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ABSTRACT

Unraveling Mechanisms of Reactive Oxygen Species Formation from Secondary Organic Aerosols
By
Jinlai Wei
Doctor of Philosophy in Chemistry
University of California, Irvine, 2022

Reactive oxygen species (ROS), including the hydroxyl radical (*OH), superoxide (O."),
hydroperoxyl radical (HO") and hydrogen peroxide (H>O:), play a central role in chemical transformation
and health effects of atmospheric aerosols. Respiratory deposition of secondary organic aerosols (SOA)
and transition metals may lead to the generation of ROS to cause oxidative stress, but the underlying
mechanism and formation kinetics of ROS are not well understood. Using electron paramagnetic resonance
(EPR) spectroscopy coupled with a spin trapping technique, the ROS formation is characterized from
aqueous reactions of SOA involving transition metals, lung antioxidants, reaction media with different pH
as well as photoirradiation.

First, we demonstrate dominant formation of superoxide (O,") with molar yields of 0.01 — 0.03%
from aqueous reactions of biogenic SOA generated by *“OH photooxidation of isoprene, B-pinene, a-
terpineol, and d-limonene. The temporal evolution of *OH and O,* formation is elucidated by kinetic
modeling with a cascade of aqueous reactions including the decomposition of organic hydroperoxides, *OH
oxidation of primary or secondary alcohols, and unimolecular decomposition of a-hydroxyperoxyl radicals.
Relative yields of various types of ROS reflect relative abundance of organic hydroperoxides and alcohols
contained in SOA. In addition, we observed substantial formation of organic radicals in surrogate lung
fluid (SLF) by mixtures of Fe*" and SOA generated from photooxidation of isoprene, a-terpineol and
toluene. The molar yields of organic radicals by SOA are measured to be 0.03 — 0.5% in SLF, which are 5
— 10 times higher than in water. We observe that Fe*" enhances organic radical yields dramatically by a
factor of 20 — 80, which can be attributed to Fe**-facilitated decomposition of organic peroxides, consistent
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with a positive correlation between peroxide contents and organic radical yields. Ascorbate mediates redox
cycling of iron ions to sustain organic peroxide decomposition, as supported by kinetic modeling
reproducing time- and concentration-dependence of organic radical formation as well as additional
experiments observing the formation of Fe*" and ascorbate radicals in mixtures of ascorbate and Fe**. *OH
and superoxide are found to be scavenged by antioxidants efficiently.

Furthermore, we find highly distinct radical yields and composition at different pH in the range of
1 — 7.4 from SOA generated by oxidation of isoprene, a-terpineol, o-pinene, P-pinene, toluene and
naphthalene. We observe that isoprene SOA have substantial hydroxyl radical (*OH) and organic radical
yields at neutral pH, which are 1.5 — 2 times higher compared to acidic conditions in total radical yields.
Superoxide (O,") is found to be the dominant species generated by all types of SOA at lower pH. At neutral
pH, a-terpineol SOA exhibit a substantial yield of carbon-centered organic radicals, while no radical
formation is observed by aromatic SOA. Further experiments with model compounds show that the
decomposition of organic peroxide leading to radical formation may be suppressed at lower pH due to acid-
catalyzed rearrangement of peroxides. We also observe 1.5 — 3 times higher molar yields of hydrogen
peroxide (H20») in acidic conditions compared to neutral pH by biogenic and aromatic SOA, likely due to
enhanced decomposition of a-hydroxyhydroperoxides and quinone redox cycling, respectively.

Finally, we identify that photoirradiation can induce efficient formation of organic radicals from
SOA with radical yields up to 1.5%, ~ 100 times higher compared to dark conditions. Further experiments
show that total peroxide fractions in SOA decrease 50 — 70% after irradiation, indicating organic peroxides
as a probable source of organic radical formation. High resolution mass spectrometry (HR-MS) confirms
the substantial formation of organic radicals by identifying BMPO-organic radical adducts, which may
provide insights into the chemical structures of these organic radicals and subsequently their formation
mechanisms. These findings and mechanistic understanding have important implications on the
atmospheric fate of SOA and particle-phase reactions of highly oxygenated organic molecules as well as

oxidative stress upon respiratory deposition.
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Chapter 1: Introduction

1.1 Ambient Primary and Secondary Particles

During the past decades, urban air pollution has been recognized as one of the key contributors to
global burden of disease.'”® Fine particle (PM s, particulate matter less than 2.5 um in diameter) pollution
is estimated to cause about 0.8 million premature deaths and 6.4 million lost life years.* Ambient PM
originate from emissions from both natural and anthropogenic sources. The former constitutes dust, sea salt,
volcanic ash, pollens, the products of wildfires and the oxidation of biogenic volatile organic compounds
(VOCs), whereas the anthropogenic sources include fossil fuel combustion, industrial processes,
construction work and wood stove burning.’ Based on how particles are introduced into the atmosphere,
they can be divided into primary and secondary. Primary particles are directly emitted from their sources,
such as road transport, industrial combustion, and soil/marine aerosol particles.’ In comparison, secondary
particles are generated from a series of chemical reactions, forming low-volatility products that
subsequently condense into solid or liquid phase, thus becoming PM. For example, sulfur dioxide (primarily
from industrial combustion) and nitrogen dioxide (primarily from vehicular and industrial emissions) can
be oxidized in the atmosphere to form sulphates and nitrates, which can be neutralized by ammonia mainly
from agricultural sources. In addition, secondary particles consist of a major fraction of carbonaceous
particulates,® also known as secondary organic aerosols (SOA), originating from VOC oxidation. Secondary
particles can persist in the atmosphere longer than primary particles because the chemical processes
involved in the particle formation are relatively slow as well as the smaller sizes compared to primary
particles thus slower deposition. The complex processes involved in the formation and chemical
transformation of secondary particles, particularly SOA, are still under investigation worldwide.

SOA represent a substantial fraction of ambient PM and have significant impacts on global climate,
air quality, and public health.”” Organic compounds by mass constitute on average ~ 50% of ambient fine
particles in the urban-impacted Northern Hemisphere,'® while SOA contribute to 65% - 95% of this organic

mass from urban to remote regions.!! SOA are generated from oxidation of anthropogenic and biogenic
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VOCs followed by nucleation and condensation of semi- and low-volatile oxidation products.'? These
VOCs, also known as SOA precursors, include volatile and semi-volatile alkanes, alkenes, aromatic
hydrocarbons and oxygenated compounds.'* Anthropogenic VOCs consist of ~40% alkanes, ~10% alkenes,
and ~20% aromatic compounds with the rest being oxygenated and unidentified compounds.'* '* Biogenic
VOCs are mostly alkenes, consisting of ~50% isoprene, ~15% monoterpene, ~3% sesquiterpene, and other
reactive and unidentified precursors.'® Overall, the non-methane VOC emissions are dominated by biogenic
VOCs which contribute to ~90% globally, while anthropogenic emissions play a more significant role in
urban regions.'® Upon formation, SOA can affect global climate by both direct and indirect radiative forcing.
Organic aerosols can directly absorb or scatter solar radiation, which alters the radiative balance of the
atmosphere,!” while hydrophilic aerosols can modify cloud properties by acting as cloud condensation
nuclei (CCN) thus exerting indirect effect on climate.'® In addition, SOA can significantly impact the air
quality around the globe. Biogenic SOA originating from isoprene and monoterpenes have been identified
as a major contributor to ambient PM mass in Southeastern US,! Europe,* and Amazon,*' while urban
pollution may largely enhance the aerosol formation from these biogenic VOCs.?? Furthermore, a growing
number of studies have linked SOA to health effects. Cell exposure studies indicated that SOA may induce
intracellular formation of reactive oxygen species (ROS),? inflammatory responses® and cell death.”> SOA
are also capable of generating ROS through aqueous chemical reactions which can cause oxidative
potential 27 Understanding the properties of SOA is important due to their huge impact in various
environmental processes. Therefore, it is essential to apply a suitable method to obtain SOA that is

representative of ambient SOA.

1.2 Laboratory Generation of SOA

The major oxidants that initiate VOC oxidation and SOA formation are ozone (O3) and hydroxyl
radical (*OH) during daytime, whereas nitrate radical (NO;°) is the most important oxidant at nighttime.?

Numerous studies have investigated SOA generated by ozonolysis and *OH photooxidation of isoprene,?*

30 31, 32 33, 34

monoterpenes, sesquiterpenes, and aromatic compounds (only *OH photooxidation).> 3¢



Different SOA properties have been widely studied including their oxidation states,’” hygroscopicity,*®
CCN activity,* viscosity,* and optical properties.*! A vital tool to obtain laboratory-generated SOA, since
the first generation by Haagen-Smit,*? is environmental chambers (or smog chambers). Chambers have
been extensively used in atmospheric research to study kinetics of gas-phase reactions,* VOC oxidation
and SOA formation,**4® atmospheric multiphase chemistry,*” new particle formation,* ice nucleation* and
many other atmospheric topics. A main advantage of environmental chambers is the atmospheric relevance.
The light sources in chambers usually use wavelengths > ~ 300 nm which are similar to the wavelengths of
actinic radiation in the troposphere. Photon absorption can then initiate photochemistry and radical
formation (primarily *OH) as oxidants.* With similar range of wavelength and intensity compared to
tropospheric solar radiation, chambers are often found with *OH levels similar or slightly higher than the
ambient conditions (10° — 107 molecules cm™ vs. 1.5 x 10° molecules cm™ on average).’® As implied by this
feature, the integrated exposure of the chemical species in chambers to oxidants and radiation is also similar
to that in the troposphere, which leads to a comparable “photochemical age”.’! Despite the atmospheric
relevance, wall effects of environmental chambers have been identified as a major limitation in the past
decade. Reactive gaseous and particle-phase compounds can be adsorbed substantially to Teflon chamber

5233 which can also take place due to reactive losses,*

walls (also known as wall losses) within 15 minutes,
diffusion, and electrophoresis.> Overall, wall losses may limit chamber experiments to be no longer than 1
day (i.e. photochemical ages < lday), while many atmospheric oxidation processes have much longer
lifetimes such as benzene photooxidation'® and chemical aging of SOA.>

In addition to the use of traditional chambers, the use of oxidation flow reactors (OFR) has been
growing exponentially in recent years.’! OFR are defined as flow reactors using oxidants with significantly
higher (multiple orders of magnitude) concentrations compared to ambient conditions which vastly
accelerates the oxidation chemistry.’”-3® As the most popular form of OFR, potential aerosol mass (PAM)

reactors are often found with *OH concentrations at 10% — 10'° molecules cm™,>"3° which can be translated

into integrated *OH exposure (OHexp) up to ~ 10'> molecules cm™ s, assuming a few minutes of residence



time in the reactors. Such high levels of OHc, are equivalent to photochemical ages from days to weeks
under tropospheric *OH levels, with the advantages of short residence time (minutes) hence reduced wall
losses.® Furthermore, OFR are often much smaller compared to chambers (volume in L vs. volume in m?).
Thus, OFR can be applied beyond laboratory work due to their portability, which have been deployed to
field,®! 2 aircraft,%> and source studies.®* ® Indeed, concerns about OFR mostly center on their extremely
high oxidative capacity and photolysis processes that are irrelevant to tropospheric solar radiation. However,
PAM-generated SOA have been found to have similar characteristic with ambient and chamber-generated
SOA in terms of mass yield, oxidation state, hygroscopicity, and chemical composition with similar mass
spectra measured by an Aerodyne ToF AMS. .6 Therefore, a PAM reactor was adopted in our work to

obtain ambient-relevant SOA and to subsequently study ROS formation from aqueous reactions of SOA.
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Figure 1.1. (a) PAM reactor in Shiraiwa Lab. (b) Schematic of OFR185 mode for PAM reactor adapted

from Peng and Jimenez.*! Figure 1.1(a) shows the PAM reactor used in our work which operated at OFR185
mode as shown in Figure 1.1 (b). Two of the most commonly used modes for PAM reactor are OFR254
and OFR185, where “254” and “185” represent 254 nm and 185 nm UV light as the photochemistry
initiator.>! For OFR254, low-pressure Hg lamps provide UV radiation at 254 nm which photolyzes external
generated Os to form O('D) and react with H>O to form *OH.*” For OFR185, UV at 185 nm is also provided
in addition to 254 nm. As shown in Figure 1.1(b), 185 nm photons have energy strong enough to directly
photolyze H,O molecules into H* (which reacts with O, to form HO,*) and *OH and to dissociate O into

O(CP).%° Thus, no external O; is needed for *OH generation, while O(°P) can also combine with O to



generate O3, which can provide additional *OH source under UV 254 nm. Figure 1.1(b) shows the main

reactions for the HOx (*OH and HO.") production in the PAM reactor.

1.3 Health Effects of SOA
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Figure 1.2. Studies on health effects of aerosols cover a wide range of length and time scales as adapted
from Shiraiwa et al.® Different physicochemical and biological approaches (colored boxes) are necessary
to elucidate the complex nature of acrosol health effects.

