higher maximum FMLR and reached a degradation
plateau faster than the APIN/O3z sample. This is likely due to TOL/OH SOA having a much higher
absorption coefficient than APIN/Oz SOA.**® In both samples, under 254 nm irradiation, nearly
100% of the mass was degraded. The APIN/O3z sample exhibited a complex time dependence of
FMLR, with an initial maximum at early times and a secondary maximum at later times (~40 h).
This could suggest two fractions of SOA mass, one that is initially present and highly
photodegradable, and another that is slowly produced by secondary reactions of the initial
photoproducts. Our results agree with the previous 254 nm photodegradation experiments on
APIN/Os SOA® which also observed rapid mass loss of SOA during irradiation. These
experiments prove that organic aerosols are capable of being fully degraded under harsh UV

radiation and show that we are able to accurately measure the mass loss rates of the process.
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Figure 4. 5: FMLR observed during 254 nm irradiation of (a) TOL/OH and (b) APIN/O3; SOA leads to nearly 100%

of the SOA being degraded with no photorecalcitrant fraction remaining (panel c). The UV lamp was turned on at the

0 h mark.
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4.3.3 Photodegradation at 305 nm

The majority of our experiments relied on the 305 nm irradiation, which is more relevant for the
lower atmosphere. Figure 4.6 summarizes the results for four different types of SOA. The LIM/O3
experiments were repeated in triplicate to check for reproducibility and showed good quantitative
agreement in the measured FMLR values. The average of the three LIM/Os3 trials is shown in
Figure 4, and the individual LIM/O3 data are shown in Figure 4.7. There is a gap in the LIM/O3

50 60

average trace due to QCM signal disconnection for a brief period in one of the runs.
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Figure 4. 6: Mass loss rate (a), FMLR (b), and percent mass loss (c) observed during 305 nm irradiation of various
SOA types. A photorecalcitrant fraction is observed in all samples with APIN/O3 SOA only degrading to ~60% after
300 h of irradiation. In panel (c), the dotted lines represent percent mass loss due to photodegradation only, after

correcting for the dark evaporation (the equations used for the correction are discussed below).
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Figure 4. 7: Repeated experiments with LIM/O3; SOA samples photodegraded under 305 nm LED radiation. The three
samples had different mass loadings resulting in different absolute mass loss rates, but normalization to the mass
loading resulted in similar FMLR values and time dependence. The inset zooms on the data at negative times (before
the LED was turned on) and shows that the mass loss due to evaporation was minimal compared to the effects of
irradiation. Periodic spikes in the data were due to the clean air generator periodic purges. The data shown here are
not yet corrected for evaporative loss and represent a combination of evaporation and degradation effects (FMRLiotal
and PMLtal).

Control experiments were conducted (Fig. 4.3) and results showed mass loss due to spontaneous
evaporation (no UV irradiation) played a relatively minor role in comparison to photochemically-
driven mass loss. A control experiment was also conducted using a 405 nm LED in order to
reproduce any thermal evaporation due to possible heating the QCM crystal by the LED operation.
The 405 nm LED was configured to the same power output as the 305 nm LED but was not
expected to produce significant photodegradation.®! In agreement with this expectation, the 405
nm LED produced the same mass loss rate as evaporation in darkness. Thus, we can conclude that
although spontaneous evaporation did occur in this experiment, its rate was small compared to the
effect due to photodegradation. Furthermore, effects of heating the QCM crystal by the LED were

also unimportant. Although mass loss due to evaporation was found to be small compared to
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photodegradation the percent mass loss was corrected to remove the effects of evaporation (Fig.
4.6¢) and further reveals the stagnation in photodegradation and the presence of a photorecalcitrant
fraction. Removing the influence of evaporation from the FMLR (Fig. 4.6b) resulted in a nearly
identical mass loss profile. The evaporation correction method is discussed below (Section 4.3.4)

After normalizing by mass loading and correcting for the effects of dark evaporation (Fig. 4.6b),
APIN/O3 SOA showed the fastest photodegradation, followed by LIM/O3z, TOL/OH/NOy, and
finally TOL/OH had the slowest rate. Interestingly, at 305 nm, the FMLR of APIN/O3 SOA is
larger than that for TOL/OH SOA, but the opposite order applies at 254 nm (Fig. 4.5). This
demonstrates the strong dependence of these processes on the types of electronic transitions
accessible at the two wavelengths, specifically n—n* transitions at 305 nm vs n—7* transition at
254 nm. The TOL/OH/NOxsample showed a maximum FMLR ~2.5 times larger than the TOL/OH
sample. This can be explained by TOL/OH/NOx SOA absorbing more strongly than TOL/OH SOA
due to the incorporation of nitrogen containing organics.'* In fact, the mass normalized absorption
coefficient at 305 nm of similarly prepared TOL/OH/NOx SOA have been shown to be ~2.8 times
higher than the MAC for TOL/OH SOA.*#®

The percent mass loss (from UV degradation alone and from the combination of evaporation and
UV degradation) shown in Figure 4.6c¢ is significant, with APIN/O3 showing the largest percent of
mass loss (~50% after 100 h) and TOL/OH showing the smallest (~20% after 100 h). After the
initial rapid photodegradation, it slows down considerably for APIN/Oz and LIM/O3z even though
organic material still remains on the QCM crystal, signifying the formation of a more stable
photorecalcitrant fraction. Previous studies have also noted a photorecalcitrant fraction after 40
hours of irradiation of APIN/Os in a smog chamber, and attributed this fraction to molecules that
do not contain photochemically active groups, such as carbonyl and peroxide groups.®” The
formation of a photorecalcitrant fraction is less obvious in TOL/OH and TOL/OH/NOx SOA but
their photodegradation also slows down with irradiation time. These measurements clearly
demonstrate that the kinetics of SOA photodegradation cannot be modeled as a simple first-order

process; at least two rate constants are needed to parameterize the mass loss rate in models.

While the number of SOA types investigated in this study is limited due to the long time required
for these experiments, the data suggest that the biogenic SOA degrades more readily than SOA
from aromatic precursors. The differences in FMLR are due to a combination of possible effects.
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One effect is that a-pinene and d-limonene ozonolysis products include more carbonyl and
peroxide groups (which are expected to undergo efficient photofragmentation)’®29713% than the
oxidation products produced from toluene photooxidation.?®*2% Experiments and theoretical
calculations show that photolysis of carbonyls and peroxides remains efficient in the condensed
phase, producing products with high quantum vyields on picosecond time scales following the
excitation.83141.286287 - Another effect is that the TOL/OH/NOyx SOA compounds may be more
efficiently disposing of the electronic excitation energy by internal energy relaxation without
breaking up into smaller products. TOL/OH/NOx SOA components include aromatic species such
as nitrophenols, which have photolysis quantum yields approaching unity in the gaseous phase but
only ~ 107* - 107 in the condensed phase.?#29 The excitation of nitrophenol clusters has been
shown to result in fast internal conversion mediated by intramolecular hydrogen bonding.2*® These
studies suggest that the SOA components may channel most of excitation energy into heat, thus
slowing the photodegradation and resulting in a low FMLR despite a high absorption coefficient.
Guaiacol high NOx SOA was also found to photodegrade slowly in previous experiments, and was

also attributed to rapid internal energy relaxation in aromatic compounds.®

These results also indicate that the photodegradation is a dynamic process, which starts at a high
rate, slows down, and eventually stops (Fig. 4.6). Therefore, treating the initial photodegradation
rates (e.g., rates determined by Malecha et al.)® as constant will lead to an overestimation of the
effect of condensed phase photochemistry on SOA mass concentration. A more reasonable

representation is a biexponential decay of the SOA mass concentration as proposed by O’Brien et
al. (2019).”

4.3.4 Dark Evaporation Correction

The correction for the spontaneous dark evaporation competing with photodegradation is not
trivial since the chemical composition of the SOA material is changing with time. However, it can
be done with a simplifying assumption of a time-invariant evaporation rate constant (Kevap). This
assumption is consistent with observations of slow first-order mass loss in control experiments

shown in Figure 4.3.

The FMLR is assumed to obey the first-order kinetics with the time-invariant evaporation rate

constant kevap and time-dependent photodegradation rate constant J(t):
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1dm

FMLRtotal(t) = -

m dt

= Kevap +J(®) (4.3)

The subscript “total” refers to the fact that both UV irradiation and evaporation contribute to the
mass loss. Based on the above equation, FMLR can be corrected for evaporation by directly
subtracting results of a dark experiment from results of an irradiated experiment done on an

identical sample:
FMLRyy(t) = J(@) = FMLR 6401 (8) — FMLR 3471 () = FMLR 10, (t) — kevap (4.4)

The value of kevap Can be determined from a separate experiment (e.g., Fig. 4.3) or from the short

segment of the data collected before the irradiation started.

Percent Mass Loss (PML) is related to FMLR(t) as follows:

— [Z2 = [ FMLR(t)dt (4.5)
m(t) = m x exp |- f, FMLR(t)dt]| (4.6)
PML(t) = 100 x "‘0;1—’:(” =100 X [1 — exp [— fof FMLR(t)dt” (4.7)

Since kevap is assumed to be constant, the equation for time-dependent mass becomes:

m(t) = mg X exp|—kepap X t] X exp [— fot](t)dt] (4.8)

PML under the conditions of both UV irradiation and evaporation, UV irradiation only and

evaporation only are, respectively:

PML;ypq (t) = 100 X [1 — exp[—keyap X t] X exp [— N ](t)dt” (4.9)
PMLyy(t) = 100 X [1 — exp [— [ ](t)dt” (4.10)
PMLggri(t) = 100 X |1 — exp[—kepap X t]] (4.11)

By combining the three equations for PML above, the following method was developed for getting

corrected PMLyv from the uncorrected PMLotal:
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MLtotal(t)—100x[1—exp[—ke,,ap><t]]
o FevapXt

PMLyy () = - (4.12)

Based on the considerations and equations above, the effects of evaporation were corrected by

following these steps:

1. Calculate mass as a function of time, m(t), directly from the QCM frequency data, which

gives PMLotal (t) directly.

mo—m(t)

PMLy;ppq;(£) = 100 X (4.13)

mo

2. Calculate FMLRotal(t) from the QCM data for the irradiated system with evaporation

occurring in parallel.

3. Fit the dark segments of the data collected before the irradiation started to obtain the
evaporation rate constant kevap. Since the evaporation process is slow, a linear fit was used

as follows:
PMLggri(t) = 100 X |1 — exp[—kepap X t]] = 100 X ey X t (4.14)

The Kevap values determined for this study were:

SOA Type Kevap (™)
APIN/O3 5.55 x 10
LIM/O3 3.74 x 10
TOL/OH/NO 7.52 x 10
TOL/OH 2.41 x 10

4. With the values of kevap determined, FMLR was corrected using the following equation.
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FMLRUV(t) = FMLRtotal(t) - kevap (4-15)
5. Finally, PML was corrected using the following equation.

PMLtoml(t)—100><[1—exp[—ke,,apxt]]

e—keyap Xt

PMLuv(t) =

(4.16)

4.3.5 Effect on Chemical Composition

High-resolution ESI(+) mass spectrometry was used to study the difference between the chemical
composition of fresh SOA and the photorecalcitrant fraction in 305 nm experiments with LIM/O3
SOA. Figure 4.8 shows a mass spectrum of both the non-irradiated (using the same collection and
annealing method) and photorecalcitrant fraction of LIM/O3z SOA. The signals were normalized to
the total peak abundance. It is important to note that this analysis only probed molecular formulas.
Thus, some of the newly formed products may have the same formula as the fresh sample, but
different chemical structure (for example cis-pinonic acid is known to photoisomerize into its
structural isomer limononic acid).® Also, while the effect of evaporation on the differences in mass
spectra is expected to be small compared to the effects of photodegradation, some of the minor
differences in the mass spectra are due to evaporation. The photorecalcitrant fraction showed a
more complex mixture of compounds with less well-defined transitions between the monomer,
dimer and trimer regions. The fresh SOA sample contained 1010 compounds while the
photorecalcitrant fraction contained 1434 compounds, of which 495 were unique to the recalcitrant
fraction. Photolysis of the initial SOA molecules splits them in smaller fragments and increases
the degree of oxidation. However, this process can be partly counteracted by free-radical (RO2)

cross-reactions within the SOA matrix producing new oligomers.
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Figure 4. 8: High-resolution ESI (+) mass spectra of irradiated (black) and fresh (red) LIM/O3; SOA. The peaks are
normalized to the combined peak abundance. The irradiated data are inverted for the ease of comparison. While the
fresh SOA has clearly separated monomer, dimer, and trimer regions, this distinction becomes less obvious in the

irradiated SOA due to a combination of fragmentation, functionalization, and radical recombination reactions in SOA.