Understanding the health effects of SOA is highly complex which requires collective efforts from
interdisciplinary studies as shown in Figure 1.2. As the foundation of these studies, epidemiological studies
have mostly focused on the impacts of exposure to ambient PM.”73 In comparison, the epidemiological

1'74

outcomes of SOA exposure have been relatively understudied. Chowdhury et al.” recently estimated

260,000 excess deaths due to exposure to anthropogenic SOA globally. More strikingly, Pye et al.”

reported
that SOA contributed by both biogenic and anthropogenic sources are associated with 6.5 times higher rate
of cardiorespiratory mortality than PM, sin the United States. Due to smaller range and time scales required,
more studies investigated the toxicological impacts of SOA both in vivo and in vitro. Cardiopulmonary
response and vascular diseases were identified for mice exposed to biogenic and anthropogenic SOA.7678

Cognitive function, maternal behavior and social behavior of mice can be also significantly affected with

exposure to SOA from diesel engine exhaust.”” 3 Meanwhile, in-vitro studies demonstrated that isoprene-



and monoterpene-derived SOA may induce increased level of expression of oxidative stress response
genes .83 Inflammatory responses were also found in cell lines exposed to biogenic and traffic-related
SOA.24’ 84, 85

In addition to epidemiological and toxicological studies, oxidative potential (OP) is an emerging
metric to assess the health effects of ambient PM in the past decade or two. OP is known as catalytic
generation of ROS by PM components such as organic compounds and transition metals, as well as
simultaneous depletion of antioxidants.® While OP studies initially focused on ambient aerosols and traffic-

87-90

related particles,”’ ™ a growing number of studies have applied OP measurements to SOA. SOA derived

91, 92 23,93

from isoprene, monoterpenes and polycyclic aromatic hydrocarbons® may lead to significant OP
as shown by their capacity to consume dithiothreitol (DTT), a widely used surrogate for in-vivo antioxidants.
Besides the consumption rate of DTT (also known as DTT activity), OP can be also assessed through direct
measurement of ROS generated by intracellular mechanisms and chemical reactions. Liu et al.”® proposed
that hydrogen peroxide (H>O-) formation from naphthalene SOA may diffuse rapidly into cells and trigger
intracellular ROS formation. A recent study reported higher cellular ROS production and lower cell
viability from naphthalene SOA than B-pinene SOA.’® As for the characterization of chemically generated
ROS by aerosols, electron paramagnetic resonance (EPR) spectroscopy has received increasing attention
as a vital tool since the pioneering work by Dellinger et al.”” Tong et al.?® demonstrated that hydroxy radical

(*OH), the most reactive ROS, can be formed through decomposition of organic hydroperoxides in

monoterpene SOA. More recent studies observed formation of other free radicals including superoxide (O>")
and organic radicals from aqueous reactions of isoprene SOA,*® naphthalene SOA* and cooking aerosols.!®
However, the underlying mechanism for the free radical formation is still poorly understood. Therefore, the
major objective of this dissertation is to facilitate mechanistic understanding of ROS formation from SOA.

ROS play a central role in atmospheric oxidation processes and oxidative stress. Figure 1.3 shows

the interaction of air pollutants and ROS in the epithelial lining fluid (ELF) of the human respiratory tract



and the mechanism to induce oxidative stress. Under most atmospheric conditions, *OH radicals govern

the oxidative capacity through numerous mechanisms including addition to a C=C bond, aromatic ring
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Figure 1.3. Interaction of air pollutants and ROS in the ELF of the human respiratory tract adapted from
Lakey et al.!®! ELF can be considered as an interface between atmospheric and physiological chemistry
induced by air pollution. Atmospheric O3 and *OH can react with surfactants and antioxidants (ascorbate,
uric acid, reduced glutathione, a-tocopherol) and form secondary oxidants. Redox-active components of
ambient PM, including quinones, transition metals and SOA can trigger ROS formation and induce
oxidative stress.

substitution, hydrogen abstraction and monoelectronic oxidation.!*? In-vivo formation of *OH is known to
induce drastic toxicological effects such as lipid oxidation'*> and DNA strand breaking,'** which can
ultimately lead to cell apoptosis and death.'%% 1% O,* and its protonated form, hydroperoxyl radical (HO,")
are also important atmospheric oxidants. HO,* is essential for the termination of radical propagation

reactions by forming organic hydroperoxides,'®” which can contribute to formation of highly oxygenated

organic molecules (HOM) and low volatility organic compounds and ultimately condense into particle



phase.!%:1% Formation of H,O, and O," in epithelial lining fluid have been linked to oxidative stress and
adverse health effects upon inhalation and deposition of ambient SOA in the human respiratory tract.!!% !
Low levels of O," modulate various kinases or directly activate transcription factors to affect gene
regulation in the nucleus;!!? however, excess O,* formation is cytotoxic and induces a variety of diseases.!!?
Superoxide is also known as a crucial precursor of H>O,, which can be further converted via Fenton (-like)
reactions into *OH as shown in Figure 1.3.!""1* Organic radicals, such as alkyl, alkoxy and peroxy radicals
can be interconverted during propagation steps and are thus crucial to chemical transformation of SOA.!'"
Meanwhile, organic radicals in ELF usually have long lifetimes compared to *OH and O,* .!"> Therefore,
they may initiate lipid radical formation and subsequent lipid peroxidation, which are central to many
pathological processes.''® Given the atmospheric and physiological importance of ROS, it is critical to
quantify kinetics and elucidate chemical mechanisms of the formation of different types of radicals from

SOA in the aqueous phase.
1.4 Free Radical Characterization using EPR Spectroscopy

The method used in this dissertation for free radical characterization is EPR spectroscopy coupled
with a spin-trapping technique. Free radicals can be measured by EPR spectroscopy as shown in Figure 1.4.
Free radicals contain unpaired electrons. When placed between an electromagnet in an EPR spectrometer,
the unpaired electrons line up to be either parallel or antiparallel to the magnetic field (Figure. 1.4 (b)), thus
splitting into two energy states. The difference in the two energy states is denoted by Zeeman effect:!!”

AE = gu,By

Where g represents a dimensionless magnetic moment, 4, represents Bohr magneton, and B, represents the
magnetic field strength of the EPR spectrometer. When a microwave energy (Figure 1.4. (a)) is applied to
the sample which equals to 4E, an EPR signal can be generated, with the fundamental equation of EPR
spectroscopy as follows:

AE = hv = gu,B,



Since free radicals are generally short-lived and are very difficult to be directly quantified within
the timescales of an EPR measurement, it is coupled with a spin-trapping technique in this dissertation. A
spin trap, BMPO (5-fert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide), is employed to react with highly
reactive radical species such as *OH, O," and organic radicals to form stabilized BMPO-radical adducts.
Such adducts have much longer lifetimes compared to the free radicals thus can be better quantified using

EPR spectroscopy.
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Figure 1.4. (a) Components of an EPR spectrometer. (b) Working principle of EPR spectroscopy. Adapted

from Bruker EPR training materials.
1.5 Outline of the Dissertation

This dissertation applies EPR spectroscopy coupled with a spin-trapping technique to characterize
the ROS formation from aqueous reactions of SOA involving reaction media with different pH, transition
metals, lung antioxidants, and photoirradiation. In Chapter 2, we aim at understanding the superoxide
formation from biogenic SOA and the underlying mechanism. We observed substantial formation of O*
by SOA formed by *OH photooxidation of biogenic SOA. We found that the oxidation pathways and
chemical composition of SOA play a critical role in determining ROS composition. Using a combination
of laboratory experiments and kinetic modeling, we successfully established the O,* formation mechanisms
from aqueous reactions of biogenic SOA. The goal of Chapter 3 is to elucidate the effects of acidity (pH)

on ROS formation from SOA. We characterized ROS formation from laboratory-generated SOA under



highly acidic, moderately acidic, and neutral conditions. We observed that pH impacts yields, and
composition of ROS depending on SOA types and provide mechanistic discussion using model compounds.

In Chapter 4, we focus on radical formation from interactions among transition metals, SOA and
lung antioxidants. We characterized radical formation from laboratory-generated SOA and Fe*" in water
and in surrogate lung fluid (SLF). We observed major formation of *OH and O,*/HO-® in water, but
dominant formation of organic radicals in SLF with significant enhancement effects by Fe**. Kinetic
modeling elucidated the central role of Fe**-facilitated decomposition of organic peroxides and iron redox
cycles mediated by antioxidants. In Chapter 5, we combined an in-situ UV-Vis irradiation system with EPR
to characterize the photolytic formation of ROS from laboratory-generated SOA. We observed substantial
organic radial formation upon irradiation, which can be partially due to photolytic decomposition of organic
peroxides. High-resolution mass spectrometry elucidates the chemical composition of the organic radicals,
which can be essential to understand the formation mechanisms. Finally, Chapter 6 summarizes the main

conclusions and limitations of this work and outlines potential areas of future research.
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Chapter 2: Superoxide Formation from Aqueous Reactions of Biogenic Secondary Organic

Aerosols

This chapter was published in Environmental Science & Technology in 2021:

Wei, J.; Fang, T.; Wong, C.; Lakey, P. S. J.; Nizkorodov, S. A.; Shiraiwa, M., Superoxide Formation from
Aqueous Reactions of Biogenic Secondary Organic Aerosols. Environ Sci Technol 2021, 55(1), 260-270.
https://doi.org/10.1021/acs.est.0c07789

2.1 Abstract

Reactive oxygen species (ROS) play a central role in aqueous-phase processing and health effects of
atmospheric aerosols. While hydroxyl radical (*OH) and hydrogen peroxide (H»0,) are regarded as major
oxidants associated with secondary organic aerosols (SOA), the kinetics and reaction mechanisms of
superoxide (O>*) formation are rarely quantified and poorly understood. Here we demonstrate dominant
formation of O, with molar yields of 0.01 — 0.03% from aqueous reactions of biogenic SOA generated by
*OH photooxidation of isoprene, B-pinene, a-terpineol, and d-limonene. The temporal evolution of *OH and
O,* formation is elucidated by kinetic modeling with a cascade of aqueous reactions including the
decomposition of organic hydroperoxides, *“OH oxidation of primary or secondary alcohols, and
unimolecular decomposition of a-hydroxyperoxyl radicals. Relative yields of various types of ROS reflect
relative abundance of organic hydroperoxides and alcohols contained in SOA. These findings and
mechanistic understanding have important implications on the atmospheric fate of SOA and particle-phase

reactions of highly oxygenated organic molecules as well as oxidative stress upon respiratory deposition.
2.2 Introduction

Secondary organic aerosols (SOA) constitute a major fraction of ambient particulate matter and
have significant impacts on global climate, air quality and public health.” ® Biogenic volatile organic
compounds (VOC), including isoprene and monoterpenes, have been identified as the primary precursors

of SOA around the globe’, including the Amazon region,''® China,'!” and southeastern United States.'*
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Formation of SOA is initiated by multi-generational oxidation of VOC and subsequent condensation of
semi-volatile oxidation products.” '2 Recent studies have revealed that highly oxygenated organic molecules
(HOM) and low volatility organic compounds generated by autoxidation substantially contribute to new
particle formation and SOA growth.!% % These compounds are found to be labile in the particle phase!?!
and a recent study suggested that particle-phase reactions need to be considered for a full understanding of
the atmospheric fate of HOM.!?? Particle-phase chemistry and aqueous-phase processing involving oxidants
and water-soluble organic compounds in cloud and fog droplets are very efficient pathways for chemical
transformation of SOA.!?*12% These aging processes can lead to the change of particle properties including

126

cloud condensation nuclei activity'*® and absorption coefficient due to the formation of light-absorbing

compounds.'?’

Reactive oxygen species (ROS), including the hydroxyl radical (*OH), superoxide (O:%),
hydroperoxyl radical (HO»*) and hydrogen peroxide (H»O.), play a central role in chemical transformation
of organic and inorganic compounds in the atmosphere.'?® Substantial amounts of H,O, were detected in
ambient and laboratory-generated SOA resulting from the hydrolysis of hydroxyhydroperoxides and

129,130 *QH, the most reactive form of ROS, was found to be released by decomposition of organic

peracids.
hydroperoxides,? peracids,'?! and HOM.'*? While *OH and H»O, have been traditionally considered as the
most important oxidants in aqueous droplets and thus studied extensively, additional oxidants have received
growing attention. Singlet oxygen and organic triplet excited state have emerged as new oxidants produced
from dissolved organic compounds in atmospheric water.!3* 3* Redox reactions of quinones contained in
aromatic SOA can lead to the formation of O,*.%% 1> Previous studies have observed superoxide formation
from biogenic ozonolysis SOA as a minor component; 2 %% %% 13¢ however, the mechanism and kinetics of
0" formation are poorly understood and rarely quantified.

Ambient SOA are found to have a significant oxidative potential,>* which can be correlated with

formation of H,O» and O>* in epithelial lining fluid,"*’” inducing oxidative stress and adverse health effects

upon inhalation and deposition in the human respiratory tract.® ''% "' ROS can exert drastic effects on
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biological tissues and cell components, subsequently causing acute airway inflammation and

cardiopulmonary illnesses.''* 3%

Low levels of O," modulate various kinases or directly activate
transcription factors to affect gene regulation in the nucleus;''> however, excess O>* formation is cytotoxic
and induces a variety of diseases.!!"* Superoxide is also known as a crucial precursor of H,O», which can be
further converted via Fenton (-like) reactions into *OH.''! ''* Given the atmospheric and physiological
importance of ROS, it is critical to quantify kinetics and elucidate chemical mechanisms of the formation
of different types of ROS from SOA in the aqueous phase. In this study, we observe substantial formation
of O>* by SOA formed by *OH photooxidation of isoprene, -pinene, a-terpineol, and d-limonene with the
highest formation efficiency by a-terpineol SOA. We found that the oxidation pathways (e.g., ozonolysis
vs. *OH photooxidation) and chemical composition of SOA play a critical role in determining ROS
composition. Using a combination of laboratory experiments and kinetic modeling, we demonstrate that
0, formation is caused by a cascade of aqueous reactions of biogenic SOA involving the decomposition
of organic hydroperoxides, *OH oxidation of primary or secondary alcohols, and unimolecular
decomposition of a-hydroxyperoxyl radicals. To the best of our knowledge, this is the first study that
explicitly addresses the mechanisms and kinetics of O>* formation from biogenic SOA involving aqueous
chemistry. These results have significant implications on chemical transformation of organic compounds

in the atmosphere and adverse aerosol health effects in the human respiratory tract.

2.3 Materials and Methods

2.3.1 SOA formation, collection and extraction

SOA particles were generated from dark ozonolysis and *OH photooxidation (referred as SOAo3
and SOAon, respectively) of isoprene (Sigma-Aldrich, = 99%), B-pinene (Sigma-Aldrich, = 99%), a-
terpineol (Arcos Organics, 97%), and d-limonene (Arcos Organics, 96%). Figure A1 shows the schematics
of both oxidation systems. Briefly, SOAos particles were produced in an oxidation flow reactor under dry

and dark conditions. Prior to each experiment, the reactor was purged with zero air (Parker 75-62 purge gas
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generator). Ozone was introduced into the reactor by flowing pure oxygen at 1 standard liters per minute
(slm) through a commercial ozone generator (OzoneTech OZ2SS-SS). After the ozone concentration
stabilized, pure isoprene, B-pinene, a-terpineol and d-limonene were injected into 5 slm of purge air flow
separately using a syringe pump at a rate of ~2 uL per minute. High concentrations (2.2x10' ¢cm? for
isoprene and 1.4x10' cm™ ppm for B-pinene, a-terpineol and d-limonene) of precursor and ozone (1.8x10'
cm™¥) were used to generate enough material for analysis.

SOAon particles were generated in a 19 L potential aerosol mass (PAM) reactor.’® 100 — 500 uL of
VOC precursors (isoprene, B-pinene, a-terpineol and d-limonene) were placed in an open 1.5 mL amber
glass vial, which was kept inside a glass bottle prior to the PAM reactor. The precursors were then injected
into the chamber by a 0.5 slm of carrier flow mixed with a 6 slm of humidified (Perma Pure humidifier,
MH-110-12P-4) flow of purified air from a zero-air generator (Model 7000, Environics). The *OH radicals
were generated through photolysis of water molecules by 185 nm UV radiation. The exposure time for the
photooxidation of precursors in the PAM reactor was about three minutes with relative humidity around 30
— 40%. Despite the high *OH concentrations (~10'' — 10'? ¢cm™) compared to ambient levels (~ 10° cm™),
the PAM-generated SOA are found to be similar to ambient and chamber-generated SOA in terms of yield,
oxidation state, hygroscopicity, and chemical composition.®%® Additional advantages of the PAM reactor
include shortened experimental timescales, ability to reach long photochemical ages, and minimized wall
losses.®

A scanning mobility particle sizer (SMPS, Grimm Aerosol Technik) was used to record the number
concentrations and size distributions of SOA produced in the PAM reactor. The typical particle diameter
of SOAou ranged from 30 nm to 500 nm, and the geometric mean diameter by mass varied from 70 — 120
nm. Particle sampling was initiated after the number concentrations stabilized. The SOA particles were
collected on 47mm polytetrafluoroethylene (PTFE) filters (Millipore FGLP04700, 0.2 um pore size) at a

flow rate of 13 slm for 40 min and 5 slm for 3 hours for SOAo; and SOAom, respectively.
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The filter samples were extracted in 1 mL spin trap solutions (10 mM) or Milli-Q (deionized,
resistivity = 18.2 MQ/cm) water for 7 min. The filter extracts were used for radical measurements or the
H,0; fluorometric assay, respectively. The mass difference before and after the extraction was regarded as
SOA dissolved in reagents, and an average molar mass of 200 g mol! was used for the calculation of SOA
molar concentrations in filter extracts. The SOAo3; and SOAon concentrations were in the range of 1 — 16
mM and pH of SOA extracts varied between 4 — 6. At least three samples were prepared for each SOAo;3

and SOAon for EPR analysis and H,O, measurement, respectively.
2.3.2 EPR measurements

A continuous-wave electron paramagnetic resonance (CW-EPR) spectrometer (Bruker, Germany)
coupled with a spin-trapping technique was used for free radical quantification. The spin trapping agent
used to capture free radicals generated upon aqueous reactions of SOA is 5-tert-Butoxycarbonyl-5-methyl-
1-pyrroline-N-oxide (BMPO) (Enzo, >99%). After extraction, the filter extracts were incubated at a room
temperature of 20 °C, and a 50 puL aliquot was loaded into a 50 puL capillary tube (VWR) and inserted in
the resonator of the EPR spectrometer at 10, 20, 60, 120 and 240 min from the start of aqueous reactions.
The parameter set for EPR measurements was a center field of 3515.0 G, a sweep width of 100.0 G, a
receiver gain of 30 dB, a modulation amplitude of 1.0 G, a scan number of 10 — 50, attenuation of 12 dB, a
microwave power of 12.6 mW, a modulation frequency of 100 kHz, and a conversion time/time constant
of 5.12 ms. After obtaining the EPR spectra, SpinFit and SpinCount methods embedded in the Bruker

Xenon software were applied to quantify BMPO-radical adducts? at each time point.

2.3.3 H20; fluorometric assay

A modified protocol'*® was applied for the H,O» measurement using a fluorometric H>O, assay kit
(MAK165, Sigma-Aldrich). 250 pL DMSO and 1 mL assay buffer were added to the red peroxidase
substrate and horseradish peroxidase for reconstitution, respectively. The reagents were divided into ten

sets of aliquots (25 pL red peroxidase substrate, 100 puL horseradish peroxidase and 2 mL assay buffer each).
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Prior to each analysis, one set of reagents was used to prepare 2 mL working solutions, consisting of 20 puL
red peroxidase substrate, 80 uL horseradish peroxidase, and 1.9 mL assay buffer. All H,O, measurements
were conducted within two hours from the preparation of working solutions due to the high instability of
the probe. A calibration was performed using H,O» standards concentrations ranging from 0.05 — 1.5 uM,
which were prepared by diluting 30 wt% H,O» (Sigma-Aldrich). The reaction vials (3 mL) consisted of
2.94 mL solution (Milli-Q water + filter extracts) and 60 pL. working solution. The H,O, yields from
different SOA samples varied significantly and dilution factors were adjusted, so that the final H,O»
concentrations in the reaction vial were below 1.5 uM. All H O, measurements were conducted with a filter
blank, with the same dilution factor as the samples. The addition of working solution was considered as the
start of reaction, and the reaction vials were incubated at the room temperature for 15 min until the
measurement. The fluorescence of the reagents was measured by a spectrofluorophotometer (RF-6000,

Shimadzu) at excitation and emission wavelengths of 540 and 590 nm, respectively.
2.3.4 Kinetic modeling

A kinetic model was applied to simulate the simultaneous formation of *OH and O,*/HO:* by
aqueous reactions of SOA using the reactions listed in Table A2. The reactions include chemical reactions
of SOA components (R1 — R7), ROS coupling reactions (R8 — R16), and radical-trapping reactions by
BMPO (R17 — R21). SOA chemistry includes decomposition of organic hydroperoxides (ROOH)
generating *OH radicals (R1),2* % *OH oxidation of primary and secondary alcohols (R{R;CHOH) and
subsequent reaction with O, to form a-hydroxyperoxyl radicals (RiR>C(O,)OH*) (R2), decomposition of
RiR>C(02)OH" to generate HO,® (R3),!4% 4! *OH oxidation of ROOH (R4) *°, R;R,C(0,)OH* (R5), and
other SOA components (R6) and HO,* termination of R;R,C(O,)OH*® (R7). The reaction yield of R3 (c1)
was also considered in the model. Rate coefficients of decomposition of ROOH and R;R>C(O,)OH* as well
as H-abstraction of R;R,CHOH were assumed to be independent of the structures of R groups contained

among different SOA, representing a major model assumption. This assumption is in line with the
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CAPRAM 3.0 model'®, in which the rate constants of H-abstraction on alcohols vary within one order of
magnitude regardless of carbon numbers and functionalities besides the hydroxy group. The radical
composition profiles generated by different SOA are solely determined by the relative abundance of ROOH
and RiR,CHOH groups in SOA. Potential variation of these rate constants depending on R structures can
be partly translated into uncertainties in molar fractions of ROOH and R;R,CHOH as shown in Table A3.

The rate coefficients of ROS coupling reactions were obtained from literature values and the
unknown rate coefficients and molar fractions of ROOH and RiR,CHOH contained in SOA were
determined using the Monte Carlo genetic algorithm (MCGA) to reproduce experimental data.'*> In the
Monte Carlo search, input parameters were varied randomly within individual bounds: the boundaries of
all reaction rate constants were generally constrained to within two orders of magnitude based on literatures,
while the ROOH/RR,CHOH molar fractions were constrained to between 0.1 — 80%. As discussed in the
main text, the determined rate coefficients and molar fractions are reasonable and in line with previous
experimental measurements and modeling studies. The uncertainty of the reaction rates in Table A2 and
the ROOH/RR,CHOH fractions in Table A3 were obtained by running the MCGA numerous times (~ 40),
which resulted in 20 parameter sets which reasonably captured the temporal trends of the experimental data.
The 20 parameter sets were then used to plot 20 traces for the temporal formation of the BMPO adducts by
each SOA, and the highest and lowest traces were selected as the upper and lower boundaries shown in
Figure 2.3 for each SOA, respectively. Note that these boundaries do not necessarily correspond to the
boundaries of each parameter in Table A2 and A3. There is still relatively large uncertainty in the actual
values of some parameters, as shown by the parameter ranges in Table A2; further measurements to quantify
organic hydroperoxides and alcohols as well as dedicated kinetic studies would be required for
determination of these parameters.

The relative abundance of O, and HO,® in the aqueous solution is largely determined by pH. Tresp
et al.'** showed that at neutral pH (7.4), over 99.9% of BMPO-OOH was generated by BMPO reacting with

O,*. In contrast, the pH of the SOA aqueous solutions obtained in this study ranged from 4 to 6. According
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to the Henderson-Hasselbalch equation with a pK, value of 4.88 for HO,*, HO,* would dominate over O,*
when the pH approaches 4, while O,* and HO;* are in comparable amounts when pH = ~5. Therefore,
BMPO trapping reactions of both O,* and HO,* to form BMPO-OOH are considered (R18, 19).1%° The
BMPO radical adducts (BMPO-OH, BMPO-OOH) can decay by self-decomposition or reactions with other
radicals. While self-decomposition half-life of BMPO-OH and BMPO-OOH in neutral solutions are known
to be 30 min'** and 23 min,'* respectively, rate coefficients with radicals (e.g., *OH, O,", organic radicals)
leading to adduct decay are unknown. Thus, in this study decay of BMPO-OH (R18) and BMPO-OOH
(R21) are treated with pseudo-first-order rate coefficients. The estimated half-lives of BMPO-OH and
BMPO-OOH are shorter than the literature values to be 14 — 24 min and 6—14 min, respectively, indicating

that decay of adducts by radicals are non-negligible or lower pH may have impacted adduct stability.'