To help compare fresh and irradiated LIM/O3z SOA, the observed compounds were separated into
three groups: (1) compounds that increased in normalized peak abundance by at least an order of
magnitude compared to the fresh sample; (2) compounds that experienced a change in the
normalized peak abundance by less than an order of magnitude; and (3) compounds that
disappeared after irradiation. Compounds in groups 1 and 2 represent the photorecalcitrant fraction
remaining in the irradiated LIM/O3z SOA, while compounds in group 3 are photolabile. The O:C
and H:C ratios of the compounds in each of the groups are compared in Figure 4.9a, and double
bond equivalent (DBE) values are compared in Figure 4.9b. The DBE values are a useful metric
to track the number of double bonds/conjugations in the assigned molecule. The abundance
weighted average O:C, H:C, DBE, and number of C atoms for each of the groups, as well as for
all the observed peaks in the fresh SOA and irradiated samples are listed in Table 4.2. The overall
trend shows larger O:C and smaller H:C ratios in molecules that are formed due to irradiation and
contribute to the photorecalcitrant fraction (i.e., groups 1 and 2). Compounds in group 3 tend to
have higher C-numbers consistent with the expectation that larger molecules have a higher
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probability of photodegradation. This is also seen in Table 4.3, with the most prominent
compounds in group 3 containing higher C-numbers. Furthermore, photolabile group 3 compounds
tend to have smaller DBE/C ratios suggesting they have fewer double bonds per carbon atom.
These results are consistent with previous short-term (2 h) photolysis of LIM/O3 SOA in an
aqueous solution and on a filter, in which O:C ratio increased, and C-number decreased during

photolysis.?™
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Figure 4. 9: a) O:C and H:C of LIM/O3 SOA molecular species observed by ESI-MS. Please note the atypical Van
Krevelen diagram, with the interchanged traditional axes. b) Double bond equivalent (DBE) of the same compounds
plotted as a function of carbon number. In both panels, blue circles correspond to molecules with a normalized peak
abundance that increased by over an order of magnitude after long term irradiation. Black triangles correspond to
molecules whose normalized peak abundance changed by less than an order of magnitude, while red squares
correspond to molecules that disappeared after irradiation. Green, purple, and orange lines correspond to the expected
DBE vs C dependence for terpene, polyene, and cata-PAH compounds, respectively. Photorecalcitrant molecules (blue
circles and black triangles) tend to have a lower H:C ratio, higher O:C ratio, and increased DBE compared to

photolabile compounds (red squares).
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Table 4. 2: Peak abundance weighted average composition characteristics of LIM/O3 SOA. The spread in the observed

values corresponds to 1a.

Average Average Average Average
Compounds 9 9 9 9
o:C H:C DBE
C atoms
Group 1
Irradiated/Fresh > 10 0.48+0.27 | 1.39+0.86 7.63 +2.69 21.76 £ 8.85
Group 2
10 > Irradiated/Fresh > 0.1 042+0.22 ' 154+0.81 555+2.01 19.61 £7.32
Group 3
Irradiated/Fresh < 0.1 0.34+0.17 | 1.60+0.63 7.37+£1.89 32.22+8.91
Fresh SOA 0.39+0.21 | 157%0.79 5.75+£2.00 22.19+7.87
Irradiated SOA 043+0.31 151+0.82 5821224 19.50 £7.48
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Table 4. 3: List of 10 molecular formulas with the largest peak abundances in ESI-MS(+) spectra in the fresh SOA,
photorecalcitrant (groups 1 & 2), and photolabile (group 3) groups. The formulas are listed in the order of decreasing
normalized peak abundance. Some of the most prominent formulas present in both fresh and irradiated samples may
correspond to limonic acid (CgH1404), limononic acid (Ci0H1603), or 7OH-limononic acid (C10H1604) as found in

previous studies,*6:291,2%2

Fresh SOA Group 1l &2 Group 3
Formulas Formulas
Formulas
C10H1603 C10H1604 C20H320s
C10H1604 C10H1603 C29H440s
C19H3007 CoH1404 Ca9H62013
C20H3207 C19H3007 Cs9He4015
C19H300s C19H300s C29H450s
C19H300s C20H3207 C19H2804
C20H320s Ci1sH2507 CssHs0012
CoH1404 C20H3208 Ca9He4014
C18H2807 C12H1805 C30Hag0s
C18H280s C19H3006 Ca9He4016

Calculating the aromaticity index?*2% for these molecules, Al = (1 + C — O — 0.5H)/(C-0O), shows
that photodegradation results in the formation/survival of compounds with a larger aromaticity
index (Fig. 4.10), although only a small fraction of compounds (<1%) reach the aromaticity index
threshold of 0.5 for true aromatic compounds.?®*2* This is also seen in Figure 4.9b, where
photolabile group 3 compounds scatter around the expected DBE-vs-C asymptote for terpene
compounds, while the photorecalcitrant compounds (groups 1 and 2) are closer to the polyenes

suggesting an increase in the number of C=C bonds. All of the observed compounds are below the
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DBE-vs-C dependence for the cata-PAHS, ruling out formation of condensed aromatic products.
It is worthy to note that enhancement in aromaticity after irradiation has also been observed in

dissolved organic matter irradiation studies.?*>2%
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Figure 4. 10: Photodegradation of LIM/O3z SOA results in the formation/survival of compounds with a larger degree
of aromaticity. The histogram shows the normalized abundance of molecules binned into Aromaticity Index (Al)
ranges, where Al > 0.5 corresponds to aromatic compounds.2%:2%

4.3.6 Effect of Relative Humidity on Photodegradation

The effect of relative humidity (RH) on photodegradation rates was investigated by flowing air
with variable RH over APIN/Osz and LIM/Oz SOA during the irradiation (Fig. 4.11). These
experiments were limited to early photodegradation times (several hours) because of the
difficulties of controlling RH over longer time periods. In both cases, the mass loss increased with
increasing RH. Similar effects have been seen in previous photodegradation studies, with mass
loss increasing at elevated RH.821%.140297 OQne of the effects of water vapor is making the SOA
matrix less viscous, making it possible for the products of photodegradation to escape more easily
from the SOA material. Indeed, the viscosities of a-pinene!!* and d-limonene?” ozonolysis SOA
have been found to decrease with increasing RH. The observation that the mass of dry samples
continued to decrease (0% RH traces in Fig. 4.11) even after the LED was switched off supports

the idea of slow diffusion of photoproducts out of the SOA matrix. Our results indicate an increase
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in maximum FMLR at ~60% RH by a factor of 2.3 and 3.1 for APIN/O3 and LIM/O3 SOA,
respectively (Table 4.1). These findings agree well with the findings of Wong et al.,**® who
observed an increase of APIN/Oz SOA mass loss rates by a factor of 2 at high RH conditions
compared to dry conditions, and with result Arroyo et al.,®2 who reported 2-4 times higher
photodegradation rate for LIM/Oz SOA at 30-70% RH compared to dry conditions. We should
note that at elevated RH, turning the LED off actually resulted in an apparent mass gain. We
believe that this is an artifact of the slightly elevated temperature of the QCM crystal under
irradiated conditions becoming lower in darkness leading to an uptake of water vapor.
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Figure 4. 11: Photodegradation of (a) APIN/O3; SOA and (b) LIM/O3s SOA under different relative humidity (RH)

conditions. Yellow-shaded regions indicate when SOA was being irradiated.
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Although we attribute the increase in the observed photodegradation rate at higher RH to diffusion
transport limitations, we cannot completely rule out changes in the photochemical mechanism

brought about by the presence of water in the SOA material.

4.4 Application to Ambient Conditions

To estimate the photodegradation rate of SOA under atmospheric conditions, we assumed that it
scales in proportion to the convolution of spectral flux F(A), quantum yield ¢(A), and absorption

cross section a(A) (Equation 4.17).

FMLR = —%i—? = [F)pDa)dA (4.17)

The absorption cross sections and quantum yields of many of these molecules rapidly decay at
longer wavelengths,9#! so the integration can be limited to a narrow range over which the 305 nm
LED emits. For a narrow integration range, the ratio of FMLR values for two different radiation

sources can be approximated as the ratio of integrated spectral flux densities (Equation 4.18).

. [F()rgpdA
Scaling = [P D aemdl (4.18)

The photodegradation profiles were scaled (scaling factor = 1.4) to the 24-hour average flux in Los
Angeles at sea level (Fig. 4.12) from the TUV model (with model inputs shown below).?® This
flux corresponded to a 24-hour average Jnoz value of 4.05 x 10 s. The scaled photodegradation
rate (Fig. 4.13) shows that the largest mass loss takes place in the first 24 h of exposure, after
which the degradation substantially decreases. The scaled percent mass loss profiles of the SOA
were also fit to a bi-exponential decay function and are shown in Figure 4.14 and Table 4.4 with
the intention that they can be utilized by modelers in future studies.
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Figure 4. 12: Spectral flux density of the M300L4 305 nm LED, Spectroline 11SC-1 Pen Ray Lamp, Los Angeles
summer solstice maximum, and the 24-hour average Los Angeles solar flux. Los Angeles spectral flux densities were
obtained using the TUV model.?® The following parameters were input into the Quick TUV calculator:
Latitude/Longitude: 34°/-118°; Date and Time: June 20, 2017 — data from each hour in the day were acquired and
averaged to obtain a 24-hour average spectral flux density or 19:00:00 GMT, representative of the summer solstice
maximum; Overhead Ozone: 300 du; Surface Albedo: 0.1; Ground Altitude: 0 km; Measured Altitude: 0 km; Clouds
Optical Depth/Base/Top: 0.00/4.00/5.00; Aerosols Optical Depth/S-S Albedo/Alpha: 0.235/0.990/1.000; Sunlight
Direct Beam/Diffuse Down/Diffuse Up: 1.0/1.0/1.0; 4 streams transfer model
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Figure 4. 13: Scaling the results to atmospheric conditions reveals that FMLR (a) and percent mass loss (b) are most
important in the first 24 hours of photodegradation. After that, the photodegradation continues at a decreasingly slow

rate and other mechanisms of aging become more important.
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Figure 4.14: The UV degradation percent mass loss profiles (PMLuv) were scaled to the 24-hour average Los Angeles

flux (Jnoz = 4.05 x 103 s1) and fit to a bi-exponential function. Data points correspond to the degradation profile,
while the curve is the fit to the data.

Table 4. 4: Bi-exponential fit parameters used to fit percent mass loss profiles of different SOA types after correcting

-x -x

for evaporation and scaled to the 24-hour average Los Angeles flux. Traces were fitto y = yo + A;e™1 + A e

with 95% confidence intervals.

SOA Type Yo+ 95% CI A1+ 95% ClI 11+ 95% ClI Az+ 95% CI T2+ 95% ClI
APIN/Os 56.884 + 0.003 -28.292 +0.008 12.876 + 0.008 -25.357 + 0.005 138.59 + 0.06
LIM/Os 30.976 = 0.006 -18.556 + 0.080 8.571 £ 0.041 -12.692 + 0.082 34.728 £0.185
TOL/OH/NOy 50.176 = 0.002 -11.967 + 0.003 17.98 +0.01 -36.962 + 0.002 141.77 £ 0.03
TOL/OH 33.661 +£0.016 -3.498 = 0.009 16.275 £ 0.044 -29.914 + 0.007 123.53 +0.15

Although photodegradation continues after 24 h, it is substantially slower and other forms of

chemical aging, such as heterogeneous oxidation of particles by hydroxyl radical, may become
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more important.®®” This is highlighted in Figure 4.15, where the UV degradation mass loss trends
are combined with predicted changes as a result of heterogeneous oxidation via OH radicals. This
prediction showed that UV degradation dominates in the first 24 h; but heterogeneous OH
oxidation became increasingly more important after that. It is important to note that the OH aging
trend used for this comparison has a few important assumptions:3® [OH] = 1.5 x 10° molecules

cm3, vy (uptake coefficient) = 1, average O:C = 0.8, average H:C =1.5, and particle density = 1.5 ¢
cm,
100

80
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Figure 4. 14: Predicted changes to the percent of mass remaining due to heterogenous OH aging alone (green line),
UV degradation alone (circles), or the combined effect of UV and OH aging (solid curves). The shaded region shows

the initial time period where photodegradation is dominant; thereafter, other atmospheric aging mechanisms will drive

the mass loss.

The percent of SOA degraded before reaching the photorecalcitrant fraction was also compared to
recent studies by O’Brien et al.”” and Zawadowicz et al.*® (Fig. 4.16). Overall, our results are
similar, especially when comparing the initial photodegradation rate, and all agree on the existence
of a photorecalcitrant fraction. Despite the different methods of SOA preparation (flow tube in

this study versus a chamber in the other two studies) as well as different irradiation sources used,

98



the measurements agree reasonably well, with a lifetime of 12 h (this study), 7 h (O’Brien et al.,
2019), and 23 h (Zawadowicz et al., 2020) of APIN/O3z SOA degradation (under dry conditions)
after scaling to the 24-hour average Los Angeles flux. There are however, differences in the
photorecalcitrant fraction. This difference may be due to differences in SOA preparation with a
higher mass loading used in this study which would increase particle phase partitioning of photo-

reactive carbonyl group containing species.

—— APIN/Q, (this study)

APIN/O, O'Brien et al. (2019)

APIN/O, <10% RH Zawadowicz et al. (2020)
— APIN/O, 50% RH Zawadowicz et al. (2020)
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Figure 4. 15: Converting the APIN/Os percent mass loss to a percent mass remaining allows for comparison with the
extent of APIN/O; photodegradation as found by O’Brien et al. (2019)°” and Zawadowicz et al. (2020).24 1t is
important to note that the Zawadowicz et al. (2020) study did not report a recalcitrant fraction under dry conditions
due to the uncertainty in the fit. In order to compare our study with theirs under dry conditions we assumed the
recalcitrant fraction to be the average between our study (43.8%) and the O’Brien et al. study (69 %). The Zawadowicz
et al. (2020) study also found increased photodegradation rates under humid conditions, also included in Figure 4.16.