2.4 Results and Discussion

2.4.1 ROS formation efficiencies by SOA

Biogenic SOA were generated by both dark ozonolysis and *OH photooxidation (referred as SOAo;3
and SOAon hereafter) of isoprene, B-pinene, a-terpineol, and d-limonene. Particle water extracts were
analyzed with electron paramagnetic resonance (EPR) spectroscopy coupled with a spin-trapping technique
for detection of free radicals. Figure 2.1 shows the observed EPR spectra of isoprene (a) SOAo; and (b)
SOAoHn. The observed spectra were simulated and deconvoluted into spectra for different BMPO adducts
with radicals including *OH, O,*/HO-*, and carbon- and oxygen-centered organic radicals (BMPO-OH,
BMPO-OOH, BMPO-R, and BMPO-OR, respectively). The EPR spectrum of isoprene SOAo; is dominated
by a four-peak pattern, which can be attributed to BMPO-OH with a minor contribution from BMPO-OOH.
In contrast, the major peaks in the EPR spectrum from isoprene SOAon represent BMPO-OOH with a minor
contribution from carbon- and oxygen-centered organic radicals. Similar trends are observed for B-pinene
and a-terpineol SOA, while d-limonene SOA mainly produces O»*/HO:* for both oxidation systems (Figure

A2).
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Figure 2.1. EPR spectra of BMPO-radical adducts from aqueous reactions of isoprene SOA generated from
(a) dark ozonolysis and (b) *OH photooxidation. The observed spectra (black) are simulated (purple) and
deconvoluted into BMPO-OH (red), BMPO-OOH isomer 1 (light green), BMPO-OOH isomer 2 (dark
green), BMPO-R (yellow), and BMPO-OR (blue). Residual (grey) denotes the difference of observed and
simulated spectra. Note that the two isomers of BMPO-OOH represent the trans or cis structures of the -

OOH group.

Integration of deconvoluted spectra allows us to quantify contributions from each radical species.
Figure 2.2 shows quantifications of different types of radicals in water extracts of SOA generated by
ozonolysis or *OH oxidation of isoprene, B-pinene, a-terpineol, and d-limonene. Relative yields of BMPO-
OH of isoprene and B-pinene SOAos after 20 min of reactions are 44% and 52%, respectively (Figure
2.2(a)), both of which further increase to >70% after 2 hours (Figure A3a). This is in very good agreement
with a previous study which demonstrated major OH formation from biogenic SOA formed by ozonolysis.”®
a-terpineol SOAos generates *OH exclusively, while d-limonene SOAo; generates O,*/HO,* dominantly
(80%) with minor contributions from *OH (11%) and organic radicals (7%). In contrast to major *OH
formation by most of SOAo3, more than 80% of radical species generated from SOAow are in the form of

0,"/HO>". Figures 2.2 (b) and (c¢) show the molar yields or formation efficiencies of *OH and O,*/HO,*
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(molar concentration ratios of BMPO-radical adduct to SOA) for SOAo; and SOAou, respectively. a-
terpineol SOAo; has the highest *OH formation efficiency with 0.06% followed by -pinene and isoprene
SOAo;. All types of SOAon are found to have a similar O,*/HO,* formation efficiency of 0.018 - 0.03%.

(a) BMPO adducts = BMPO-OH m BMPO-OOH m BMPO-OR BMPO-R
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Figure 2.2. (a) Relative yields of BMPO-radical adduct from aqueous reactions of SOA generated by
ozonolysis versus *OH photooxidation of isoprene, B-pinene, a-terpineol and d-limonene. Molar yields of
BMPO-OH (red) and BMPO-OOH (green) adducts generated by SOA from (b) dark ozonolysis and (c)
*OH photooxidation after 20 min of aqueous reactions.

The molar yields of H>O, from SOA were also quantified using a fluorometric H>O, assay (Table
Al). Isoprene SOA generally yields higher H,O, compared to other types of SOA. The H»O; yield from f-
pinene SOAo; (1.840.3%) is comparable with results of Wang et al. (1.3+0.9%),'?° but around half of the

amount reported by Tong et al. (3.2+0.7%).”® Isoprene SOAos generally produce higher H,O» (4.2+0.7%)

compared to B-pinene SOAo; (1.8+0.3%), which are comparable with Tong et al.”® (8.0+0.8% for isoprene
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SOAo3 and 3.240.7% for B-pinene SOAos3). For both oxidation systems with various precursors, the
production of O,*/HO>* is tightly correlated with H,O, formation with R* greater than 0.9 (Figure A4),
indicating that O,* is an important precursor of H,O,, or O,* and H,O; have similar types of source
compounds. For B-pinene, a-terpineol, and d-limonene SOA, the H,O, yields from SOAo; are about one
order of magnitude higher than those from SOAou. This is consistent with the reaction mechanism of
ozonolysis, in which stabilized Criegee intermediates hydrolyze to form a-hydroxyhydroperoxides that can
readily decompose into carbonyls and H>O,, ! 147- 148

The distinct profiles of ROS composition by SOAo; and SOAon reflect differences in chemical
compositions and functionalities caused by different oxidation pathways. Monoterpene SOA from
ozonolysis generally contains higher fractions of organic peroxides (12 — 65%) compared to those from
photooxidation (6 — 18%),'** 3% partly because organic hydroperoxides are decomposed with prolonged
UV exposure.!’! 152 As ROOH can be a primary source of *OH radicals through decomposition,?**® lower
ROOH fractions should lead to minor contributions of *OH formation for SOAon. Detailed ROS formation
mechanisms are discussed below to better understand how precursors and oxidation systems can affect ROS

profiles.
2.4.2 Reaction mechanism

The temporal evolution of *OH and O,*/HO;* formation from the aqueous reactions of SOA was
measured. As shown in Figure 2.3 (a), the molar yields of BMPO-OH adducts from SOAo;3 increase over
time to reach a steady state after approximately two hours. In contrast, the molar yields of BMPO-OOH
adducts from SOAo; (except a-terpineol SOAos3, which was below detection limit) reach their maximum
concentrations within a short period of time (< 30 min), followed by a slight decrease (Figure 2.3 (b)). For
SOAoH, O2*/HO;"® yields reach their maximum within 40 min but decrease gradually over 4 hours (Figure
2.3 (c)). The BMPO-OH concentrations from all SOAowy are below detection limit. The highly distinct time-

dependent profiles of *OH and O,*/HO,* formation lead to an interesting evolution of radical composition
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by SOA. For example, radical production from isoprene and B-pinene SOAo; is initially dominated by O,*
/HO,*, while *OH becomes dominant after 20 min (Figure A3a). In comparison, d-limonene SOAo3 and all

types of SOAou (Figure A3b) are consistently dominated by O,*/HO.* (> 70%) over 4 hours.
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Figure 2.3. Temporal evolution of molar yields of (a) BMPO-OH and (b) BMPO-OOH adducts from
aqueous reactions of SOA generated from dark ozonolysis (SOAos3) and (¢) BMPO-OOH adducts from
SOA generated from *OH photooxidation (SOAon) of a-terpineol (red), isoprene (green), B-pinene (blue),
and d-limonene (yellow). The markers are experimental data. The dashed lines represent the best fits of
kinetic model with the shaded area denoting the modeling uncertainties. The O,*/HO,* formation from a-

terpineol SOAo3 and *OH formation from all SOAon are below detection limit.
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To further elaborate the reaction kinetics and mechanism, a kinetic model was developed and
applied to simulate the temporal evolution of *OH and O,*/HO;* radicals. The following reactions were
implemented into the kinetic model for *OH and O,*/HO,* formation:

ROOH — RO* + *OH (R1)

RR,CHOH + *OH (12> ¢1 RiR,C(0,)0OH*  (R2)
R|R,C(0,)OH* — R;C(O)R, + HO,*  (R3)

*OH can be generated from the first-order decay of organic hydroperoxides (ROOH) (R1).26 98- 153
Krapf et al.!?! provided molecular evidence of the unimolecular decomposition of labile hydroperoxides in
the condensed phase through the cleavage of the weaker O-O bond which must lead to *OH formation. In
addition, direct *OH formation has been observed from the decomposition of cumene hydroperoxide®® (a
common proxy of atmospheric ROOH) at room temperature and a recent study'>* demonstrated that the
implementation of R1 in the aqueous chemistry model CAPRAM would account for an important source
of aqueous *OH formation from HOM. Note that *OH formation in R1 results from the decomposition of
organic hydroperoxides without additional functionalities on the a-carbon, as the decomposition of a-
hydroxyhydroperoxides leads to the formation of carbonyl and H,O; instead of *OH.!*® The generated *OH
can abstract a hydrogen atom from a-carbon of primary or secondary alcohols to form a-hydroxyalkyl
radicals (RiR2C(OH)®), which immediately combine with dissolved O, to form a-hydroxyperoxyl radicals
(RiR2C(02)OH)*) (R2). These radicals can subsequently undergo unimolecular decomposition to form
HO»* (R3)0% 14! Note that this reaction is known to occur also in the gas phase.'?

Note that *OH formation can be promoted in the presence of transition metal ions via Fenton(-like)
reactions.!®> 156 To address this possible interference of metal contamination on radical formation,
concentrations of Fe and Cu ions in the SOA extracts were measured using two highly sensitive

139 respectively). The results showed

spectrophotometric methods (ferrozine and bathocuproine methods
that they were both below the detection limits (10 £ 2 nM and 20 £ 5 nM for Fe and Cu ions, respectively).

An additional control experiment was also conducted measuring ROS formation from SOA extracts with
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and without a metal-chelating agent, diethylenetriaminepentaacetic acid (DTPA), showing no significant
difference, confirming the negligible impacts of potential metal contamination.

The kinetic model also considers a number of other reactions including *“OH loss via reactions with
SOA components, ROS coupling reactions, radical trapping by BMPO, and decay of BMPO-radical adducts
(Table A2). Molar fractions of ROOH and R;R,CHOH contained in SOA were estimated using the Monte
Carlo genetic algorithm (MCGA) to reproduce experimental data'¥>. The decomposition rate of ROOH

26:136 and the lifetime of

estimated in this study ((0.9 — 6.5) x 107 s!) is in agreement with previous studies,
a-hydroxyperoxyl radicals (0.002 — 0.06 s) is also consistent with the aqueous chemistry model CAPRAM
3.0 (0.001 — 0.005 s)." As shown in Figure 2.3, the modeling results show good agreement with
measurements within modeling uncertainties, indicating that the above reaction mechanisms are plausible
for *OH and O,*/HO,* formation as they can explain the temporal evolution of distinct radical profiles
depending on precursors and oxidation pathways. It should be noted that the decomposition rates involving
hydroperoxides could be pH-dependent according to a recent study by Qiu et al.'>” Therefore, future studies
are still warranted for the pH effects on ROS formation from SOA in the aqueous phase, where acidification
(representative of aerosol pH) and neutralization (representative of physiological pH) are of interest and
could both play a role in affecting the profiles of radical production.

The model-estimated molar fractions of ROOH in isoprene, 3-pinene, and d-limonene SOAo; are
6 —25%,7—35%, 2 —12%, respectively (Table A3), which are comparable with the peroxide mass fractions
reported by previous studies for the same types of SOA (~30%, ~85%, ~2%, respectively),® 14% 158, 159
assuming that molar masses of peroxides and SOA components are the same. Note that the measured total
peroxide contents include both organic peroxides (ROOR) and hydroperoxides (ROOH), which may
explain the lower estimated fraction of ROOH in isoprene and -pinene compared to literature values. In
addition, it may imply that some ROOH may be more stable and do not decompose within the timescale of

the experiment, as has been observed for isoprene hydroxyl hydroperoxide in a recent study'®. Significantly

higher fractions of ROOH are estimated in isoprene and B-pinene SOAo3 compared to their corresponding
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SOAon (3 — 5% and 1 — 3%), leading to the major contribution of *OH formation in SOAos. The molar
fractions of RiR,CH(OH) in d-limonene SOA are estimated to be higher compared to ROOH, contributing
to the O,*/HO,*-dominated profile for both d-limonene SOAo; and SOAon. Significant amounts of
RiR,CH(OH) are predicted in most SOA (34 — 74%). Primary and secondary alcohols are generated via
multigenerational gas-phase oxidation as shown in a number of previous experimental and theoretical

studies as summarized in review papers.'> ¢!

a-terpineol SOAos is estimated to contain a very small
fraction of RiR,CH(OH) (0.1 — 1%, leading to suppression of the O,*/HO,* formation. This is likely caused
by the specific position of hydroxy groups in a-terpineol: tertiary alcohol without a-H for abstraction and
subsequently no formation of peroxyl radicals. The predicted very low fraction of RiR,CH(OH) in a-

162

terpineol SOAos is consistent with previous experimental measurements,'®* showing that the primary

products (>90%) from a-terpineol ozonolysis only contain tertiary alcohols.