4.5 Summary and Implications

These results have several important implications. First, the mass loss rates observed here are

atmospherically relevant. The photodegradation with 254 nm photons showed a maximum FMLR
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as high as 35 % h* and a complete destruction of the SOA material, proving that SOA can fully
degrade under harsh UV radiation. The tropospheric UV irradiation also showed substantial
photodegradation, with FMLR up to 5% h, and almost half the SOA mass eventually being lost.
Thus, SOA photodegradation is an important and substantial component of aging in the
atmosphere, especially in the first 24 h after the initial SOA formation, and is crucial to incorporate
into models in order to fully understand the effect SOA has on climate and visibility through light
absorption/scattering and cloud formation.* Overall, while these mass loss rates cannot compete
with particle growth for ultrafine particles, which can exceed 10 nm/h,** these photodegradation
processes can limit growth for larger particles in the accumulation mode which dominate the

overall SOA mass loading in the atmosphere.*

Second, these photodegradation processes should be able to efficiently deplete organic aerosols
from the upper troposphere/lower stratosphere after deep convective transport.*®> While we have
not done explicit measurements at low temperatures, it can be argued that photodegradation should
become relatively more important as the aerosol’s viscosity increases in these cool temperatures,'*®
thus slowing diffusion in the particle and limiting aging by heterogeneous oxidants like OH
radicals. Photodegradation can still occur in these situations because UV radiation can easily
penetrate the entire volume of the particle, regardless of its viscosity. It is however, important to
note that the increased viscosity is also expected to decrease the diffusion rates of volatile
photoproducts, slowing the photodegradation rate.

Third, tropospheric photodegradation leads to a photorecalcitrant fraction of SOA remaining
which should be considered when discussing the role of photodegradation on SOA sinks in the
atmosphere. Extrapolating the initial mass loss rates and degradation processes to longer time
scales would be incorrect and would lead to an overestimate of mass loss, as suggested by O’Brien
et al and Zawadowicz et al.*”'* Furthermore, the compounds found in the photorecalcitrant
fraction are chemically different from those in the initial SOA. More research is needed to better
understand the chemical and physical properties of the photorecalcitrant fraction such as its

viscosity and morphology (See Chapter 5).

And finally, this study shows that elevated relative humidity increases the mass loss of SOA during
photodegradation by acting as a plasticizer to reduce the diffusion transport limitations of volatile

photoproducts and allowing them to more easily escape from particles. Thus, the relative
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importance of photodegradative aging versus heterogeneous oxidative aging may shift depending
on the environmental conditions, with photodegradation becoming more important in areas with

higher relative humidity.
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Chapter 5: Sunlight can convert atmospheric aerosols into a glassy
solid state and modify their environmental impacts

Portions of this chapter were reproduced with permission from Baboomian, V. J., Crescenzo G. V., Huang, Y., Mahrt,
F., Shiraiwa, M., Bertram, A. K., Nizkorodov, S. A., (2022). Sunlight can convert atmospheric aerosols into a glassy

solid state and modify their environmental impacts. Proceedings of the National Academy of Sciences, under revision
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5.1 Abstract

Information on the viscosity of secondary organic aerosol (SOA) particles is needed to predict
their role in air quality and climate. Solar ultraviolet (UV) radiation is known to change the
chemical composition and mass concentration of SOA. Nevertheless, the effect of solar UV
radiation on the viscosity of SOA particles is unknown, leading to uncertainties when predicting
their impacts on air quality and climate. Here, the viscosity of SOA aged by exposure to 305 nm
UV radiation for 12 days was measured, and compared to the viscosity of control SOA samples
that remained in darkness for 12 days. This is equivalent to a UV exposure of 6-14 days at
midlatitudes in summer, and captures typical tropospheric lifetimes of SOA particles. SOA
particles were generated by the ozonolysis of d-limonene and a-pinene, two abundant biogenic
volatile organic compounds in the atmosphere. Results indicate that the viscosity and characteristic
mixing times of organic molecules within a 200 nm diameter SOA particle can be as much as five
orders of magnitudes larger for aged SOA compared to the control throughout most of the
troposphere. This increase in viscosity and mixing times is consistent with an increase in average
molecular mass and oxygen-to-carbon ratio of the organic molecules constituting the SOA
material, as determined by high-resolution mass spectrometry. The increase in viscosity likely
leads to an increased abundance of glassy SOA particles that can act as ice nuclei in the
atmosphere. Furthermore, the increase in viscosity and mixing times can impede gas-particle
partitioning and heterogeneous chemistry. Overall, results clearly demonstrate that UV-aging

needs to be considered when predicting the environmental impacts of SOA.

103



5.2 Introduction

Secondary organic aerosol (SOA) represents a considerable mass fraction of atmospheric aerosol
particles. SOA can directly affect climate by scattering shortwave radiation, or indirectly by acting
as nuclei for cloud droplets and ice crystals.}?244303 SOA also contributes to poor air quality in

urban areas, 435:304-306

SOA is often formed through the oxidation of anthropogenic and biogenic volatile organic
compounds (VOCs), followed by gas—particle partitioning of the semivolatile and low-volatility
oxidation products.'8397:3% Of the total mass of global VOCs, approximately 90% originates from
biogenic sources, with monoterpenes (Cio) being one of the most important types of biogenic
VOCs.18:22307.308 GSjnce a-pinene and d-limonene often dominate the atmospheric monoterpene
emissions, they have been commonly used as representative monoterpenes in laboratory and

modelling studies investigating SOA properties.?230%-311

Once formed in the atmosphere, SOA are transported throughout the troposphere®*-°, SOA have
average lifetimes on the order of one to two weeks,®® but can be considerably longer with
increasing altitude. During this atmospheric transport, SOA particles can undergo aging by
multiple processes, including heterogeneous oxidation,®’®° aqueous phase photooxidation,’®"3
photosensitized uptake of gases,”*"” and ultraviolet (UV) aging.”®® Aging processes can change
the physicochemical properties of aerosols. For example, UV aging was reported to decrease mass,
increase the oxidation state, decrease the volatility, and decrease the light absorption and scattering

ability of SOA particles,’78:81.92-94

To predict the importance of SOA for air pollution and climate, information on viscosity and
diffusion rates within SOA particles is needed.'% Viscosity and diffusivity are inversely related as
described with the Stokes-Einstein equation. Slower diffusion rates have been found to affect gas-
particle partitioning and hence the evolution of mass and size distributions of SOA. 11312t
Molecular diffusion also affects rates and mechanisms of multiphase reactions within SOA, which
in turn dictate SOA composition'?>!2 and long-range transport of pollutants such as polycyclic
aromatic hydrocarbons.'?41%8 Viscous aerosols have been shown to create anoxic conditions as
well as limit molecular motion, resulting in the stabilization of photochemically produced radicals,
trapping them in the organic matrix.**®*3! Furthermore, the viscosity of SOA can impact their

ability to act as cloud condensation nuclei*®? and ice nuclei.'®® For example, if SOA particles are
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in a glassy phase state, defined as a material with a viscosity greater than 102 Pa s, they may act

as heterogeneous ice nuclei in clouds.%

The viscosity of fresh, unaged SOA types has been reported in previous laboratory
studies.0111312-315 | contrast, the viscosity of SOA material after aging has rarely been measured,
and so far, no measurements of the SOA viscosity after UV exposure, hereafter referred to as UV-
aging, have been reported. It is especially important to understand the effect of UV-aging on the
viscosity of SOA in the upper troposphere, where particles can spend a long time interacting with
solar radiation, and where the dry and cold conditions in this part of the troposphere favor higher
SOA viscosity. In addition to laboratory studies, recent modelling studies have used
parameterizations based on viscosity measurements and glass transition temperatures to predict
global distributions of viscosities and diffusion rates within SOA particles.1>!21316-319 However,
the effect of UV-aging on viscosity and diffusion rates within SOA was not explicitly considered
in these studies. As a result, global distributions of viscosity and diffusion rates within SOA and

associated atmospheric impacts remain highly uncertain.

To address these important gaps in knowledge, the viscosity of SOA after exposure to UV radiation
with a wavelength (A) of 305 nm for 12 days was measured, and compared to the viscosity of
control SOA samples that remained in darkness for the same period of time. This exposure time
corresponds to an equivalent exposure of 6-14 days at midlatitudes during the summer.2%°32 Such
UV-aging leads to considerable increases in viscosity and mixing times of organic molecules
within a SOA particle by as much as five orders of magnitude compared to the unirradiated SOA
particles. These increases are consistent with an increase in average molecular mass and oxygen-
to-carbon ratio of the organic molecules constituting the SOA material, as determined by high-
resolution mass spectrometry. The increased viscosity of aged SOA likely leads to increased
abundance of highly viscous, glassy SOA particles that can act as ice nucleating particles with
implications for climate predictions. The increased viscosity and mixing times of organic
molecules within a SOA particle can potentially impact gas-particle partitioning and

heterogeneous chemistry with implications for air quality and climate predictions.
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5.3 Materials and Methods

5.3.1 SOA Preparation and Collection

SOA was prepared by dark ozonolysis in either an environmental chamber or a flow tube (see
Chapter 1 Section 1.6). Table 5.1 summarizes the SOA production trials conducted for this

experiment.

In the environmental chamber experiments, a solution of liquid d-limonene (Fischer Scientific,
97% purity) in methanol (Thermo Scientific, Optima LC/MS Grade) (1:10 v/v) was injected into
a glass bulb, and a particle- and hydrocarbon free air flow (3 L min) from a zero-air generator
(Parker, FTIR purge gas generator model 75-62NA) was used to carry the organic vapors through
a heated inlet (T = 300 K) into the chamber. Oz was injected into the chamber and the VOC and
O3 mixing ratios within the chamber were approximately 200 ppb and 7 ppm, respectively, at the
start of an experiment and the RH was 40%. SOA particles were collected from the chamber once
maximum mass concentrations in the range of approximately 290-600 ng m= were reached,
corresponding to a residence time of 40 min. The mass concentration during the collection time

was approximately 250 pg m.

In the aerosol flow tube experiments the starting mixing ratios of VOC and Oz were approximately
11 ppm and 7 ppm, respectively. At the start of an experiment, the RH was 0% and the SOA mass

concentration was approximately 1.7 mg m=.
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Table 5. 1: Summary of SOA production conditions in both the environmental chamber and aerosol flow tube. In the
case of SOA generated in the flow tube, SOA samples for viscosity measurements and high-resolution mass

spectrometry (HRMS) analysis were collected consecutively on the same day.

VOC Production VOC Ozone SOA mass Aged or
Precursor Method concentration  concentration  concentration Use
Control
/ ppm / ppm / pg m
d-limonene  Environmental 0.20 7.4 396 Aged Viscosity
chamber measurements
d-limonene  Environmental 0.20 6.5 286 Control Viscosity
chamber measurements
d-limonene  Environmental 0.20 7.0 604 Aged HRMS
chamber analysis
d-limonene  Environmental 0.20 6.0 530 Control HRMS
chamber analysis
Viscosity
. measurements
d-limonene Flow tube 11 75 1700 Aged/Control
& HRMS
analysis
Viscosity
. measurements
a-pinene Flow tube 11 7.0 1700 Aged/Control
& HRMS
analysis

At the exit of the chamber and the flow tube, the SOA containing air flow was passed through a
charcoal denuder to denude excess Osz. SOA particles were then collected either onto
poly(tetrafluoroethylene; PTFE) filters (FGLP04700, Millipore, 47 mm diameter, 0.2 mm pore
diameter) for high resolution mass spectrometry (HRMS) analysis, or onto hydrophobic glass

slides (12 mm diameter, Hampton Research, HR3-277) for viscosity and phase behavior
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experiments. SOA were collected on the hydrophobic slides using stage 8 of a non-rotating
microorifice uniform deposit impactor (MOUDI; MSP Corp. model 110-R) operated at a flow rate
of 20 L mint. With the remaining stages removed the resulting 50% cut-off diameter was below
180 nm. Sampling with the non-rotating MOUDI created discrete spots of aggregated SOA
particles of ~35-60 um in diameter after a typical collection time of 1 h. Glass slides were made

hydrophobic by coating with FluoroPel 800 (Cytonix).
5.3.2 SOA Aging

Aging was achieved by placing the SOA-containing substrates (filters or hydrophobic glass slides)
into an irradiation chamber (Fig. 5.1). The irradiation chamber was continuously flushed (860 cm?®
mint) with air from a zero-air generator (Parker, FTIR purge gas generator model 75-62NA), to
remove any volatile products formed during photoaging. The irradiation chamber was separated
into two compartments using a high purity aluminum foil barrier (Sigma Aldrich, 99.999% purity,
1.0 mm thickness). One compartment was equipped with a UV-LED, and the other compartment
was kept dark to simultaneously produce an aged and a control SOA sample, respectively. This
separation ensured that the control (unaged) sample experienced the same amount of evaporative
loss as the aged (irradiated) sample. This approach allowed us to cleanly separate the effects of
UV exposure from evaporative aging.

305 nm Clean Air
—(
LED
— []MFC
Al Foil
35-60 um
H 3.4 ch
860 cm? min?

I I
Fluoropel-800 Coated Slide

iAir Out

Figure 5. 1: The chamber used to irradiate SOA substrates. SOA substrates are placed in the chamber, 3.4 cm below
a 305 nm LED. Control samples are shielded from the UV radiation using a sheet of high purity aluminum foil. Clean
air flows into the chamber using a mass flow controller (MFC) at a flow rate of 860 cm?® min. Both aged and control

samples are exposed to the same amount of air flow during the aging experiment.
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The incident power of the LED (Thorlabs Inc., model M300L4) was 2.4 mW, measured using a
power meter (Coherent PS19Q) at the same distance between the LED and the SOA containing
substrate (3.4 cm vertical distance between LED and substrate). With the 2.8 cm? area of the power
meter, this corresponds to a peak spectral flux of 1.0 x 10 photons cms™. Previous experiments
demonstrated that similar power meter measurements agree with actinometry experiments.’48
This compares reasonably well to the flux of 4.1 x 104 photons cms* additionally measured with
a radiometer (StellarNet Inc., Black-Comet UV-VIS Spectrometer). To age an SOA sample, it was
irradiated with the LED centered at A = 305 nm for 12 days. This equals to an exposure of
approximately 6-14 days in Los Angeles, CA, based on the overlap of the UV-LED spectral flux
density with the 24 h average (including day and night) spectral flux density in Los Angeles from
290 to 330 nm (on June 20, 2017; see Fig. 5.2). An irradiation time of 12 days was chosen to
ensure the formation of a non-degrading, photo-recalcitrant fraction, as determined by Baboomian
et al (Chapter 4).” If integrated over the 290-330 nm range, where reasonable photochemical
activity is expected, the flux from the UV-LED source is of the same order of magnitude as the
solar flux. It should be pointed out that the UV-LED photons are, on average, more energetic than
the solar photons, and the UV-LED has a very different spectrum, making the exact comparison
difficult. Here, a single wavelength LED was used instead of a full solar spectrum, in order to
target the n — m* carbonyl transitions in photolabile compounds, which lead to Norrish type I and
Il reactions.®>**® In addition, using an LED instead of a solar simulator avoids heating of the

sample with visible and near-infrared radiation.
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Figure 5. 2: Spectral flux density of the M300L4 305 nm LED and the 24-h averaged Los Angeles conditions
(including day and night). Los Angeles spectral flux densities were obtained using the TUV model.?®® The radiometer
measurement in red is more accurate; the power meter measurement is less accurate but included because it was used
in previous work™ as a metric for the UV LED light intensity. The following parameters were input into the Quick
TUV calculator: Latitude/Longitude: 34°/-118°; Date and Time: June 20, 2017 — data from each hour in the day were
acquired and averaged to obtain a 24-hour average spectral flux density or 19:00:00 GMT, representative of the
summer solstice maximum; Overhead Ozone: 300 du; Surface Albedo: 0.1; Ground Altitude: 0 km; Measured
Altitude: 0 km; Clouds Optical Depth/Base/Top: 0.00/4.00/5.00; Aerosols Optical Depth/S-S Albedo/Alpha:
0.235/0.990/1.000; Sunlight Direct Beam/Diffuse Down/Diffuse Up: 1.0/1.0/1.0; 4 streams transfer model

To estimate the UV-exposure time of SOA under atmospheric conditions, it was assumed that the
photodegradation rate scales in proportion to the convolution of spectral flux F(1), quantum yield

#(4), and absorption cross section o(4)

J= JF(A)d)()l)a(/l)d/l. (5.1)

The absorption cross section and quantum yield of many organic molecules found in SOA become
small at longer wavelengths:®8!, Thus, it is reasonable to limit the integration to the narrow range
of the LED emission assuming that not much photodegradation occurs at longer wavelengths. For
a narrow integration range, the scaling of photodegradation rates for two different light sources

can be approximated as the ratio of integrated spectral flux densities
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J F(D)LepdA
fF(/Datmosphered/ll

scaling factor = (5.2)

Using these equations, the spectral flux densities of the 305 nm LED and the 24-h average Los
Angeles spectrum (at sea level) were integrated from 290-330 nm. The 305 nm LED has a spectral
flux of 1.0 x 10 photons cm s using the power meter flux measurement. The more accurate
radiometer flux measurement was 4.1 x 10 photons cm?s™. The 24-h Los Angeles average
spectrum has an average Jnoz value of 4.05 x 103 s and spectral flux of 8.7 x 10 photons cm™s-
! The calculated experimental scaling factor of 0.47 and 1.2 (for radiometer and power meter
measurements, respectively) was used to convert experimental exposure times of 12 days into 6-

14 days of time spent in the Los Angeles atmosphere.
5.3.3 Measurement of SOA Viscosity as a Function of Relative Humidity

The viscosity of the particles was measured at different RH values using the poke-flow
technique.>3111:312314 For the poke-flow experiments, a slide with SOA particles was placed into a
RH-controlled flow cell coupled to an inverted optical microscope (AmScope, model ME1400TC-
INF). The SOA particles were conditioned at the respective RH of the poke-flow experiment by
continuously passing a flow (~0.5 L min) of dry or humidified nitrogen (Praxair, 5.0 grade) over
the particles. The dew point within the flow cell was continuously monitored using a hygrometer
(Hygro M4/E4, General Eastern Instruments). Similarly, the temperature of the flow cell was
continuously monitored using a thermocouple (Omega, model: FF-T-20-100) and maintained at T
=292 + 0.3 K for all experiments. The RH within the flow cell was calculated from the measured
dewpoint and temperature. For most experiments, the SOA particles were conditioned at the
respective RH for 2 h. In addition, for SOA generated by ozonolysis of d-limonene in an
environmental chamber, conditioning times ranging from 1 to 24 h were used (Fig. 5.3).
Viscosities were identical within the uncertainties after conditioning for 1 — 24 h, indicating that a
conditioning time of 2 h is sufficient for near equilibrium conditions. Also, separate tests showed
that evaporation of the SOA particles during the poke-flow experiments, even after 24 h, was less
than could be detected with an optical microscope (Fig. 5.4).
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Figure 5. 3: Dependence of viscosity on the time particles spent in the poke-flow cell before the measurement. To
ensure that particles were at equilibrium at a given RH, viscosities of d-limonene aged and control SOA were obtained
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Figure 5. 4: Particle evaporation tests in the flow cell used for poke-flow experiments. To check for possible
evaporation of the particles during poke-flow experiments, the particle area was monitored over the course of 24 h for
d-limonene aged and control SOA. Panel (a) represents exposure times under dry conditions (= 0% RH) in the poking
chamber, and panel (b) represents exposure times under 60% RH. The confidence bands represent the standard
deviation of repeated particle area measurements of a single particle at a given time point. SOA was produced by

ozonolysis in an environmental chamber.

During poke flow measurements, SOA particles with diameters of approximately 35-60 um were
poked with a tungsten needle (20 pm diameter, Roboz Surgical Instruments Co.) coated to make
it oleophobic (CYTONIX, QilSlip 110). The morphology of the poked particles was continuously
monitored using a CCD camera, capturing images at a rate of three frames per second. Poking
introduced a hole within the particles, usually leading to particles with a half-torus geometry. After
poking, the particle material flowed and returned to its energetically preferred spherical cap
geometry. The time required for the area of the hole (A) to decrease to one quarter of its initial

size, referred to as the experimental flow time (Texp,flow), Was determined and used to extract the
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particle viscosity.!1132! For highly viscous ( = 108 Pa s) particles that do not flow, a lower limit
of Texp,flow Was obtained, by assuming the radius of the initial hole decreased by 0.5 um during the
observation time in the experiments. Lower limit experimental flow times are denoted by upward
pointing arrows (e.g., Fig. 5.5). A decrease of 0.5 um in radius defines the spatial resolution of the
microscope and corresponds to a change in area of approximately 5-10%. For particles that
cracked upon poking, a lower limit of Texpflow Was obtained by assuming one of the edges of the
cracked particle moved by 0.5 um during the observation time in the experiments. These cases
also denote lower limits and are thus also denoted by upwards pointing arrows (e.g., Fig. 5.5).
Conversely, for particles with very low viscosities ( < 103 Pa s), Texp flow Was shorter than the time
between images captured with the CCD camera. In these cases, an upper limit of Texp flow Was
obtained by setting Texp,fiow aS the time between images. Upper limit flow times are denoted by

downward pointing arrows (e.g., Fig 5.5).
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Figure 5. 5: Summary of the experimental flow times (Texp,fiow) aS @ function of relative humidity obtained from room
temperature (292 K) poke-flow experiments. Black squares correspond to control SOA, red circles correspond to aged
SOA. Panel (a) corresponds to d-limonene SOA produced in an environmental chamber, panel (b) corresponds to d-

limonene SOA prepared in the flow tube and panel (c) represents a-pinene prepared in the flow tube.
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To obtain viscosities from the experimental flow times, fluid dynamics modelling was performed
to simulate the flow of the material in the poke flow experiments, using the COMSOL
Multiphysics® software (COMSOL Inc., v5.4), as detailed previously.®?! Within the model, the
flow of the SOA material was simulated using the observed Texp flow aS an input parameter, together
with the following material properties: density, slip length, surface tension, and contact angle.3?
The values of these material properties are summarized in Table 5.2. The particle viscosity in the
COMSOL simulations were varied until the modelled flow time (Tmodfiow) agreed with the
experimental flow time (Texp,flow) t0 Within 1%. Changes in the slip length has the largest effect on
the derived viscosity, followed by surface tension, and lastly contact angle. In the COMSOL
simulations the slip length, surface tension, and contact angle parameters were systematically

varied in order to obtain upper and lower bounds for the SOA viscosity.

Table 5. 2: COMSOL parameters used to simulate the experimentally observed flow times and determine the upper

and lower bounds of viscosities of the SOA particles.

SOA type Surface tension / mN m* Slip length / m Contact angle / °
d-limonene Control 25.92-45P 5x10°-1x10%°¢ 50.4-83.7¢
d-limonene Aged 25.9%-45° 5x109-1x10%¢ 55.5-65.0¢
a-pinene 25.32-45P 5x10°%-1x10%¢ 52.7-67.7¢

Control and Aged

2 As a conservative lower limit to the surface tension of the d-limonene and a-pinene SOA, the surface tension of the
pure liquids were used. Surface tensions were determined with the ACD/Labs Percepta Platform-PhysChem Module,
retrieved from ChemSpider January 14, 2022. ° This upper limit is consistent with surface tension measurements of
SOA at RH < 65% RH and surface tensions reported for alcohols, organic acids, esters, and ketones, as well as surface
tension measurements of water solutions containing SOA products.3?2-325 ¢ Range based on measurements of the slip
length of organic compounds and water on hydrophobic surfaces.3%6-3% ¢ Contact angles determined by measuring the
height and radii of individual droplets using a confocal microscope following the method of Chesna et al.**® Note: the
simulated viscosities depend only weakly on the contact angle. Changing the contact angle by +10% changes the
simulated viscosity on average by +15%, which is small compared to the overall uncertainties associated with the

simulated viscosities.
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5.3.4 High-Resolution Mass Spectrometry (HRMS) Analysis

The HRMS data were obtained using Ultra Performance Liquid Chromatography (UPLC) coupled
with a Thermo Q Exactive Plus orbitrap mass spectrometer equipped with an electrospray
ionization (ESI) source. The instrument is further discussed in Chapter 1 Section 1.6.4. The UPLC-
ESI-HRMS was operated in negative ion mode with a mass resolving power of ~10° at m/z 200,
and a spray voltage of 2.5 kV. The solvent consisted of a 1:1 (v/v) mixture of acetonitrile (Sigma
Aldrich, purity > 99.9%) and water (Sigma-Aldrich, HPLC grade). SOA were extracted from the
PTFE-filters, by submerging each filter in 15 mL of solvent within an orbital shaker (Thermolyne,
37600 Mixer) for 15 min, followed by dilution, achieving typical concentrations of around 400 pg
mL. Sections of the ion chromatogram with strong analyte intensity (intensity greater than 1 x
10") were integrated (3-16 min). Each PTFE filter extraction was run in triplicate through the
instrument and only HRMS-peaks that appeared in all three trials were used for molecular
assignment. In addition to the samples, a solvent blank was prepared following the same procedure

above, but using a control substrate without analyte.

The method applied here combining/coupling UPLC and HRMS is more accurate in measuring
relative ion abundances due to the chromatographic separation, compared to the previous study
(Chapter 4), where direct infusion of the analyte containing solvent into the MS-inlet was utilized,
which is prone to matrix effects.”® Matrix effects due to direct infusion have been shown to result
in changes in the ionization efficiency of analytes, ion suppression through charge competition, or
enhancement due to the presence of certain compounds, such as inorganic salts.34%342 Thus,
separating compounds before the ionization source can be effective in reducing the artifacts of

direct infusion.3°

HRMS-peaks were assigned molecular formulas following previous work.”®"® HRMS-peak
positions and relative abundances were extracted using the Decon2LS software package®*® and
peaks containing 3C isotopes were removed. All HRMS-peaks were assigned to the formulas
CxHyO; with an accuracy of £0.001 m/z units while constraining the assignments to H/C of 0.30—
2.25 and O/C of 0.00-2.30. Assignments were also constrained to closed-shell ions with even
nominal masses. The assigned ion formulas were corrected for the ionization mechanism. The
assumed ionization mechanism was deprotonation of the molecular compounds resulting in [M-

H] for negative ions. All the HRMS results are reported as formulas of neutral SOA compounds.
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5.4 Results

5.4.1 Viscosity of SOA with and without UV-aging

Figure 5.6 shows the measured viscosity of SOA generated by 1) ozonolysis of d-limonene in an
environmental chamber, 2) ozonolysis of d-limonene in a flow tube, and 3) ozonolysis of a-pinene
in a flow tube (see Chapter 1 Section 1.6). Aging by UV irradiation was achieved by placing a
substrate with deposited SOA into a flow cell, where it was irradiated by a UV-light emitting diode
(LED, centered at A = 305 nm) while passing particle and VOC-free air continuously over it (see
Section 5.3.2). A control sample was prepared by exposing SOA to the same amount of particle
and VOC-free air but without exposure to the UV radiation. The viscosity of control and aged

SOA particles was determined using the poke-flow technique (see Section 5.3.3).
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Figure 5. 6: Viscosity of SOA derived from ozonolysis of d-limonene and a-pinene measured at room temperature
(292 K). Shown are viscosities of control (black squares) and aged by UV exposure (red squares) SOA particles. Panel
() corresponds to d-limonene SOA produced in an environmental chamber, (b) corresponds to d-limonene SOA
produced in a flow tube, and (c) corresponds to a-pinene SOA produced in a flow tube. Error bars in the y-direction
correspond to the upper and lower limits of viscosities from the poke-flow experiments, error bars in the x-direction
correspond to the uncertainty in the relative humidity through measurement of the dewpoint using a chilled mirror

hygrometer. Upward arrows indicate lower viscosity limits, downward arrows indicate upper viscosity limits.