2.5 Implications

This work elucidates ROS generation pathways from aqueous reactions of biogenic SOA as
presented in Figure 2.4. Multi-generational atmospheric oxidation and autoxidation of biogenic VOCs by
*OH and O; lead to the formation of highly functionalized and extremely low volatility organic compounds,
HOM and ELVOC.!%: 1% Most of these compounds contain alcohol and hydroperoxide functional groups.
After condensation into the particle phase, a fraction of organic hydroperoxides (ROOH) decomposes to
form *OH, which can act as an ignition step for a cascade of ROS formation pathways. The e-folding times
for the ROOH decomposition are estimated to be 4 — 30 hours, which represent average lifetimes for

121, 122

different ROOH compounds; some of them may have shorter timescales, while others may be very

151,152 and Fenton-like reactions

stable.!63 14 This decomposition process can be accelerated by photolysis
of transition metal ions.?% 1% 190 We acknowledge a caveat of this work that the particle mass concentrations
in the PAM reactor are much higher compared to ambient conditions, leading to more prominent
condensation of semi-volatile organic compounds. However, a recent study'®* found that the PAM-reactor-

generated a-pinene SOA contain substantial amounts of particle-phase HOM, which is consistent with the
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gas-phase measurements in previous studies.'?® %1% While this study serves as a proof of concept and
provide mechanistic insights into possible mechanisms of ROS formation, future studies are definitively
warranted to investigate the ROS formation from SOA generated under conditions with lower oxidant and

particle concentrations.
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Figure 2.4. Implications of ROS formation by aqueous reactions of biogenic SOA. Highly oxygenated
organic molecules (HOM) and extremely low volatility organic compounds (ELVOC) are generated by
gas-phase oxidation and autoxidation. After condensation, ROS including *OH, O,*/HO>* and H,O; can be
generated via decomposition of organic hydroperoxides, *OH oxidation of primary or secondary alcohols,
and unimolecular decomposition of a-hydroxyperoxyl radicals and a-hydroxyperoxyhydroperoxides in the
aqueous phase. This process has significant implications for chemical aging of SOA in the atmosphere and
oxidative stress upon respiratory deposition of SOA particles.

The *OH radicals released during SOA decomposition can abstract hydrogen from primary or
secondary alcohols (RiR,CH(OH)) to form a-hydroxyalkyl radicals, which quickly react with dissolved
oxygen to form a-hydroxyperoxyl radicals. Within milliseconds a-hydroxyperoxyl radicals can undergo

unimolecular decomposition to form O,*/HO-® radicals. Through HO,* termination, a-hydroxyperoxyl

radicals form a-hydroxyalkyl hydroperoxides, which can decompose to generate H,O,, another important
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ROS.!*8 167 Note that a-hydroxyalkyl hydroperoxides can form a stable complex with a water molecule, so
the -O-OH group is unlikely to be cleaved to yield *OH radicals.!*® '8 Other feasible pathways of H,O>
formation by SOA have also been discussed in the literature including hydrolysis of diacyl peroxides or

169 and the relative contributions of different H»O» sources still warrant further studies.

peroxy acids

Our findings demonstrate the importance of the interplay among different functionalities in
determining radical production in the aqueous phase. The relative abundance of ROOH and R;R,CH(OH)
can largely affect the compositions of *OH, O.*/HO,*, H>O» and organic radicals. It has been established
that ROS play a central role in chemical transformation of organic and inorganic compounds in aqueous
particles. Sources, sinks and concentrations of ROS in atmospheric waters are still uncertain and it is still
challenging to accurately predict their concentrations in atmospheric aqueous chemistry models.!?* 17
Implementation of molar yields of ROS by SOA determined in this study into models should improve
quantification of ROS in aqueous droplets, which can then be compared with traditional ROS sources such
as gaseous HOy uptake and Fenton reactions to evaluate relative importance of different ROS formation
pathways.

a-terpineol and d-limonene are known as important indoor-relevant VOC. a-terpineol is a
significant component of liquid cleaner/disinfectant and air freshener and can be emitted by some molds in
the indoor environment, whereas d-limonene has been found in floor wax, all-purpose cleaners and personal
care products'’!. These terpenes are found in higher concentrations in indoor environments compared to
outdoors and their oxidation can lead to substantial SOA formation indoors.!” These compounds can also
be transported to the outdoors, affecting ozone and SOA formation in the atmosphere.!” a-terpineol SOAos
and d-limonene SOAon show the highest formation efficiencies in aqueous generation of *OH and O,™
/HO>*, respectively. Quantification of different types of ROS by SOA should be helpful for a better
understanding of the aqueous-phase processing of chemical compounds in indoor and outdoor processes.

Upon inhalation and respiratory deposition of SOA particles, O,* can be generated via redox reactions with

lung antioxidants or can be released by macrophages after phagocytosis of inhaled particles in the lung
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lining fluid.!” !> The antioxidant defense system can counteract ROS, however, excessive production of
ROS can overwhelm antioxidant defenses and trigger or enhance oxidative stress, cell death, and biological
aging.'!% "¢ Ag direct measurements of ROS in the lung lining fluid are challenging, implementation of
formation efficiency of O»* into the lung model'!'"> 1*” will improve quantification of ROS in the lung lining
fluid for better evaluation of the impact of biogenic SOA on oxidative stress and adverse health effects

including asthma, allergies and other respiratory diseases.
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2.6 Chapter 2 Appendix

2.6.1 SOA chemistry

There are numerous reactions involving SOA components with other reactive functionalities,'? but
it is very challenging to make an exhaustive list with all possible reactions. The main focus of kinetic
modeling is on reactions leading to the ROS formation, with the rest of reactions either lumped or omitted
in the kinetic model. The termination reaction of a-hydroxyperoxyl radicals by HO,* (R7 in Table A2) and
*OH oxidation of other SOA components represents the lumped reactions with other reactive functionalities,

351177 the sensitivity analysis

such as aldehydes and ketones. Even at the diffusion-limited rate of 10!! cm
indicates that these reactions have negligible impacts on the formation of radicals and BMPO adducts. For
the potential reactions of aldehyde and ROOH, Marteau et al.!” demonstrated that they only act as a minor
pathway for the initiation of a R(CO)* radical and subsequent autoxidation, while the major pathways are
through UV irradiation, transition metal catalysis (not present in our system) and O oxidation (more
probable). Furthermore, due to the relatively slow reaction rates of ROOH with ketones/aldehydes'” (k <<
1.0 x 102 ¢m? s!), the aldehyde-ROOH reaction is unlikely to be competitive with the unimolecular
decomposition of ROOH (R1 in Table A2, k; ~ 107 s1). Given that no *OH or O,*/HO»* would be generated
through this reaction'’®, we did not treat it in the kinetic model. A recent study by Peng and Jimenez®!
discussed the potential formation of organic trioxide (ROOOH) from RO;* + *OH in the PAM chamber,
however, it is unlikely that ROOOH would contribute substantially to ROS formation in the aqueous phase
as observed in this study. The ROOOH + *OH reaction by the H abstraction from the -OOOH is expected
to be very fast at a near diffusion-controlled rate (~10"!'' cm? s!) to form ROOO?*, which rapidly decomposes
to RO", leading to carbonyl production. Thus, the condensation of ROOOH into the particle phase may not
be significant as it should either be decomposed or reacted away prior to or shortly after partitioning. In

addition, we compared the ROS formation from SOA samples collected freshly versus the ones stored in a
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freezer (-20°C) for one month, which showed no statistically significant difference indicating that the

compounds responsible for ROS formation in the SOA particles should be relatively stable.

2.6.2 H,O; fluorometric assay

The H,O:; reactions with *OH and HO>* (R8, R12 in Table A2) are unlikely to cause noticeable
interference in ROS quantification. Specifically, H,O, reacts with both *OH and HO>* relatively slowly
(5.5x10'* and 5.0x102' ¢cm® s7!, respectively). Sensitivity analysis indicates that these reactions are
negligible pathways for the loss of *OH and HO»* compared to BMPO trapping. On the other hand, the
H,O, probe (i.e., red peroxidase substrate) is in excess when performing H»O, analysis and reacts with H,O»
relatively fast compared to the H,O»-*OH and H>O,-HO»* reactions. This probe is very sensitive and specific
to H2O; analysis as it does not yield fluorescence other than from its reaction with H.O». Therefore, it is
unlikely that other oxidants interfere with the H,O» analysis. On a related issue, we note that the control
experiment showed no EPR signal from BMPO + H,0,, indicating no inference of H,O, in the EPR

measurement.

Table Al. H»O, yields of aqueous reactions of SOAo3 and SOAom.

Precursor H,0; yield of SOAo3, % H,0; yield of SOAon, %
isoprene 42+0.7 43+04

B-pinene 1.8+0.3 0.2+0.05

a-terpineol 32407 0.4+0.1

d-limonene 40£0.5 0.3 +0.07

Table A2. Chemical reactions and parameters included in the kinetic model to simulate ROS formation
from aqueous reactions of SOA. In the third column, the first row denotes the uncertainty range, while the
second row denotes values for best fits for SOAo3; and SOAon (dashed lines in Figure 2.3), respectively.

The units of k1, k3, k17 and ko are s™', while the others are cm?s™.

Reaction Reaction Rate coefficient, best fitand Refence or

number uncertainty range comment
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SOA chemistry

Rl ROOH — RO + OH ke =(0.9-6.5) x 107 Determined
1.1 107,52 %107 from MCGA

R2 R;R,CHOH + OH % ¢; RiR,C(0,)0H ky=(0.4-2.0) x 107! Determined
0.9x 10", 2.0 x 10 from MCGA
c1=0.16—0.30
0.28, 0.30

R3 R;R,C(0,)0H — R;C(O)R, + HO, ky =17 — 595 Determined
456,492 from MCGA

R4 OH + ROOH — RO, + H,0 k4= kg Assumed to be

same as R8

RS R;R,C(0,)OH + OH — products 10" (insensitive)

R6 SOA + OH — SOA’ ks = (0.7—9.9) x 1072 Determined
1.5% 102,98 x 1072 from MCGA

R7 RR,C(0,)OH + HO, — products 10713 (insensitive)

ROS chemistry

R& O, +OH— O, + OH' k=13 x 107" 180

R9 H,0, + OH — H,0 + HO, kg =5.5x 10" 181

RI0 OH+OH— H,0, ky =8.6 x 1072 12

R11 OH + HO, — H,0 + O, ko= 1.2 % 1071 182

R12- HO, +HO, » H,0,+ 0, by =14% 10" 153

R13 H,0, + HO, — H,0 + O, + OH ki = 5.0 X 102! 184

R14 HO, + O,” - H,0, +OH + O, k3 = 1.7 % 1013 183

R15 H'+ 0, — HO, k=29 % 10" 1

R16 HO, » H'+ 0, kis=23x10° 1

BMPO chemistry

R17 BMPO + OH — BMPO-OH kie=(01—13)x10"2  Determined
0.5x 102,02 x 1072 from MCGA

R18 BMPO-OH — products ky7 = (4.8 —8.0) X 10 Determined

from MCGA
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R19 BMPO + O0,” + H" — BMPO-OOH

R20 BMPO + HO, — BMPO-OOH

R21 BMPO-OOH — products

kig=(0.1-7.0) x 1071
4.0x10",3.0x 10
kig=(0.1-7.0) x 1071
25x 10,68 x 10
kyo = (0.8 -2.0) x 10
1.3x 107,08 x 107

Determined

from MCGA

Determined

from MCGA

Determined

from MCGA

Table A3. Molar fractions (in percent) of ROOH and R;R,CHOH in isoprene, B-pinene, a-terpineol and

d-limonene SOAo3 and SOAon. The values indicate best fit values with uncertainty ranges in brackets.

Functionality in SOA and

) _ SOA03 SOAoH

reaction yield

%ROOH — isoprene 10 (6 —25) 33-9)
%ROOH — B-pinene 12 (7-35) 2(1-3)
%ROOH — a-terpineol 9(6-14) 1(1-3)
%ROOH — d-limonene 512-12) 3(2-4)
%R;R,CHOH - isoprene 72 (45 -174) 78 (40 —78)
%R;R,CHOH - B-pinene 40 (20 —61) 72 (46 —78)
%R;R,CHOH - a-terpineol 02(0.1-1) 74 (34 -74)
%R;R,CHOH - d-limonene 78 (57 -179) 69 (43 -73)
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(a) Ozonolysis
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Figure Al. Schematics of (a) dark ozonolysis in the flow tube and (b) *OH photooxidation in the PAM

reactor for generating SOA particles. MFC represents mass flow controller.
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Figure A2. EPR spectra of sample solutions mixed with the spin-trapping agent BMPO: (a) B-pinene
SOAo3, (b) B-pinene SOAou, (¢) a-terpineol SOAes, (d) a-terpineol SOAow, (¢) d-limonene SOAo3, (f) d-
limonene SOAon. The observed spectra (black) are simulated (purple) and deconvoluted into BMPO-OH
isomer 1 (brown), BMPO-OH isomer 2 (red), BMPO-OOH isomer 1 (light green), BMPO-OOH isomer 2
(dark green), BMPO-R (yellow), BMPO-OR (blue), and residual (grey).
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Figure A3. Temporal evolution of relative yields of BMPO- radical adduct from aqueous reactions of SOA
generated by (a) ozonolysis versus (b) *OH photooxidation of isoprene, B-pinene, o-terpineol and d-

limonene.
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Figure A4. Correlation of BMPO-OOH and H,O» concentrations in aqueous reactions of (a) SOAo3 and (b)

SOAoH.
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Chapter 3: Effects of Acidity on Reactive Oxygen Species Formation from Secondary

Organic Aerosols

This chapter was published in ACS Environmental Au in 2022:

Wei, J.; Fang, T.; Shiraiwa, M., Effects of Acidity on Reactive Oxygen Species Formation from Secondary
Organic Aerosols. ACS Environmental Au 2022.
https://doi.org/10.1021/acsenvironau.2c00018

3.1 Abstract

Reactive oxygen species (ROS) play a critical role in the chemical transformation of atmospheric secondary
organic aerosols (SOA) and aerosol health effects by causing oxidative stress in vivo. Acidity is an
important physicochemical property of atmospheric aerosols, but its effects on the ROS formation from
SOA have been poorly characterized. By applying the electron paramagnetic resonance spin-trapping
technique and the Diogenes chemiluminescence assay, we find highly distinct radical yields and
composition at different pH in the range of 1 — 7.4 from SOA generated by oxidation of isoprene, a-terpineol,
a-pinene, B-pinene, toluene and naphthalene. We observe that isoprene SOA have substantial hydroxyl
radical (*OH) and organic radical yields at neutral pH, which are 1.5 — 2 times higher compared to acidic
conditions in total radical yields. Superoxide (O,") is found to be the dominant species generated by all
types of SOA at lower pH. At neutral pH, a-terpineol SOA exhibit a substantial yield of carbon-centered
organic radicals, while no radical formation is observed by aromatic SOA. Further experiments with model
compounds show that the decomposition of organic peroxide leading to radical formation may be
suppressed at lower pH due to acid-catalyzed rearrangement of peroxides. We also observe 1.5 — 3 times
higher molar yields of hydrogen peroxide (H,0O>) in acidic conditions compared to neutral pH by biogenic
and aromatic SOA, likely due to enhanced decomposition of a-hydroxyhydroperoxides and quinone redox
cycling, respectively. These findings are critical to bridge the gap in understanding ROS formation

mechanisms and kinetics in atmospheric and physiological environments.