Figure 5.6 shows the viscosities for the control and aged SOA derived from d-limonene ozonolysis,
produced in an environmental chamber. The viscosities were calculated from the flow times (Fig.

5.5) observed during the poke-flow measurements. The measured viscosities of control limonene
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SOA are similar to previous measurements with similar mass concentrations (Fig. 5.7),2%7:344:345

which suggests that control samples are representative of fresh, unaged SOA.
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Figure 5. 7. Comparison of previously published viscosities of limonene SOA to the control d-limonene SOA
produced in an environmental chamber and flow tube. Mass concentrations used in the production of SOA are listed
for comparison.2®7:344345 Error bars from Petters et al. correspond to the uncertainty in the temperature extrapolated
glass transition temperature of + 10 K.3*

A striking result is the increase in SOA particle viscosity by several orders of magnitude after UV
exposure, across all RH values investigated. For instance, under dry conditions, aging resulted in
an increase in viscosity from 10°Pa s in the control d-limonene ozonolysis samples to at least 10°
Pa s in the aged samples. A control experiment was conducted to ensure that 12 days of UV
exposure (the same exposure used for the SOA samples) did not degrade the hydrophobic coating

and inadvertently effect the viscosity measurements (Fig. 5.8).
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Figure 5. 8: Control Experiments show that aging of hydrophobic coatings on glass slides by UV exposure does not
affect the viscosity measurements. This was done by nebulizing sucrose-water particles onto a hydrophobic glass slide
coated with Fluoropel 800 (CYTONIX) after the glass slide had been aged by UV-radiation (for 12 days). After
nebulization, the viscosity of sucrose-water particles were determined and compared to that reported in Grayson et al.
(2015).3%1 COMSOL simulation parameters used were those reported by Grayson et al. (2015).%%*

The same trend of increasing viscosity after UV exposure is observed for SOA generated from
ozonolysis of d-limonene in a flow tube (Fig. 5.6b). The similar results for d-limonene generated
in an environmental chamber and flow tube with different ozone concentrations and SOA mass
(Table 5.1), suggests relatively low sensitivity of the results to ozone exposure and SOA mass

concentrations.

An increase in viscosity driven by UV-aging was also observed for the SOA generated from
ozonolysis of a-pinene in a flow tube (Fig. 5.6¢). This shows that the effect of aging on viscosity
is not unique to SOA from ozonolysis of d-limonene. The measured viscosities of control a-pinene
SOA are at the lower end of previous measurements for fresh SOA (Fig. 5.9),31234 and similar to
predictions based on explicit modelling of gas-phase oxidation of a-pinene.®*’ The relative increase
in viscosity after UV-aging is apparent in all of the measurements and is expected to occur for
monoterpene derived SOA irrespective of the initial SOA viscosity.
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Figure 5. 9: Comparison of previously published viscosities of a-pinene SOA to the control a-pinene SOA. Mass
concentrations used in the production of SOA are listed for comparison of viscosities.3!234%347 For Galeazzo et al.

(2021),%# explicit modelling of gas-phase oxidation was performed using GECKO-A model.

The viscosity of all samples increased by 4 orders of magnitude after aging at 0% RH and upwards
of 2 orders of magnitude at 50% RH (Fig. 5.6). Increasing the RH led to a decrease in the viscosity
for both the control and aged SOA samples, due to water uptake into the particle phase (Fig. 5.6).
This behavior is expected as water is known to act as a plasticizer that decreases the viscosity of

the SOA material, 7882138314
5.4.2 Chemical composition of SOA after UV-aging

Figure 5.10a shows the mass spectra of control and aged d-limonene SOA samples generated in
an environmental chamber, as analyzed by liquid chromatography coupled to HRMS. All spectra
were normalized to the sum of peak abundance in each sample. Spectra were collected in triplicates
and only compounds present in all three independent runs were assigned to CxHyO, molecular
formulas (see Section 5.3.4). In HRMS experiments, control samples had 1003 assignable
formulas, and aged samples had 1428 assignable formulas including 673 assigned compounds that
were unique to the aged SOA. Highlighted in Fig. 5.10a are the monomer, dimer, and trimer
regions. Comparison of the mass spectra of control and aged SOA revealed that UV-aging led to
a smoothing of the mass distribution of organic compounds. This is evident from the “filling-in”
of the valleys between the monomer and the dimer, as well as between the dimer and trimer regions

of the mass spectra shown in Fig. 5.10a.
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Figure 5. 10: Chemical composition of control and aged d-limonene ozonolysis SOA. High resolution mass
spectrometry results of SOA produced from d-limonene ozonolysis in an environmental chamber and changes in
chemical composition due to UV-aging. Spectra were normalized to the sum of peak abundances per sample. Panel
(a) shows mass spectra of the control and aged samples. The control sample has well-defined monomer, dimer, and
trimer regions, indicated by the boxes, that are smoothed after UV-aging. A magnified view of the spectrum above
350 Da is also shown. Panel (b) shows the distribution of the number of carbon atoms per assigned compound that
smooths in the aged samples. Panel (c) shows the double bond equivalent (DBE) as a function of the number of carbon

atoms in assigned molecules. The aged SOA compounds tend to have a higher DBE compared to the control sample.

This smoothing of the mass distribution is even more apparent in Fig. 5.10b, where the distribution
of the number of carbon atoms per assigned compound is shown. Unlike the control samples,
where the regions for monomer, dimer, and trimer appear as distinctly different modes, the
distribution of the aged samples appear considerably more continuous. This smoothing
corresponds to an increase in the average molecular weight from 245.6 g mol™to 270.3 g mol?,
an increase of ~10% (Table 5.3).

Figure 5.10c shows the double bond equivalent (DBE) as a function of the number of carbon atoms
per assigned molecule.®® The aged SOA sample had compounds with increased DBE, particularly

at higher molecular weights and carbon atom numbers, compared to compounds in the control
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SOA sample. This is in contrast to known reduction in DBE in photodegraded dissolved organic

matter samples.34°

Table 5. 3: Summary of chemical composition characteristics of d-limonene ozonolysis SOA produced in an

environmental chamber and a flow tube, and of flow tube produced o-pinene ozonolysis SOA. Dimer-to-monomer

ratio is the ratio of combined peak abundances above 300 Da to that below 300 Da. This threshold was chosen as the

center between the modes of the monomer (peaking around 200 Da) and dimer (peaking around 400 Da) compounds.

All averages are weighted by the normalized peak abundance in the mass spectra. Both T organd Tg,org,uncorr are included

in the table to show the glass transition temperature with and without any corrections for the higher ionization

efficiency of higher molecular weight compounds in the HRMS measurements.

Dimer: Avg. MW Avg. Avg. Avg. Avg Tgorg  Tgorguncorr
0:.C H:C DBE /K /K
Monomer / g mol* #C
Ratio
Control
Chamber d-
limonene 0.332 245.6 0.54 1.52 4.14 11.24 273.1 287.1
SOA
Aged
Chamber d- 0.463 270.3 0.61 1.44 4,92 11.89 283.3 297.6
limonene
SOA
Difference 10.130 124.7 10.07 | 1008 1077 @ 1065 1102 1105
(aged — (39.2%) (10.0%) (12.2%) | (5.4%) | (18.7%) @ (5.8%) @ (3.7%) (3.7%)
control)
Control Flow
Tube d-
limonene 0.625 281.0 0.47 1.52 4.14 13.39 273.3 294.3
SOA
Aged Flow
Tube d-
limonene 0.871 313.9 0.55 1.42 5.21 14.22 287.0 307.4
SOA
Difference 10.246 1329 10.08 10.10 11.07 10.83 | 1137 113.1
(aged — (39.4%) (11.7%) (17.0%) = (6.6%) | (25.8%) | (6.2%) @ (5.0%) (4.4%)
control)
Control Flow
Tube
0.600 265.0 0.46 1.45 3.91 12.94 273.3 290.6
a-pinene
SOA
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Aged Flow

Tube a-
pinene SOA 0.765 290.1 0.51 1.39 4.63 1356 | 283.1 300.5
Difference 10.165 125.1 1 0.05 1 0.06 1072 | 10.62 19.8 110
(aged — (27.5%) (9.5%) (10.9%) | (4.1%) | (18.4%) | (4.8%) @ (3.6%) @ (3.4%)
control)

Overall, UV-aging of environmental chamber d-limonene SOA resulted in an average increase in
molecular weight, elemental oxygen-to-carbon ratio (O:C), number of carbon atoms per molecule,
and DBE by 10%, 12%, 6%, and 19%, respectively; while the hydrogen-to-carbon ratio (H:C)
decreased by 5% (Table 5.3). Similar changes in composition were also found in SOA particles
generated by ozonolysis of d-limonene and a-pinene in a flow tube (see Table 5.3, Figs. 5.11 -
5.12). An increase in molecular weight, O:C ratio, and number of carbon atoms per molecule have
all been correlated to an increase in particle viscosity.'%*0:35! Hence, the increase in particle

viscosity resulting from UV exposure observed here is most likely due to changes in these chemical

properties.
004 _ (a) 0.005
T ppssasecsens: | i
[2]
_'QC_-,J 0.02 N -0.005 T T T T T 1
E J J 350 400 450 500 550 600
§ 0 —.||‘s.,ml..||ﬂ.1||.,.F||.,,| |,.| | 4| e |r,JII].«IIL-l“L-ilh*liHILﬂh-qWﬂlb-.'r,l". At , ,
§.0024  ||" T Dimer O Trmer
= | Monomer
5 | te——_____ | Monomer .
Z -0.04 =~
-0.16 I !
| T T T ‘ T T T I T T T | T T | T T T ‘ T T |
100 200 300 400 500 600 700
Molecular Weight / Da
O Aged SOA © apn. [
3 O Control SOA am 2
~ [~~~ Monomer - 1 10
3 a0 i o
oy IS Q w
g B m
-8 ,Bi,nj?r,, Trimer 5
3 : B
PR u L
I I T | I T T ‘ T T I T T | T T | 0
10 20 30 40 0 10 20 30 40
Number of Carbon Atoms Number of Carbon Atoms

Figure 5. 11: HRMS analysis of d-limonene ozonolysis SOA produced in the flow tube and changes in chemical
composition due to aging. Panel (a) shows mass spectra of the aged and control samples. Control sample has well-

defined monomer, dimer, and trimer regions that are flattened after aging, as indicated by the boxes. Panel (b) shows
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the distribution of the number of carbon atoms in assigned compounds that flattens in the aged sample. Panel (c) shows
the double bond equivalent (DBE) as a function of the number of carbon atoms per assigned molecule for both aged
and control samples. Aged sample compounds have a higher DBE compared to control samples.
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Figure 5. 12: HRMS analysis of a-pinene ozonolysis SOA produced in the flow tube and changes in chemical
composition due to aging. Panel (a) shows mass spectra of the aged and control samples. Control sample has well-
defined monomer, dimer, and trimer regions that are flattened after aging, as indicated by the boxes. Panel (b) shows
the distribution of the number of carbon atoms in assigned compounds that flattened in the aged samples. Panel (c)
shows the double bond equivalent (DBE) as a function of the number of carbon atoms per assigned molecule for both
aged and control samples. Aged SOA compounds have a higher DBE compared to control samples.

The smoothing of the distribution (Figs. 5.10a,b — 5.12a,b) and the increase in the average
molecular weight (Table 5.3) are caused by the condensed-phase photochemical reactions
occurring during the aging process. Previous studies have also found a smoother molecular weight
distribution after UV-aging of SOA.”®"® Tropospheric UV irradiation (A > 300 nm) has been shown
to efficiently break carbonyl compounds through Norrish type-I and type-I1 reactions resulting in
free radicals.8%1%32 The size of the radicals depends on the placement of the carbonyl group
within the molecular skeleton. Because of the wide distribution of radical sizes and their secondary
reactions, such as radical-radical recombination, they can produce a wider distribution of organic

compounds, thus smoothing the distinction between the monomer and dimer compounds that is

124



present in the control SOA material. The results in Figs. 5.10a,b - 5.12a,b are consistent with a
radical-radical recombination mechanism, with compounds unique to aged SOA appearing at
higher carbon numbers. The smoother distribution may also be attributed to a Norrish
photochemical mechanism,’®7%97 followed by the possible formation of carboxylic acid functional

groups and subsequent dehydration and esterification reactions.”®:94156:3%3

The results shown in Figure 5.10 and Table 5.3 further highlight an interesting difference between
photolytic studies of organic compounds in SOA samples at low relative humidities versus
photolytic studies of SOA in dilute aqueous solutions, where the average molecular weight
decreases and both dimers and trimers have been reported to become degraded.*”?"> While the
underlying reason for this is still unknown, the difference could be due to changes in diffusion
times of radicals that are produced during the UV exposure. Another possibility is the larger
oxygen depletion in studies using SOA particles, compared to photolysis in dilute aqueous
solutions. Additional studies are needed to better understand the specifics of the photochemical

processes in different phases.

In the previous work (Chapter 4), using similarly prepared SOA material, but using direct infusion
instead of liquid chromatography HRMS, an increase in molecular weight after UV-aging was not
observed.” The current study is more accurate in measuring relative ion abundances due to
chromatographic separation reducing matrix effects that can occur with direct infusion.34%-34 The
current results are consistent with a recent study that observed an increase in average number of
carbon atoms, O:C ratio, and DBE after UV-aging of SOA."”

5.4.3 Prediction of SOA Viscosity Based on HRMS Data

To link viscosity data (Fig. 5.6) to the molecular composition (Fig. 5.10) the HRMS data were
used to predict viscosities, following the approach of DeRieux et al.®*° Viscosity as a function of
RH was predicted using the method described by DeRieux et al. (2018).3%° This method involves
predicting the glass transition temperature from molecular composition. Following this approach,

the glass transition temperature Tg,i for a single compound i is given by:

Tyi = (ng + ln(nc))bc + In(ny)by + In(nc) In(ny) bey + In(ng) by + In(ne) In(ng) bep,  (5.3)
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where n., ny, and n, are the number of carbon, hydrogen, and oxygen atoms in compound i,
respectively. Values of coefficients are 12.13, 10.95, -41.82, 21.61, 118.96, -24.38 for

nQ, bc, by, bey, bo, and be, respectively.

The T4 of the SOA under dry conditions (Tg,0rg) Was estimated using the Gordon-Taylor equation
(eqg. 5.4), and assuming a Gordon Taylor constant of 1 for each organic component within the
SOA:3

Tg,org = z WiTg,i , (5.4)
i

where w; is the mass fraction of an organic compound i in the mixture.®* For all HRMS-based
viscosity predictions, w; was calculated using the peak abundances from the HRMS data (/;) while
correcting for the overionization of compounds with higher unsaturation (represented by the
(H: C); ratio) and molecular weight (M;) using the method developed by Nguyen et al. (2013) (eq.
5.5).%%® Note that assumed the effective limit of detection was assumed to be zero. This is a
reasonable approximation, as previous work has demonstrated that limit of detection decreased
quickly at higher adjusted mass.®® In these experiments, over 90% of detected compounds have
an adjusted mass larger than 250 Da, resulting in a small LOD. For comparison, the T4 of the SOA
under dry conditions, not correcting for overionization of compounds, (Tg,orguncory Was also
calculated using eq. 5.4, but setting w; = I;, and is shown in Table 5.3.

Ii Ii
adjusted mass  (H:C); X M;’

(5.5)

The Tg0rg Was then used to calculate the corresponding viscosity using modified forms of the

Vogel-Tammann-Fulcher (VTF) equation:3°

To(RH)Dfrag

N(RH,T) = nee T-To(RH) | (5.6)

where 7. is the viscosity at infinite temperature (10 Pa s),36357 Dq is the fragility parameter,
and To(RH) is the RH-dependent VVogel temperature. Rearranging eq. 5.6 and solving for To(RH)
yields:
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n (n(RH, 292 K)

o

) £ (292 K)

n(RH, 292 K)) '
Neo

To(RH) =

(5.7)
Dfrag + ln(

The fragility parameter describes the deviation from an ideal Arrhenius behavior of the
temperature dependence of viscosity.>*° Here, a value of Dirag = 10 was assumed based on DeRieux
et al.*? and Shiraiwa et al.'*> who showed a correlation between Dsrag and molar mass, with the
fragility reaching a lower limit of 10.3 at higher molar masses, starting at ~200 g mol™
(overlapping with the average molar mass of SOA studied here). It is further assumed that the

fragility parameter is independent of RH, as done previously,!15350:358.359

Modifying the VTF equation (eq. 5.6 and 5.7) by assuming the viscosity at infinite temperature to

be 10° Pa s, and the viscosity at the glass transition temperature to be 10'?Pa s **' yields:

TyD

log(n) = —5 + 0.434 7‘3+T7j“: (5.8)
39.17T,

To(RH) = 9279 (5.9)

Dfrag +39.17

Here, n is the viscosity of the organic mixture, Dg.,q is the fragility constant (assumed to have a

value of 10; see above), and T is the temperature that the viscosity measurements were performed
(292 K).

Figure 5.13 shows a comparison of the experimentally measured viscosity values under dry
conditions (filled circles) and those predicted by the parametrization (open squares). The predicted
viscosities for the control SOA samples are 2—3 orders of magnitude higher than the measurements,
depending on the SOA type. Nevertheless, a difference in predicted viscosities between control
and aged samples is evident with a UV-induced increase in viscosity by 2—3 orders of magnitude.
This further confirms that the experimentally observed increases in viscosity is driven by the

changes in chemical composition.
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Figure 5. 13: Chemical composition-based viscosity predictions. Measured viscosities of ozonolysis derived control
and aged SOA (red and black filled circles) along with predicted viscosities (red and black open squares) under dry
conditions. Viscosities were predicted using the approach of DeRieux et al.®® with the high-resolution mass
spectrometry composition (Figs. 5.10-5.12) as input. Error bars in the y-direction correspond to the upper and lower

limits of viscosities from the poke-flow experiments. Upward arrows indicate lower limits.

The overestimated viscosity predicted by the approach of DeRieux et al.**° could be due to
uncertainties in the parameters used within the parametrization. An important limitation that
should be noted is that this parameterization does not consider molecular structure or functionality
explicitly. The overestimated viscosities could also be due to uncertainties in the assumptions used
to calculate relative abundance of each compound in the SOA mixture from the high-resolution

mass spectrometry data.

A more definitive metric in comparing the effects of UV-aging on SOA viscosity is the value of
Ty itself because its prediction depends on fewer parameters compared to the prediction of the
sample viscosity. Predictions of Tq rely solely on the chemical formulas of the organics in the SOA
samples. Comparing these values reveals an increase in Tq by 10.2 K, 13.7 K, and 9.8 K for
environmental chamber produced d-limonene ozonolysis SOA, flow tube produced d-limonene
ozonolysis SOA, and a-pinene ozonolysis SOA, respectively (Table 5.3). Overall, both prediction
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metrics show that UV-aging of SOA results in a substantial increase in viscosity and indicate that
the experimentally determined increases in viscosity can be attributed to the changes in chemical

composition.

5.5 Atmospheric Implications

In the troposphere, the RH often varies from 10% to 100%, and the temperature often varies from
approximately 205 K to 300 K.3® To extrapolate the results to other RH values and temperatures,
a parameterization was developed to calculate the viscosity of control and aged SOA as a function
of both RH and temperature based on the experimental room temperature data. The

parameterization is discussed below.

5.5.1 Calculations and Parameterizations for Viscosity and Mixing Times of Organic
Molecules within SOA

5.5.1.1 Diffusion Coefficients and Mixing Times of Organic Molecules

Viscosities (1) can be used to calculate diffusion coefficients of the organic molecules (Dorg) within
the SOA, using the (classical) Stokes-Einstein (SE) relation:36!

kT
6mn(RH, T)Rgige

Dorg(RH, T) = (5.10)

where k is the Boltzmann constant, T is the absolute temperature in units of Kelvin, and Ragift
denotes the hydrodynamic radius of the diffusing organic molecule. Here, Rgifr was estimated to
be 0.44 nm and 0.42 nm for UV-aged and control SOA particles, respectively, for SOA derived
from d-limonene ozonolysis.*! These estimates are based on the average molecular weights of the
SOA (270 g mol* for aged SOA; 246 g mol™* for control SOA,; see Table 5.3), an assumed material
density of 1.3 g cm,%62-3%% and assuming spherical geometry for the diffusing organic molecules.
Diffusion coefficients estimated using the SE equation have been found to be in reasonable
agreement with measured diffusion coefficients of organic molecules, if the radius of the diffusing
molecules is equal to or greater than the radius of the molecules making up the (organic) matrix,

and if the SOA particle viscosities are between 107 to 10° Pa s.3%

The diffusion coefficients were converted to characteristic mixing times, zmix,dp,org, USING the

following equation:36®
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dp
472D g (RH, T)’

Tmix,dp,org(RH; T) = (5.11)

where dp is the diameter of the SOA particles. Mixing times denote the characteristic time required
for the concentration of the diffusing organic molecules at the center of the aerosol particle to
deviate from the thermodynamic equilibrium concentration by less than 1/e, assuming nonreactive
gas-particle partitioning.%® Mixing times for SOA particles having a diameter of 200 nm were
calculated, typical for atmospheric SOA,%3¢7368 and corresponding to accumulation mode

particles.! The calculated mixing times are shown below.
5.5.1.2 Prediction of SOA Viscosity as a Function of Relative Humidity and Temperature

The particle viscosities as a function of RH can be predicted using a mole-fraction based Arrhenius
mixing rule.®°*° This approach has previously been applied to experimentally determined
viscosities for SOA derived from p-caryophyllene ozonolysis.*** Following a similar approach, the

mixing rule can be expressed as:3"

1Og(norg,wet) = Xorg log(norg,dry) + (1 - Xorg) 108(770), (5'12)

where 7orgwet 1S the viscosity of the SOA-water mixture, #orgdry IS the viscosity of the dry SOA
material, free of water and corresponding to the experimental results at 0% RH, 7, is the viscosity
of pure water (10 Pa s at T = 293 K),** and yorg denotes the mole-fraction of organics in the SOA-

water mixture. The mole-fraction of organics was calculated as:

Worg

Xorg = , (5.13)

where Worg is the weight fraction of the SOA, Marq is the average molecular weight of the SOA

determined by high resolution mass spectrometry (see Table 5.3).

Values of worg Were calculated as:*°

Worg = (1 +k (1 fwaw)>_1, (5.14)
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where ayw is the activity of water, and « is a mass-based hygroscopicity parameter of the SOA
material®’2. Upon fitting eq. 5.12 to the RH-dependent viscosity data, x values were determined to
be 0.025 for both aged and control d-limonene SOA (Fig. 5.14). These x values are solely used for
the parameterization of viscosity, and not to derive physical meaning from them. Parameterized
viscosity as a function of RH for aged and control d-limonene SOA produced in an environmental

chamber are shown in Fig. 5.14.

In order to extrapolate the RH-dependent, room-temperature viscosity values n(RH, 292 K) to

other temperatures found in the troposphere n(RH, T), the VTF equation was used (eq. 5.6).%>°
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Figure 5. 14: Parametrization of the dependence of viscosity on water activity for (a) control, and (b) aged SOA

derived from d-limonene ozonolysis.
5.5.2 Viscosity and Organic Mixing Time Profiles in the Atmosphere

The following data focuses on the results of d-limonene SOA generated in an environmental
chamber (Fig. 5.15a,b), but similar results are expected for d-limonene SOA and a-pinene SOA
generated in a flow tube. The parameterization (Section 5.5.1.2) as a function of both RH and
temperature revealed that the viscosity of SOA particles, especially after UV—-aging, can be very
high when the temperature is below 285 K and the RH is below 80% (Fig. 5.15a,b). The
parameterization also shows that UV-aging will increase viscosity by several orders of magnitude

for a range of RH and temperature conditions (Fig. 5.15c¢).
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Figure 5. 15: Viscosity of control and aged d-limonene SOA as a function of RH and temperature. Panels (a) and (b)
show the viscosity of control and aged d-limonene SOA, respectively. Panel (c) represents the ratio of the viscosity of
aged to control d-limonene SOA, demonstrating the increase in viscosity from UV-aging. Grey shaded areas indicate
when the viscosity is larger than 10%2 Pa s, which corresponds to a glass state. Data shown corresponds to SOA
produced in an environmental chamber by ozonolysis.

To estimate zonally-averaged SOA particle viscosities in the troposphere, the parameterization for
the viscosity of control and aged SOA as a function of RH and temperature (Fig. 5.15a,b) was
combined with annual averaged RH and temperatures profiles in the troposphere from a global
climate chemistry model for the years 2005-2009.31° The results are shown in Fig. 5.16. After UV-
aging, viscosities are high (1 > 10° Pa s) for most parts of the free troposphere (1-18 km) (Fig.
5.16b). In addition, viscosities are often several orders of magnitude larger for aged SOA compared
to control SOA at the same altitude (Fig. 5.16c).
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Figure 5. 16: Zonally-averaged SOA viscosity as a function of altitude and latitude in the troposphere. A comparison
of the effect of aging by UV-radiation on the zonally-averaged SOA viscosity as a function of altitude and latitude in
the troposphere. Panels (a) and (b) represent viscosity for control and aged d-limonene SOA respectively. Panel (c)
represents the ratio of viscosity of aged and control d-limonene SOA. Grey shaded areas indicate viscosities were
above 10% Pa s, which corresponds to a glass state. Data shown correspond to SOA produced in an environmental
chamber by ozonolysis.

The viscosities of SOA can be used to infer the phase state of the SOA particles (Fig. 5.16). SOA
will be liquid when the viscosity is below 102 Pa s, semi-solid when the viscosity is between 102
to 10'2 Pa s, and glassy when the viscosity is greater than 102 Pa s.12° On average, control SOA
will mostly be in a liquid phase state below about 2 km, a semi-solid phase state between 2 to 8
km, and a glassy phase state at altitudes above 8 km (Fig. 5.16a). In contrast, after UV-aging, the
SOA particles will most often have a liquid phase state at 1 km and below, a semi-solid phase state
between 1 to 6 km, and a glassy phase state above 6 km (Fig. 5.16b).