37


https://doi.org/10.1021/acsenvironau.2c00018

3.2 Introduction

Secondary organic aerosols (SOA) account for a substantial fraction of atmospheric particulate
matter (PM) and play a critical role in climate, air quality and public health.®* °® SOA originate from the
multigenerational oxidation of volatile organic compounds (VOCs), followed by nucleation and
condensation of the oxidation products.'? Acidity is a key physicochemical property of atmospheric PM

and droplets, influencing numerous atmospheric and environmental processes, including gas-particle

6 10, 187 8

partitioning,'®® organic aerosol composition and reactivity, cloud processing,'®® and nutrient
availability in terrestrial and marine ecosystems.'®* 1°° The atmospheric aerosols and droplets exhibit a wide
range of pH, ranging from highly acidic (-1 — 2) in sulfate-rich aerosols'*!'** to near-neutral (5 — 7) in sea-
salt particles, dust and cloud droplets.'**1°¢ Acidity impacts multiphase chemical processes in atmospheric
waters including the uptake of acidic or basic compounds and the phase partitioning and composition of
aerosols.'’ Several studies have shown the link between acidic aerosols and adverse health effects such as
respiratory symptoms,'*® pulmonary dysfunction'®” and other epidemiological outcomes.?*

Reactive oxygen species (ROS), including hydroxyl radicals (*OH), superoxide/hydroperoxyl
radicals (O,*/HO>*), hydrogen peroxide (H.O:) and organic radicals play a central role in multiphase
chemistry of atmospheric and physiological processes.?’! Decomposition of organic hydroperoxides®® and

131

peracids™”' can lead to the formation of *OH, the most reactive form of ROS. The subsequent reactions of

*OH with primary or secondary alcohols can lead to the generation of superoxide via decomposition of a-
hydroxyperoxy radicals.?”? Limited studies have investigated effects of pH on ROS formation. Enami®®
reported that lower pH promotes the decomposition of a-hydroxyhydroperoxides leading to the formation
of H>O,. Tong et al.'* showed significant enhancements in radical formation with highly acidic (pH 0 — 1)
conditions in the mixtures of isoprene SOA and mineral dust, which could be due to enhanced Fenton(-like)
reactions in the presence of transition metals in the dust. Our recent study demonstrated substantial
formation of organic radicals from iron-facilitated decomposition of organic peroxides contained in SOA

in surrogate epithelial lining fluid with pH of 7.4.24 As there has been little systematic investigations of pH
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effects on ROS formation, it is still highly uncertain how different pH would affect ROS formation from
SOA and the underlying chemical mechanism is poorly understood.

In this study, we characterized ROS formation from laboratory-generated SOA under three pH
range(s): highly acidic (1.0), moderately acidic (2.5 — 3.5) and neutral (7.4) conditions. We observed that
pH impacts yields and composition of ROS depending on SOA types: isoprene and a-terpineol SOA are
found with significantly higher ROS formation at neutral pH; toluene and naphthalene SOA generate more
superoxide in acidic conditions; a-pinene and B-pinene SOA may generate comparable amounts of radicals
at different pH. Further, we revealed using model compounds that the radical generation by organic
peroxide decomposition can be suppressed under lower pH. In contrast, acidic conditions consistently
promote H,O; yields from biogenic and aromatic SOA, likely due to the enhanced decomposition of a-
hydroxyhydroperoxides and redox cycling by quinone-type compounds, respectively. This work presents
the detailed characterization and mechanistic discussion of ROS formation from SOA under different pH,

which have significant implications on atmospheric aerosol processes and oxidative stress.
3.3 Materials and Methods

3.3.1 Preparation of SOA and Model Compounds

A potential aerosol mass (PAM) reactor’® was used to generate SOA particles from *OH
photooxidation of isoprene (Sigma-Aldrich, = 99%), a-terpineol (Arcos Organics, = 97%), o-pinene
(Sigma-Aldrich, 98%), B-pinene (Sigma-Aldrich, = 99%), toluene (Alfa Aesar, = 99.7%) and naphthalene
(Sigma-Aldrich, = 99%). Detailed procedures of SOA formation can be found in our recent studies.?%> 2%
While the PAM reactor applies high levels of oxidants (i.e., OHe concentration of ~ 10'° cm)> with short
reaction time, the PAM-generated SOA have been found to have similar characteristic with ambient and
chamber-generated SOA in terms of mass yield, oxidation state, hygroscopicity, and chemical composition
with similar mass spectra measured by an Aerodyne ToF AMS.®%® The relative humidity in the PAM

reactor was 40 — 50%. A scanning mobility particle sizer (SMPS, Grimm Aerosol Technik) was used to

record the particle size distribution. SOA particles were collected on 47 mm polytetrafluoro-
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ethylene (PTFE) filters (Millipore FGLP04700, 0.2 pm pore size) for 60 — 120 min with average mass
loadings of 0.45 + 0.04 mg, 1.19 + 0.26 mg, 0.73 + 0.20 mg, 0.67 + 0.10 mg, 2.52 + 0.50 mg and 0.43 +
0.12 mg for isoprene, a-terpineol, a-pinene, B-pinene, toluene and naphthalene SOA, respectively. The
filter samples were extracted into 1 mL of 10 mM spin-trap solutions with pre-adjusted pH (1.0, 2.5 — 3.5,
7.4) for 7 min. The filters after extraction were dried under nitrogen flow for 10 — 20 min. The mass
difference before and after the extraction was considered as the amount of SOA dissolved in the solution,

1126 was assumed to calculate the SOA molar concentrations in

and an average molar mass of 200 g mo
filter extracts. SOA concentrations were in the range of 1.9 — 2.5 mM, 4.8 — 7.8 mM, 2.6 — 5.2 mM, 2.6 —
4.0 mM, 9.2 — 15.7 mM, and 1.2 — 2.5 mM for isoprene, a-terpineol, a-pinene, f-pinene, toluene and
naphthalene SOA, respectively. Two SOA samples were prepared for each pH for the quantification of
radicals. The radical formation under different pH was also quantified using several model compounds

including cumene hydroperoxide (Alfa Aesar, 80%), tert-butyl hydroperoxide (Sigma-Aldrich, 70%), 5-

hydroxy-1,4-naphthoquinone (5-H-1,4-NQ, Sigma-Aldrich, 97%), and ascaridole (MuseChem, > 98%).
3.3.2 pH Control

The SOA extracted solutions were maintained at highly acidic (pH = 1.0), moderately acidic (pH
= 2.5 —3.5) or neutral (pH = 7.4) conditions. The highly acidic condition mimics the ambient internally-
mixed particles of sulfate and organics.'? pH was adjusted to 1.0 by adding sulfuric acid (VWR, 95 — 98%)
in the spin trap solution. The moderately acidic condition is in line with aerosols containing lower amount

205 and the lower end of cloud/fog water droplets.'”® The original pH

of sulfate, biomass burning aerosols,
of the SOA extracts varied from 2.5 — 3.5, representing the moderately acidic condition. The neutral pH is
of interest for cloud droplets as well as the physiological environment upon inhalation and respiratory
deposition of SOA.'" A phosphate buffer saline (PBS, Corning, 10x) was used to adjust the pH at 7.4 in

the SOA extracts. SOA particles were extracted into a spin-trap solution with pre-adjusted pH. The pH of

the model compounds was maintained the same way for the highly acidic (sulfuric acid) and neutral (PBS)
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conditions, while smaller amount of sulfuric acid was used to reach the moderately acidic condition (pH =

3.0). A pH meter (VWR sympHony) was used to measure the pH of the reagents.

3.3.3 EPR Analysis

A continuous-wave electron paramagnetic resonance (CW-EPR) spectrometer (Bruker, Germany)
coupled with a spin-trapping technique was applied to quantify the free radical formation in the aqueous
phase. The free radicals were captured by a spin-trapping agent 5-tert-Butoxycarbonyl-5-methyl-1-
pyrroline-N-oxide (BMPO) (Enzo Life Sciences, >99%). After particle extraction into 1 mL of 10 mM
BMPO solutions, a 50 uL aliquot of the SOA extracts was loaded into a 50 uL capillary tube (VWR) and
inserted in the resonator of the EPR spectrometer at 10, 20, 60, 90 and 120 min from the start of aqueous
reactions. The parameters for EPR measurements are as follows: a center field of 3515.0 G, a sweep width
0f 100.0 G, areceiver gain of 30 dB, a modulation amplitude of 1.0 G, a scan number of 10 — 50, attenuation
of 12 dB, a microwave power of 12.6 mW, a modulation frequency of 100 kHz, a microwave frequency of
9.86 GHz and a conversion time and time constant of 5.12 ms. After obtaining the EPR spectra, SpinFit
and SpinCount methods embedded in the Bruker Xenon software were applied to quantify BMPO-radical
adducts at each time point.2

In addition, an in-situ UV irradiation system (ER203UV, Bruker, Germany) equipped with a 100
W Hg lamp was used with EPR to characterize the radical formation upon illumination. The lamp was
usually warmed up for roughly 10 min before the start of any irradiation experiments. A safety shutter
between the lamp and the resonator was used to control the start and stop of irradiation. A liquid light guide
focused the light to the EPR resonator where samples were exposed to UV to visible light with a wavelength
range of 220 — 600 nm. To test the pH effect on BMPO trapping efficiencies, | mM H,O, was mixed with
10 mM BMPO at pH 7.4, 3.0 and 1.0 and then placed into the irradiation system where H,O, can be
photolyzed to form *OH. The background spectrum was recorded at the starting point, with the shutter
raised after the first EPR measurement was finished (~ 1 min). Temporal measurements were then

conducted every minute for 10 minutes to monitor the change of BMPO-OH concentrations over time.
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3.3.4 H,O, Measurement

A modified protocol'*® was applied for the H,O» measurement using a fluorometric H>O, assay kit
(MAK1635, Sigma-Aldrich). Detailed procedures of assay preparation can be found in our previous study.?*?
The H,O, formation was quantified within two hours from the preparation of working solutions due to the
instability of the probe. A calibration was performed using H»O, standard solutions with concentrations
ranging from 0.05 — 1.5 uM in PBS to maintain pH at 7.4 (Figure A5). The reaction vials consisted of 2.94
mL sample (Milli-Q water + filter extracts + PBS) and 60 pL working solution. The dilution factors were
adjusted for different SOA samples so that the final H,O» concentrations would be below 1.5 uM. All H,O,
measurements were conducted with a filter blank with the same dilution factor as the samples. The addition
of working solution to the samples was considered as the start of reaction and the measurement was
conducted after the reaction vials were incubated at the room temperature of 298 K for 15 min. A

spectrofluorophotometer (RF-6000, Shimadzu) was used to measure the fluorescence of the reagents at

excitation and emission wavelengths of 540 and 590 nm, respectively.
3.3.5 Diogenes Chemiluminescence Assay

A Diogenes chemiluminescence assay was applied to quantify the superoxide formation from SOA
at neutral pH of 7.4. The reaction products between the Diogenes probe and O emit flash
chemiluminescence signal proportional to the O»* production rate.””® A Microplate Reader (Promega,
GloMax®) was used to measure the chemiluminescence in relative light unit (RLU). To convert RLU to
0" production rate, the Diogenes assay was calibrated by the EPR spectrometer using a standardized cell-
free O,* generation system — the hypoxanthine (HX) and xanthine oxidase (XO) system. The oxidation
process of HX catalyzed by XO can pass electrons to dissolved oxygen to form O,*.2"” A spin probe CMH
(1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine. HCl, Enzo Life Sciences, =99%) was
used to react with O>* to form nitroxides radical CM* that can be quantified by EPR.?* Concentrations of

0," at different time points were obtained by simulating the CM* spectra and then used to calculate the O,
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production rate. The detail of the calibration is provided in SI and the calibration curve is shown in Figure
A6. The O,* production rates from six SOA were measured using the Diogenes method. The SOA samples
were directly extracted in 1 mL PBS, after which 135 pL of the SOA extracts were added to Diogenes to
initiate the reaction. Two samples were used for each SOA, while a filter blank was used for blank
correction. The chemiluminescence measurement was conducted from 1 to 10 minutes after the extraction
was completed. The first data points with the reaction time up to 2 min were used to calculate initial O,*
production rates. The chemiluminescence signals were observed to decrease over 10 min and we integrated

O,* production rates to estimate the cumulative O,* production.