While the role of organic aerosols for ice nucleation is still a matter of ongoing debate,*° one key
conclusion emerging from previous studies®’>%! is that the phase state of organic aerosol strongly
affects their ice nucleation ability, with organic aerosol particles requiring highly viscous or glassy
phase states to potentially act as heterogeneous nuclei for ice clouds.3%373375.380 Ag discussed
above, UV-aging leads to a glassy phase state at approximately 2 km lower altitudes in the

troposphere (Fig. 5.16). Therefore, if the effects of UV-aging on SOA viscosity observed here
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extend to atmospheric SOA, such aging processes could denote unrecognized sources of nuclei for

ice clouds, with important implications for Earth’s energy budget and climate.

Mixing times of organic molecules within SOA particles are important for predicting the growth,
evaporation, and size distribution of SOA, and hence, air pollution and climate. It is often assumed
in chemical transport models, which are used to assess air quality and aerosol-climate effects, that
the mixing of organic molecules within SOA particles occurs faster than the time step used in the
models, which is on the order of 0.5 to 1 h.}4¢8 To estimate mixing times of organic molecules
within SOA particles from the viscosity data, the zonally-averaged viscosities shown in Fig. 5.16
were used to estimate mixing times of organic molecules within SOA particles with a diameter of
200 nm (Fig. 5.17). A particle diameter of 200 nm was used to represent typical atmospheric
accumulation mode SOA particles.® The results, shown in Fig. 5.17, reveal that after UV-aging,
mixing times within 200 nm SOA particles can often be larger than 0.5 h for most parts of the free
troposphere contrary to the assumptions frequently used in chemical transport models.
Furthermore, the mixing times after UV-aging is several orders of magnitude longer than for
control SOA (Fig. 5.17c). Hence, UV-aging should be considered when estimating mixing times
of organic molecules within SOA and when modelling the growth, evaporation, and size
distributions of SOA.
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Figure 5. 17: Zonally-averaged mixing times of organic molecules within 200 nm SOA. A comparison of the effect
of aging by UV-radiation on the zonally-averaged mixing times of organic molecules within 200 nm SOA. Panels (a)

and (b) represent spatial distribution of mixing times of organic molecules for control and aged d-limonene SOA,
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respectively. Panel (c) represents the ratio of mixing times of organic molecules of aged and control d-limonene SOA.
Grey shaded areas indicate that mixing times of organic molecules were not-determined; since the viscosities used to
calculate mixing times were above 10*2 Pa s, and the Vogel-Tammann-Fulcher equation does not accurately predict

viscosities above 102 Pa s. Data shown correspond to SOA produced in an environmental chamber by ozonolysis.

While the findings indicate that UV-aging of d-limonene and a-pinene derived SOA leads to an
increase in viscosity, the modelling studies did not account for the change in mass loading with
altitude and other atmospheric aging processes.!*® In tandem, these processes would lead to even
lower viscosities than predicted with this parameterization. Further studies are necessary with SOA
generated with lower mass loadings. Additional studies are also needed to determine if these
findings apply to other aerosol types, such as SOA from isoprene and aromatic hydrocarbons and
aerosols from biomass burning. Also, studies are necessary to determine the effect of UV aging on

the ice nucleating ability of SOA.

In summary, this study makes the first attempt to quantify the effect and magnitude of UV-aging
on the viscosity of SOA particles. Results show that aging of SOA by exposure to UV-radiation
over multiple days can increase viscosity by several orders of magnitude or more. The increased
viscosity likely leads to increased abundance of highly viscous, glassy SOA particles that can
potentially act as ice nucleation particles and impact ice cloud formation and climate. In addition,
these results show that the mixing times of organic molecules within a SOA particle increase
significantly after UV-aging, with implications for predicting of growth, evaporation, and the size
distribution of SOA. Overall, the results underscore the need to consider the effects of UV-aging

when predicting the properties of SOA and their environmental impacts.
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Chapter 6: Summary and Future Work
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6.1 Research Goals

Secondary organic aerosols (SOA) constitute a significant fraction of particulate matter (PM) and
since SOA is not well understood, it remains a large source of uncertainty in climate prediction
models. SOA are formed in the atmosphere through the oxidation and subsequent particle phase
partitioning of volatile organic compounds (VOCs). VOCs are emitted from various natural and
anthropogenic sources. Biogenic terpenes (e.g., isoprene, a-pinene, d-limonene, B-caryophyllene)
and anthropogenic compounds (e.g., toluene, naphthalene, diesel, p-xylene) are some of the most
studied SOA precursors. SOA chemical composition is extremely complex, which heavily
contributes to the uncertainty on the net effect of aerosols on Earth’s climate. This uncertainty is
enhanced by the fact that SOA can chemically and physically transform as it slowly disperses
through the atmosphere, a process known as aging. There are multiple pathways through which
aging can occur. An aging pathway of particular interest is condensed-phase photochemical aging
driven by ultraviolet (UV) solar radiation. The goals of this research were to investigate the
condensed-phase photochemical aging of SOA in order to better understand and predict the effects

of SOA on air pollution and climate.

More specifically, the research questions of this dissertation were: 1) How can photosensitized
reactions change the chemical composition of SOA? 2) What types of compounds can be oxidized
into the particle phase through photosensitized reactions? 3) How fast do these photosensitized
reactions occur? 4) What are the photolytic lifetimes of SOA from various precursors? 5) How
does relative humidity affect the photodegradation rates of SOA? 6) What are the chemical
composition changes due to long term photodegradation? 7) What effect does this composition

change have on the physical and chemical properties of SOA?

6.2 Studying the Photosensitized Reactions Occurring in Anthropogenic SOA

Chapters 2 and 3 discussed the photosensitized reactivity occurring in naphthalene derived SOA.
Chapter 2 examined the triplet reactivity of select carbonyl compounds that are known
photosensitizers that can be found in SOA using nanosecond transient absorption spectroscopy.
The SOA arising from the photooxidation of naphthalene was also investigated and was found to
exhibit photosensitized chemistry. The lifetime of the transient states decreased with increasing
halide concentration, indicating a reaction between the two with quenching rate constants ranging

from 10° M* st with iodide ions to less than 10° M st with chloride ions. The halide-triplet state
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reactions produced the corresponding radical anion (e.g., 12", Cl>™) along with halogenated and
more oxidized organic compounds as identified using liquid chromatography and mass
spectrometry. Combining the study of these individual and known photosensitizers with those
formed in the atmosphere demonstrates that tropospheric photosensitization may involve a large
variety of compounds and will introduce previously unconsidered chemical pathways that impact

atmospheric multiphase chemistry.

Chapter 3 extended the discussion of photosensitized reactivity by studying the photosensitized
uptake of SO (a key pollutant) into naphthalene photooxidation SOA. SOA was produced in an
oxidation flow reactor, size selected, and flown into a relative humidity (RH) controlled flow tube
surrounded by UV lights. SO2 was injected into the flow tube where the photosensitized particle
growth occurred. The aerosol particles were observed to grow in size and sustain photosensitized
processes resulting in the production of particle phase sulfate (0.2 — 0.3 ug m h™). Sulfate was
also formed in the dark, probably due to the presence of organic peroxides. The dark and
photochemical pathways exhibited different trends with RH, which suggested different
contributions from bulk and surface chemistry. Aerosol particles were also observed to grow in
size by the photosensitized uptake of d-limonene and B-pinene. As naphthalene and other
polycyclic aromatics are important SOA precursors in the urban and suburban areas, these

photosensitized reactions are likely to play an important role in sulfate and SOA formation.

A logical next step in this study would be to investigate the photosensitized uptake of VOCs that
could take place during biomass burning events. These events produce aerosol plumes that contain
photosensitizing aromatic compounds such as nitrocatechol and nitrophenol.#238 Experiments can
be done where biomass burning organic aerosol (BBOA) is produced and collected onto a
substrate, followed by exposing the BBOA to sunlight and a VOC flow. The VOC concentration
could then be monitored during the photosensitizing process in order to calculate an effective

uptake coefficient of the VOC to incorporate into models.

6.3 Studying the Photodegradation of SOA

Chapters 4 and 5 discussed the long term photodegradation of SOA and what effect it has on its
physicochemical properties. Chapter 4 discussed the long term photodegradation of SOA derived

from biogenic and anthropogenic sources. The SOA photodegradation rates were measured using
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a quartz crystal microbalance (QCM). In all 305 nm irradiation experiments, the initial mass loss
rate was high (corresponding to 1-5% fractional mass loss per hour), but it slowed down after 24
h of irradiation, with a photorecalcitrant fraction of SOA degrading much slower (<1% fractional
mass loss per hour). The mass loss rates were observed to increase at a higher relative humidity
because volatile photoproducts could diffuse out of SOA faster. Long-term changes in the
chemical composition of d-limonene ozonolysis SOA were examined using high-resolution mass
spectrometry (HRMS) and revealed a more complex mixture of species after photodegradation
compared to the initial SOA. These experiments confirmed that condensed phase photodegradation
is an important aging mechanism to consider during long range transport and the degradation

profiles reported in this chapter should be used in aerosol mass prediction models.

Chapter 5 expanded on the results from Chapter 4 by attempting to answer the question: what is
the viscosity of SOA that has undergone long term photochemical aging? These experiments
involved UV aging biogenic derived SOA (i.e., d-limonene and a-pinene SOA) over the equivalent
exposure of 6-14 days in the Los Angeles atmosphere followed by measuring the SOA viscosity.
Results indicated that the viscosity and characteristic mixing times of organic molecules within a
200 nm diameter SOA particle can be as much as five orders of magnitudes larger for aged SOA
compared to unaged SOA throughout most of the troposphere. This increase in viscosity and
mixing times was consistent with an increase in average molecular mass and oxygen-to-carbon
ratio of the organic molecules constituting the SOA material, as determined by HRMS. The
increase in viscosity likely leads to an increased abundance of glassy SOA particles that can act as
ice nuclei in the atmosphere. Furthermore, the increase in viscosity and mixing times can impede
gas-particle partitioning and heterogeneous chemistry. Overall, results clearly demonstrate that
UV-aging needs to be considered when predicting the environmental impacts of SOA. Future
studies should be conducted investigating if this increase in viscosity and mixing times due to UV
aging is also observed in SOA derived from anthropogenic precursors (e.g., naphthalene, toluene)
and BBOA.

Furthermore, it will be important to quantify the mass loss rates of BBOA due to UV degradation.
Smoke plumes from biomass burning events can loft aerosols high into the troposphere, where
they can spend a long-time aging and can potentially have a significant on the Earth’s climate.

Some preliminary work has been done on this topic, and it is discussed below.
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6.4 Preliminary Results on the UV degradation of Ambient BBOA

BBOA contributes to a substantial amount of PM in the atmosphere and heavily affects the Earth’s
climate and air pollution. As such, it is important to fully understand photochemical lifetimes of
BBOA in the atmosphere as well as its effects on the global VOC budget. During biomass burning
events, smoke plumes can loft aerosols high into the troposphere where they can spend a long time
interacting with sunlight and undergo photochemical aging. In order to better understand the fates
of these aerosols as well as compare results from laboratory generated aerosols to ambient aerosols,
experiments were conducted investigating the photodegradation rates of ambient BBOA along
with the VOC photoproducts produced during photodegradation.

Ambient BBOA was collected onto QCM crystals using a micro orifice uniform deposit impactor
(MOUDI) during the Bond Fire biomass burning event taking place on December 3, 2020 in the
Santiago Canyon, California (33.777°N 117.638°W). Sampling took place at Rowland Hall Irvine,
CA (33.644683°N, 117.843770°W) over the course of 24 h with a 23 L min*inlet flow. Three
samples could be collected during this time (Figure 6.1). The collected material included not only

BBOA but also background aerosol but the presence of biomass smoke in the air was obvious from

its characteristic odor.

Figure 6. 1: Ambient BBOA sampling on December 3, 2020. Bond fire samples were collected onto three QCM

crystals using a MOUDI over the course of 24 h at 23 L mininlet flow.
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Photodegradation experiments were conducted using the setup shown in Figure 6.2, similar to the
experimental setup in Chapter 4. Briefly, the setup features a proton transfer time of flight mass
spectrometer (PTR-MS) and QCM to measure the photoproduced VOC concentrations and mass
loss rates, respectively. A 305 nm LED was used as the irradiation source at the same power as
previous experiments (Chapters 4 & 5). That is to say, the LED flux (4.1 x 10 photons cm?s?)
over the wavelength range of 290 — 330 nm is roughly equally to the 24 h average flux (8.7 x 10
photons cm™? s?1) in the Los Angeles summer over the same wavelength range. The PTR-MS
sampled the headspace of the QCM substrate at a flow rate of 80 cm® min (sccm) while a clean
air generator supplied 70 sccm of air flow, and the remaining 10 sccm was supplied from the room
air through a HEPA filter to remove any particles. This was done to ensure the QCM system was
not being pressurized, as this would affect the QCM stability, and to provide a consistent total flow
of 80 sccm over the BBOA substrate. Having the PTR-MS sample at 80 sccm with 80 sccm flow
from the clean air generator (without the HEPA filter) resulted in pressure fluctuations (observed
in QCM data), likely due to small fluctuations in the PTR-MS inlet flow.

LED
Dry Air
—.(
CaF> Window
I 2 ? MFC [] 70 SCCM
|
3.4cm )
To PTR-MS l HEPA Filter ‘
- QCM Substrate I 0—= Makeup Air
80 SCCM 10 SCCM
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Figure 6. 2: Ambient BBOA photodegradation setup with a 305 nm LED as the irradiation source. The PTR-MS
sampled the headspace of the QCM substrate to measure the photoproduced VOC concentrations while the QCM

measured the mass change due to photodegradation.

6.4.1 Ambient BBOA Photodegradation Rates from QCM Analysis

Figure 6.3a shows the QCM data fractional mass loss rate (FMLR) of the Bond fire organic aerosol,
where 0.05 h'! represents 5% of the mass being lost after 1 h of photodegradation (as discussed in
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Chapter 4). The FMLR profile of d-limonene ozonolysis SOA (data from Chapter 4 using the same
305 nm LED) is also plotted for comparison and shows similar degradation rates during the
irradiation time period shaded in blue. After the LED was turned off, the Bond fire degradation
decayed back to zero. Note that the d-limonene ozonolysis SOA photodegradation continues after
the blue shaded region because the d-limonene SOA data are taken from the long-term
photodegradation experiments (Chapter 4). Due to the low amount of ambient BBOA collected on
each sample, and the fact that calculating FMLR requires normalizing to the collected aerosol
mass, the noise in the data is amplified. This is visible when comparing BBOA data with ~63 pg
of aerosol mass collected with d-limonene ozonolysis data with ~ 1 mg of aerosol mass collected.
Another experiment was conducted where the LED was turned on and off to ensure that the FMLR
was greater than zero during photodegradation and returned back to zero in the absence of UV
radiation (Fig. 6.4a). In both figures, the spikes in the data are due to the LED being switched on
and off, which causes a sudden shift in the QCM crystal temperature, which subsequently affects

the oscillation frequency and calculated FMLR.
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Figure 6. 3: a) QCM data showing the FMLR of Bond Fire Organic Aerosol compared to d-limonene ozonolysis SOA
FMLR using the same 305 nm LED. The blue shaded region indicates when the LED was turned on for the Bond fire
organic aerosol experiment. The d-limonene ozonolysis SOA photodegradation continues after the blue shaded region
because it is data taken from the long-term photodegradation experiments (Chapter 4). b) PTR-MS data showing the
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photoproduced VOC concentrations while photodegradation takes places. PTR-MS and QCM data were acquired at

the same time.
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Figure 6. 4: a) Cyclical photodegradation of Bond Fire organic aerosol. FMLR decays back to zero after the irradiation
(blue shaded region) ends. b) PTR-MS data showing the photoproduced VOC concentrations while photodegradation

takes places. PTR-MS and QCM data were acquired at the same time.

Comparing the three photodegradation periods in Figures 6.3a and 6.4a shows that there is a large
variation in the FMLR values from 1.1 x 103 h to 2.1 x 102h%, thus an average value of 1.05 x
102 + 8 x 103 h'l is tentatively assumed based on the admittedly small sample size. One reason

for the large variation in FMLR values is that the QCM samples used in each trial were from
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different stages of the MOUDI, where each stage collects aerosols of a different size range. Thus,
the particles collected and photodegraded on Stage 7 (Fig. 6.3a) may have a different chemical
composition than the photodegraded particles on stage 8 (Fig. 6.4a).

As discussed in Chapter 4, the photodegradation FMLR values of aerosols are not constant and
can decay substantially over longer irradiation periods. Thus, a more long-term investigation on
the photodegradation rates of BBOA (with more aerosol mass deposited) is needed. This would
also show if there is a photorecalictrant fraction present, which may have an increased viscosity

with implications for cloud formation and toxic pollutant transport (Chapter 5).
6.4.2 Photoproduced VOC Concentrations from Ambient BBOA Photodegradation

As the QCM monitored change in mass during the photodegradation process, the PTR-MS was
sampling the headspace of the QCM substrate to monitor the photoproduced VOC concentrations.
This is shown in Figures 6.3b and 6.4b, with formic acid, acetic acid, and formaldehyde being
released from the irradiated BBOA. These compounds are expected to be formed as a product of
Norrish type photolysis, as discussed in previous studies®®®.1%5 and in Chapters 4 & 5. It is
important to note that the VOC concentrations were corrected so that the concentration before the
irradiation period was zero, but this correction was small (typically less than 2 ppbv). VOC
concentrations increased exponentially after irradiation began until reaching a steady state
concentration (Fig. 6.3b). VOC concentrations decayed back to zero after the LED was turned off,
indicating that the VOC production is due to BBOA photodegradation. This is more evident in
Figure 6.4b where the VOC concentrations follow the cyclical irradiation periods, with VOC
production during irradiation, production returning to zero after the LED is turned off, and
increasing again once the LED was turned back on. Formic acid concentrations seem to take longer

to decay back to zero, likely due to formic acid adsorbing reversibly onto the PTR-MS inlet tubing.

These photoproduced VOC concentrations can be converted into the normalized rate of mass loss
(i.e., FMLR) from BBOA material due to a given photoproduct using the equations below. Under
the steady state conditions of the experiment, the rate of production of a given VOC, rate
(molecules s?), can be related to the concentration (C) of the VOC in the flow and the flow rate
(F) of clean air through the QCM system.

rate = F X ( (6.1)
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Normalizing this rate to the mass of BBOA collected on the substrate, mggo,4 (9), and converting
from mixing ratio to number concentration, and from molecules to the mass of the photoproduct,

Myroauct (9), Yields the following equation for the fraction of BBOA mass lost per unit time

(FMLR) due to a given photoproduct.

dm MW X
Product — g x 2.46-10'3 x X (6.2)

FMLR =
Mppoa dt Ny MpRoa

Here, MW (g mol™) is the molecular mass of the photoproduct, N, (molecules mol™?) is Avogadro’s
number, F is the flow rate of clean air through the QCM system (F = 1.33 cm®st), and the numeric

factor (2.46 x 10%3) accounts for the conversion from ppmv to molecules cm™ at 1 atm and 25°C.
The last term of the equation (X /mB s04) 18 the steady state concentration of the VOC, X (ppmv),

normalized by the mass of BBOA collected.

Calibration experiments (Fig. 6.5) were done to ensure the PTR-MS VOC measurements were
accurate. This was done by creating a standard solution with known VVOC concentrations and using
the PTR-MS to measure the concentration of the VOCs in the smog chamber after serial injections
of the solution through a heated inlet (30°C) into the chamber. This calibration was done in

triplicate using the same PTR-MS parameters used in the photodegradation experiments.
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Figure 6. 5: Calibration experiments used to correct the VOC concentration measurements detected by the PTR-MS.

Calibration experiments were conducted with serial injection of a prepared standard solution containing acetone,

formic acid, acetic acid, acetaldehyde, and formaldehyde into the smog chamber through a heated inlet. Calibrations

were done in triplicate with 1o error bars plotted in both the x and y-axis.

The average FMLR from the combined production of formic acid, acetaldehyde, and acetic acid
was calculated to be 9.0 (+ 0.1) x 10 hL. This is similar to the average FMLR calculated from
QCM experiments (1.05 (+ 0.8) x 10 h'h), indicating that approximately 86% of the total mass
loss detected by QCM experiments can be explained by the photoproduction of these three VOCs.

These FMLR values correspond to approximately 1% of the BBOA mass being lost after 1 h of

irradiation. After 24 h, approximately 20% of the mass is expected to be lost due to

photodegradation if this rate is sustained.
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Table 6. 1: Calculated FMLR values for specific photoproduct VOCs, a VOC with an average mass of 50 g mol?,

and the summed FMLR from formic acid, acetic acid, and acetaldehyde being produced. Values were calculated based

on corrected VOC concentrations and error is expressed as a 95% confidence interval.

FMLR /h? FMLR /h? Average FM.
Photoproduct Fig. 6.3 ;
(Fig. 6.3) (Fig. 6.4) EMLR / h
Formic acid 418 x 103+ 6.27 x 10° % 5.23x 103+
6.19 x 10 9.27 x 10 557 x10°
Acetic acid 2.56 x 103+ 2.31x10%+ 244 x10%+
1.10x 10 9.88 x 10 7.39x 10°
Acetaldehyde 8.80 x 104+ 1.78 x 103+ 1.33x103%+
1.35x 10 2.74x10°% 1.53x10°
Average VOC 2.56 x 103+ 3.59x 103+ 3.08x 103+
(50 g mol) 3.82 x 10° 4.46 x 10 2.94 x 10°
Sum (Formic acid + 7.63x 103+ 1.04 x 102+ 9.02x10%+
acetic acid + 1.27 x 10* 1.38x 10* 9.38 x 10
acetaldehyde)

These FMLR values are high and warrant further investigation, as these results are based on an
admittedly small number of samples. More experiments are necessary to make more conclusive
remarks on the photodegradation rates and VOC concentrations. Nonetheless, these results indicate
that ambient BBOA photodegrade quite readily and can be an important source of VOCs into the

atmosphere.
6.4.3 Composition of Ambient BBOA

The chemical composition of the ambient BBOA was also examined using Ultra Performance
Liquid Chromatography (UPLC) coupled with a Thermo Q Exactive Plus orbitrap mass
spectrometer equipped with an electrospray ionization (ESI) source (UPLC-ESI-HRMS). The
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UPLC-ESI-HRMS was operated in negative ion mode with a mass resolving power of ~10° at m/z
200, and a spray voltage of 2.5 kV. Details of this instrument are discussed in Chapter 1, Section
1.6.4. The HPLC-HRMS sample was prepared by extracting one of the collected samples into a
1:1 (v/v) mixture of acetonitrile (Sigma Aldrich, purity > 99.9%) and water (Sigma-Aldrich, HPLC
grade), evaporating the solvent using a rotary evaporator, and then redissolving the analyte into
the same solvent achieving a final concentration of 200 ug ml™. The sample was run in triplicate
through the instrument and only HRMS peaks that appeared in all three trials were used for
molecular assignment. Sections of the ion chromatogram with strong analyte intensity were
integrated. In addition to the samples, a solvent blank was prepared following the same procedure

above, but using a control substrate without analyte.

HRMS peaks were assigned molecular formulas following previous work.”’® HRMS-peak
positions and relative abundances were extracted using the Decon2LS software package®*® and
peaks containing **C isotopes were removed. All HRMS-peaks were assigned to the formulas Ci-
40H0-8000-35N0-3S0-1 With an accuracy of £0.001 m/z units while constraining the assignments to
H/C of 0.30-2.25 and O/C of 0.00-2.30. The assigned ion formulas were corrected for the
ionization mechanism. The assumed ionization mechanism was deprotonation of the molecular
compounds resulting in [M-H] for negative ions. All the HRMS results are reported as formulas

of neutral SOA compounds (Fig. 6.6).
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Figure 6. 6: Mass spectrum of ambient BBOA collected during the bond fire. The y-axis shows the intensity of the

peaks normalized to the sum of all assigned peaks.

Formulas of the most abundant compounds in the ambient sample are listed in Table 6.2, and
include known tracers of a biomass burning events such as nitro-catechol (CsHsO4N) (0.86% of
the total intensity). In fact, nitro-catechol was the sixth largest detected compound out of the 3316
total assigned compounds. Although lower intensity, an assigned peak corresponding the formula
of the well-known tracer, levoglucosan, was also found in the sample (0.16% of the total intensity).
The prominent abundance of these biomass burning tracers indicates that the ambient sampling

conducted at least partially captured the biomass burning plume.

Table 6. 2: Top 20 most abundant compounds present in ambient BBOA collected during the Bond fire. Peak
intensities are expressed a percentage of the total sample intensity (i.e., with the sum of all peak abundances set to
100%).

Neutral Formula Neutral Mass / Da Normalized Intensity / %
C17H28035: 311.167 5.4
CgHsO4 165.019 11
C12H2604S1 265.148 0.91
CoH1604 187.098 0.89
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C7H:02 121.030 0.89
CoHsOuN 154.015 0.86
C7HeOs 137.024 0.81
CoH104 185.082 0.80
CoH3zO4 179.035 0.67
CeH1,0, 171.066 0.55
CsH3O3 151.040 0.53
C/H;0.N 168.030 0.50
C7HsOsN 182.010 0.48
CsH3Os 167.035 0.45
CoHzOs 195.030 0.45
CsH1205 187.061 0.44
CeH140, 173.082 0.43
CsHeOs 181.014 0.42
C1oH1004 193.051 0.41
C7H:Os 153.019 0.40

6.4.4 Conclusions

These preliminary experiments show that the photodegradation and subsequent VOC production
rates of ambient BBOA particles are worth investigating. The photodegradation rates are quite
high at 1% h* with large amounts of VOCs being produced in the process. More studies are needed
to investigate the long term photodegradation rates of ambient BBOA, as they can change quite
substantially over longer irradiation periods (see Chapter 4). The VOC production rates here are
also high, particularly for formic acid with a production rate constant of 5.23 x 1023+ 5.57 x 10°
h1. A back of the envelope calculation, assuming the BBOA concentration is equal to that assumed
of SOA (0.95 Tg),*° these preliminary results suggest that formic acid would be produced at a rate
of 44 Tg yr*. This accounts for approximately half of the underpredicted formic acid emissions in
the atmosphere, which are underpredicted by 90 Tg yrtout of total yearly emissions of 120 Tg yr-
138 More experiments with a larger sample size with ambient BBOA samples from different
regions in order to better constrain the photoproduced formic acid formation rate and confirm if it
is indeed this high.
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