3.4 Results and Discussion

3.4.1 Radical Formation from SOA at Different pH

Figures 3.1(a) and 3.1(b) show the observed EPR spectra of the aqueous extracts of isoprene SOA
and o-terpineol SOA at different pH. Each EPR spectrum is composed of several overlapped lines,
originating from different radical forms of ROS. Dashed lines indicate the positions of each peak for each
type of trapped radicals, including OH (red), superoxide (green), carbon-centered (orange) and oxygen-
centered organic radicals (blue). The observed spectra were simulated and deconvoluted to derive the
radical yields and relative abundance of different BMPO radical adducts. As shown in Figure A7, the
simulated EPR spectra reproduced the observed spectra very well with small residuals. The solid color bars
in Figure 3.2 shows the relative abundance and BMPO-radical yields from SOA generated from six
different precursors. As shown in Figure 3.2(a) and 3.2(b), the BMPO-radical adduct yields from isoprene
and o-terpineol SOA at neutral pH are significantly enhanced to 0.10% and 0.035% from <0.05% and <0.02%
at acidic conditions, respectively. Isoprene SOA at neutral pH generates substantial amounts of *OH (45%)
and carbon-centered organic radicals (44%) with a very minor contribution from oxygen-centered organic
radicals (8%), while a-terpineol SOA shows dominant carbon-centered radical formation at neutral pH. In

comparison, both isoprene and a-terpineol SOA produce O,*/HO:* (50 — 60%) predominantly in acidic
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conditions, while *OH (10 — 20%) and organic radicals (15 — 33%) only constitute minor fractions, as
consistent with our recent study.?** It should be noted that the highly acidic condition (pH = 1.0) does not
lead to notable differences in radicals yields and relative abundance compared to the original SOA extracts
with moderately acidic conditions (pH = 3.0 — 3.5).
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Figure 3.1. EPR spectra of aqueous extracts of (a) isoprene SOA and (b) a-terpineol SOA at different pH
(7.4, 3.0, and 1.0) in the presence of the spin-trapping agent BMPO. The dashed vertical lines represent
different BMPO-radical adducts including OH (red), superoxide (green), and carbon- (orange) and oxygen-
centered (blue) organic radicals.

In addition, we characterized radical formation from a-pinene, B-pinene, toluene and naphthalene
SOA (Figure 3.2(c)-(f)) at different pH, with the observed EPR spectra shown in Figure AS8. a-pinene and
B-pinene SOA (Figure 3.2(c), (d)) show an inverse trend to isoprene and a-terpineol SOA, with substantially
lower BMPO-radical yields at neutral pH (< 0.01%) compared to acidic conditions (0.02 — 0.04%). At
neutral pH, a-pinene and B-pinene SOA mainly generate low amounts of organic radicals, while the
dominant formation of O,*/HO,* (> 60%) are observed at pH1.0 and 3.0, similar to isoprene and a-terpineol
SOA. For aromatic (toluene and naphthalene) SOA (Figure 3.2 (e), (f)), we observed dominant superoxide

formation (90 — 100%) in acidic solutions, whereas no radicals above detection limit were found at neutral

pH.
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Figure 3.2. Yields and relative abundance of different radical species from (a) isoprene SOA, (b) a-
terpineol SOA, (¢) a-pinene SOA, (d) B-pinene SOA, (¢) toluene SOA and (f) naphthalene SOA at different
pH in the presence of BMPO. The solid-colored bars represent BMPO-radical adducts measured by EPR,
while the green dashed bars represent superoxide yields estimated from the Diogenes assay. Note the italic
bold numbers at pH 7.4 are calculated combining the results of EPR and the Diogenes assay. The error bars
represent the error propagation from the two duplicates in EPR measurements or the Diogenes assay with

the uncertainty in SOA mass measurements.
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An interesting result as observed from Figure 3.2 is that no BMPO-OOH (green solid bars) was
detected at pH 7.4 for all SOA, raising a question if the EPR-spin trap method with BMPO can detect
superoxide efficiently at neutral pH. Given the pKa of HO,* (4.88), the predominant form of superoxide in
acidic conditions (pH 3.0 and 1.0) should be HO»®, whereas it is O»* at neutral pH.?% It has been reported
that a nitrone spin trap can react with HO»*® very efficiently (e.g., BMPO + HO,* -»BMPO-OOH), while
the trapping of O,* is a two-step process via initial addition of O,* to BMPO to form the BMPO-O; adduct
followed by protonation by water (or other acidic sources) to form BMPO-OOH.?'* As a consequence, the
overall rate of O,* trapping in neutral conditions can be an order of magnitude slower compared to HO,*
trapping in acidic conditions.?!! Hence, we applied the Diogenes chemiluminescence assay which is more
sensitive in superoxide measurements at neutral pH (see SI text and Figure A9). Figure 3.3 shows the
measured initial O,*/HO,* production rates by SOA at neutral pH. All biogenic (isoprene, a-terpineol, a-
pinene and B-pinene) SOA show positive superoxide production rates, varying from 0.005 —0.013 pM min
!, In contrast, toluene and naphthalene SOA do not generate O,*/HO,* above detection limit, as consistent

with the EPR-spin trap method (Figure 3.2 (e), (f)).
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Figure 3.3. Initial superoxide production rates from SOA generated by isoprene, a-terpineol, a-pinene, -
pinene, toluene and naphthalene measured by Diogenes chemiluminescence assay at pH 7.4. The error bars

represent uncertainties from the two duplicates of SOA in chemiluminescence measurements.
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Overall, the cross-validation by the Diogenes assay suggests that the superoxide yields at neutral
pH may be underestimated by BMPO trapping. Therefore, we estimated the total superoxide production
yields by the Diogenes assay at neutral pH, which are added as green dashed bars in Figure 3.2. For isoprene
and a-terpineol SOA, the additional O,* formation at pH 7.4 can further increase the enhancement factors
compared to acidic conditions, while the radical yields from a-pinene and B-pinene SOA are still much
lower at neutral pH even after considering O,* formation. Both methods confirm that superoxide formation
is below detection limit from toluene and naphthalene SOA at pH 7.4, consolidating that aromatic SOA
containing quinone-type compounds mediate redox cycling and O,* formation in a pH-dependent manner

favoring stronger acidity.?
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Figure 3.4. Temporal evolution of concentrations of BMPO-OH adducts from UV-vis irradiation of the
mixture of 1 mM H>O, and 10 mM BMPO at different pH. The light was switched on 1 minute after the

starting point. The error bars represent the uncertainties from the two duplicates in EPR measurements.

We also investigated if pH affects the BMPO trapping efficiency of *OH in the mixtures of 1 mM
H,0O; and 10 mM BMPO under UV-vis irradiation at different pH. Due to the nature of H,O» photolysis,
the *OH yields should be solely determined by the photon intensity without being affected by pH.?!* We
note that the Fenton reaction (H,O» + Fe?"), the most common standard system for *OH generation, is
unsuitable for the assessment of pH effects on BMPO trapping efficiencies as this reaction is known to be
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intrinsically affected by pH with higher acidity favoring *OH formation.?'* Figure 3.4 shows the temporal
evolution of BMPO-OH concentrations. For all pH conditions, significant BMPO-OH formation (> 10 uM)
was observed within 5 min minutes after introducing the irradiation, indicating effective photolysis of H>O,
and efficient trapping of *OH by BMPO. The sharp decline in [BMPO-OH] after 5 min is likely due to
photolytic decay of BMPO-OH. Only marginal differences (< 20%) were observed in BMPO-OH
concentrations over the course of reactions for different pH conditions, confirming that acidity has minor
to negligible effects on the BMPO trapping of *OH. We also speculate that pH effects on BMPO trapping
R* and RO" should be trivial as no H" is involved in the reactions. This investigation of the potential pH
effects on the trapping efficiencies of BMPO should elicit precaution for future studies using the EPR-spin

trap method especially for detecting superoxide at neutral pH.

3.4.2 Reaction Mechanisms
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Figure 3.5. Yields and relative abundance of different radical species from (a) 10 mM cumene
hydroperoxide, (b) 10 mM fert-butyl hydroperoxide and (c) the mixture of 0.2 mM 5-Hydroxy-1,4-
naphthoquinone and 0.2 mM ascorbate (Asc) at different pH in the presence of BMPO. The solid bars
represent BMPO-radical adducts measured by EPR, while the green dashed bars represent superoxide yields
estimated from the Diogenes assay. The error bars represent the uncertainties from the two duplicates in

EPR measurements.

To better understand the pH effects on ROS formation mechanism from SOA, we measured radical
formation from commercially available organic hydroperoxides at different pH. Figure 3.5 (a) and (b) show

predominant *OH formation (70 — 90%) from 10 mM cumene hydroperoxide (CHP) and tert-butyl
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hydroperoxides at neutral pH, with total radical yields up to 0.014% and 0.04%, respectively. The
unimolecular decomposition of labile organic hydroperoxides can lead to *OH formation through the
cleavage of the weaker O-O bond.'?! 3% In acidic solutions (pH 3.0 and 1.0), however, both organic
hydroperoxides generate much lower *OH (radical yields < 0.0009%). While the first-order decomposition
of peroxides should be a thermal process depending on temperature instead of pH, it may be suppressed at
higher acidity due to the acid-catalyzed rearrangement of alkyl hydroperoxides.?'> 2!¢ Levin et al.?!” also
characterized the kinetics of acid-catalyzed cleavage of CHP leading to phenol and acetone formation,
which can take place at or even below the room temperature in the presence of sulfuric acid. Further, their

217 provides thermodynamic evidence that the thermal decomposition of CHP forming phenol/acetone

study
follows a combined linear-exponential function of sulfuric acid concentration (i.e., pH < 2.7) at the room
temperature. This alternative decomposition pathway would lead to alcohol and ketone formation as the
end products, involving no radical formation.?!'® A similar mechanism has also been shown for aliphatic
alkyl hydroperoxides including tert-butyl hydroperoxide.?!” Therefore, it may partially account for the
decreased radical formation by isoprene and a-terpineol SOA at lower pH (Figure 3.2 (a), (b)), although
the complex and multi-functionalized nature of organic hydroperoxides in SOA may not be accurately
represented by cumene or zert-butyl hydroperoxides. The major contribution from *OH by isoprene SOA is
likely be due to its higher fraction of organic hydroperoxides (3 — 5%) compared to a-terpineol SOA (1 —
3%) as predicted by kinetic modeling in our previous study.?*

Further, the decomposition of organic hydroperoxides is unlikely to account for the exclusive

formation of organic radicals by a-terpineol SOA as measured by EPR. Iyer et al.??°

recently proposed that
rapid autoxidation during a-pinene ozonolysis may lead to the formation of endoperoxides through ring-
opening and hydrogen shift reactions. While common organic peroxides (e.g. fert-butyl peroxybenzoate)
can be stable under the room temperature and do not decompose into organic radicals,?** the radical

formation from endoperoxides has not been investigated. The decay of ROOR may potentially serve as a

plausible channel, as the RO* generated from O-O cleavage can rapidly undergo isomerization or
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decomposition to form R®.!>> 22! Therefore, we characterized the ROS formation from a commercially
available endoperoxide, ascaridole. However, we observed no radicals above detection limit (Figure A10c),
indicating that endoperoxides are not responsible for the organic radical formation from a-terpineol SOA,
or the reactivity of ascaridole is lower compared to endoperoxides contained in o-terpineol SOA.
Meanwhile, it may be possible that *OH can abstract H from the tertiary alcohol group in a-terpinecol SOA
to form ROe, which undergoes B-scission to form Re.??! While this mechanism has been demonstrated for
the tertiary alcohol group in citric acid,??? further studies are warranted as *OH oxidation of monoterpene
alcohol has been rarely studied.

Quinones often contained in aromatic SOA are well known to induce superoxide formation: in the
presence of electron donor, quinones can be reduced to semiquinone radicals which can further react with
dissolved oxygen to form superoxide.® 13 The pH dependence of the quinone redox cycling has been rarely
discussed in the context of ambient PM, so we measured radical formation in the mixture of 0.2 mM 5-
Hydroxy-1,4-naphthoquinone (5-H-1,4-NQ) and 0.2 mM ascorbate. Note that 5-H-1,4-NQ alone did not
generate radicals above detection limit. Figure 3.5(c) shows significantly higher superoxide production at
lower pH. It has been demonstrated that the quinone/hydroquinone couple has a redox potential dependent
on pH in a straightforward Nernstian manner,?'> which follows that increasing pH causes a decrease in the
redox potential.>** This provides a thermodynamic explanation on favoring O,"/HO,* formation through
stronger quinone redox cycling in acidic conditions compared to neutral pH (Figure 3.2 (e), (f)). It has been
shown that hydroquinones can be unstable at physiological pH, undergoing autoxidation to form
semiquinone radicals and quinones with concomitant generation of O,* and H,0,.** Further studies are
necessary to evaluate the relevance of such pathways especially for SOA generated from phenolics such as

catechol and cresol.?> 226
3.4.3 H,0; Formation from SOA at Different pH

In addition to radicals, we characterized H,O, yields from all SOA at different pH as shown in

Figure 3.6. Overall, higher H,O, yields are consistently observed for all SOA as pH decreases from 7.4 to
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1.0, with the enhancement factors varying from 1.5 to 3. This is in good agreement with Wang et al.,'*’

who
observed that H>O, generation by a-pinene, B-pinene and toluene SOA increased by a factor of 1.5, 2.4 and
1.75, respectively, when pH decreased from 7.5 to 3.5. Isoprene SOA shows significantly higher yields of
H>05 (4.0 — 6.6%) compared to other SOA (< 2.0%) with the H>O, level (4.2%) in the original extract (pH
3.5) in excellent consistency with our previous study (4.3 + 0.4%).22 Naphthalene SOA shows the second
highest H>O; yields (1.4 — 2.0%), which is comparable with Liu et al.** (1.9 — 2.5%). Qiu et al."*” recently
proposed that the decomposition of a-hydroxyalkyl-hydroperoxides (a-HHs) is a proton-catalyzed process
associated with H,O, formation, which is a highly plausible mechanism accounting for the elevated H,O»
yields from biogenic SOA. They showed that the decay rates of a-HHs derived from a-terpineol increase
drastically from 0.29x103 s! to 12x103 s when pH decreases from 5.7 to 3.3."7 For toluene and
naphthalene SOA, the enhanced superoxide formation with higher acidity may subsequently lead to H>O»
yields because O, is known as an important precursor of HO,.!"* Given the low O»* formation (Figure

3.2 (f)) but high H,O> yields from naphthalene SOA, additional H,O» sources could be important including

decomposition of hydroxyhydroperoxides,”> which may account for significant fractions in naphthalene

SOA. >
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Figure 3.6. H,O, yields from aqueous reactions of isoprene SOA (ISO), a-terpineol SOA (AT), a-pinene
SOA (AP), B-pinene SOA (BP), toluene SOA (TOL) and naphthalene SOA (NAP) at different pH. The
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actual pH of each SOA in the 2.5 — 3.5 range corresponds to those in Figure 3.2. The error bars represent
the error propagation from the two duplicates in fluorescence measurements and the uncertainty in SOA

mass measurements.

3.5 Implications

This work provides the detailed characterization of pH effects on ROS formation from various SOA
and probes into the underlying mechanisms in acidic versus physiological pH. In atmospheric aerosols, the
acidity plays a critical role in chemical transformation and composition by regulating acid-catalyzed
particle-phase reactions. A primary mechanism is through acid-catalyzed aldehyde and carbonyl reactions
including protonation, hydration and addition of alcohol,?*® which can contribute to high aerosol yields due
to oligomerization and aldol condensation.”” *° It has also been well studied that higher acidity can
enhance isoprene SOA concentrations by triggering ring opening of epoxydiols followed by the
nucleophilic addition of inorganic sulfate.*" 2 In comparison, acid-catalyzed reactions of organic
peroxides have been less discussed despite their significance in aqueous-phase radical formation. A recent
study demonstrated that carboxylic acid can catalyze the reaction between hydroperoxides and aldehydes
to form peroxyhemiacetals.”** In addition, Hu et al.”** reported that the decomposition of a-alkoxyalkyl-
hydroperoxides can be enhanced at lower pH involving no radical formation. Thus, the complex nature of
SOA can alter the ROS formation capacity of organic peroxides under acidic conditions. These aspects
should be considered along with the acid-catalyzed rearrangement of hydroperoxides to better understand
ROS formation from SOA.

By analogy to ROOH (e.g., CHP), a-HHs undergo acid-catalyzed decomposition forming
carbonyls and H,0O», as shown by substantially higher H>O, yields in acidic conditions observed in this
work. a-HHs can originate from hydrolysis of Criegee intermediates'>” or *OH oxidation of alcohols to
form a-hydroxyalkyl radicals followed by O, addition and HO,® termination.?*> A recent study indicated
dominant contribution of decomposition/hydrolysis of organic peroxides to the condensed-phase H>O»,

whereas the partitioning of the gas-phase H>O, was negligible.?*° In the presence of transition metals, H>O,
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can be further converted to much more reactive *OH and induce the formation of highly oxygenated species
and chemical aging.!%? Recent field measurements revealed that elevated H,O» concentrations are associated
with haze events and H>O, oxidation may act as the primary pathway for sulfate formation.?3”-23® Therefore,
our work highlights the importance of acidity in altering the ROS formation yield and composition and the
acidity should be considered for further investigations of ROS formation from SOA.

Inhalation and deposition of organic aerosols can lead to oxidative stress by the formed ROS at
physiological pH. H,0O, yields from SOA are shown to be 25 — 100 times and 5 — 8 times higher than the
total radical yields in acidic and neutral conditions, respectively, which indicates H,O> as the most abundant
exogenous ROS in ambient PM especially considering its much longer lifetime. Under neutral conditions
organic hydroperoxides can preferably undergo unimolecular decomposition to generate highly reactive
*OH radicals, which can initiate a cascade of reactions to propagate further radical formation'®? as well as
directly attack biological components to induce pathological processes such as lipid peroxidation.?** The

formed organic radicals can be persistent even in the presence of antioxidants,?%

although their capacity in
causing oxidative potential still warrants further studies. While this study used the PAM reactor to generate
SOA, further experiments are necessary with SOA generated in an environmental chamber that applies
lower VOC and oxidant concentrations as well as with organic particles collected from the ambient

atmosphere to consolidate the atmospheric and health relevance of acidity effects on ROS formation by

SOA.
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3.6 Chapter 3 Appendix

3.6.1 Calibration of Diogenes Chemiluminescence Assay

We used the HX/XO system to perform the calibration of the Diogenes chemiluminescence assay.
The concentration of HX was fixed at 250 uM and XO was varied from 0 — 1.0 mU mL"! (U as the enzyme
unit in pmol min™). First, XO and probe (either 50 pL Diogenes or 15 uL. 3 mM CMH in 200 uL reaction
vials) were mixed in PBS, which generated negligible chemiluminescence or CM* signal. Next, HX was
added to initiate the reaction to produce O*. Chemiluminescence and EPR measurements were then
conducted within 1 to 6 minutes of reaction. In control groups, 15 pL superoxide dismutase (SOD) was
used to suppress the signals to below detection limit, suggesting that the signals without SOD were due to
O," formation. The sample data were corrected with the SOD groups, which involves the propagation of
standard deviation. Figure A6 shows a linear relationship (R? = 0.97) between O,* production rates
calculated from the EPR-CMH method and RLU from chemiluminescence. The slope from the linear
regressions was used to convert the Diogenes chemiluminescence signals to O,* production rates in the unit

of uM min..

3.6.2 Superoxide Measurement at Neutral pH by EPR and Chemiluminescence

Using the same standard system of superoxide generation — HX/XO, we compared the sensitivities
of the EPR-spin trapping technique and the Diogenes assay at neutral pH. Figure Al5 shows the
accumulation of BMPO-OOH adducts from 250 puM HX and 1.0 munit/mL XO, reaching 1.37 uM in 60
minutes. The XO concentration of 1.0 munit/mL corresponds to the highest point in Figure A12, which
translates into a superoxide production rate of ~ 0.3 pM/min. Thus, it can be roughly estimated that the total
superoxide produced over 60 minutes should be ~ 18 pM, which is more than one order of magnitude
greater compared to the results of the EPR-BMPO method (1.37 uM). In addition, the Diogenes assay is
capable of superoxide measurements at neutral pH for biogenic SOA (Figure 3.3), while we observed no

superoxide above detection limit from the EPR-BMPO method (Figure 3.2(a)-(d)). Therefore, it can be
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concluded that the Diogenes assay is substantially more sensitive by about one order of magnitude in

superoxide measurements compared to the EPR-BMPO method at neutral pH.
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Figure A5. Calibration of the flurometric H>O, assay with 0.05 — 1.5 uM H0O; in phosphate buffer saline

(PBS). The fluorescence data were shown as the mean values of two independent experiments.
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Figure A6. Calibration of Diogenes chemiluminescence by the superoxide production rate determined from
the EPR-spin probe method with 250 uM HX and 0 — 1.0 munit/mL XO. The chemiluminescence data were

shown as the mean values of two independent experiments.
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Figure A7. EPR-spectra of BMPO-radical adducts from aqueous reactions of isoprene SOA with (a) pH =
7.4, (b) pH = 3.5, (c) pH = 1.0 and a-terpineol SOA with (d) pH = 7.4, (¢) pH = 3.0 and (f) pH = 1.0. The
observed spectra (black) are simulated (purple) and deconvoluted into BMPO-OH isomer 1 (red), BMPO-
OH isomer 2 (brown), BMPO-OOH isomer 1 (light green), BMPO-OOH isomer 2 (dark green), BMPO-R
(yellow), and BMPO-OR (blue). Residual (grey) denotes the difference of observed and simulated spectra.
The two isomers of BMPO-OH and BMPO-OOH represent the trans of cis structures of the -OH and -OOH

groups, respectively.
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Figure A8. EPR spectra of (a) a-pinene SOA, (b) B-pinene SOA, (c) toluene SOA and (d) naphthalene

SOA at different pH in the presence of spin-trapping agent BMPO. The dashed vertical lines represent
different BMPO-radical adducts.
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Figure A9. EPR spectra from the mixture of 250 uM HX, 1.0 munit/mL XO and 10 mM BMPO in
phosphate buffer saline (PBS) over different time points. The numbers to the right of each spectrum denote
the concentrations of BMPO-OOH at each time point. Note that the BMPO-OOH concentrations after the

addition of SOD are below detection limit; thus their EPR spectra are not shown here.
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Figure A10. EPR spectra of 10 mM (a) cumene hydroperoxide, (b) tert-butyl hydroperoxide and (c)
ascaridole at different pH(s) in the presence of BMPO. The dashed vertical lines represent different BMPO-

radical adducts.
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Chapter 4: Iron-facilitated Organic Radical Formation from Secondary Organic Aerosols

in Surrogate Lung Fluid

This chapter was published in Environmental Science & Technology in 2021:

Wei, J.; Fang, T.; Lakey, P. S. J.; Shiraiwa, M., Iron-Facilitated Organic Radical Formation from Secondary
Organic Aerosols in Surrogate Lung Fluid. Environ Sci Technol 2021.
https://doi.org/10.1021/acs.est. 104334

4.1 Abstract

Respiratory deposition of secondary organic aerosols (SOA) and iron may lead to the generation of reactive
oxygen species and free radicals in lung fluid to cause oxidative stress, but their underlying mechanism and
formation kinetics are not well understood. Here we demonstrate substantial formation of organic radicals
in surrogate lung fluid (SLF) by mixtures of Fe?>" and SOA generated from photooxidation of isoprene, o-
terpineol and toluene. The molar yields of organic radicals by SOA are measured to be 0.03 — 0.5% in SLF,
which are 5 — 10 times higher than in water. We observe that Fe?* enhances organic radical yields
dramatically by a factor of 20 — 80, which can be attributed to Fe?*-facilitated decomposition of organic
peroxides, in consistency with a positive correlation between peroxide contents and organic radical yields.
Ascorbate mediates redox cycling of iron ions to sustain organic peroxide decomposition, as supported by
kinetic modeling reproducing time- and concentration-dependence of organic radical formation as well as
additional experiments observing the formation of Fe?* and ascorbate radicals in mixtures of ascorbate and
Fe**. *OH and superoxide are found to be scavenged by antioxidants efficiently. These findings have

implications on the role of organic radicals in oxidative damage and lipid peroxidation.

4.2 Introduction

Secondary organic aerosols (SOA) represent a substantial fraction of ambient particulate matter
(PM) and play a significant role in air quality and public health.”* SOA are generated from oxidation of

anthropogenic and biogenic volatile organic compounds (VOCs) followed by nucleation and condensation
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of semi- and low-volatile oxidation products.'” Transition metals are also important for aerosol health
effects and iron is regarded as being especially important due to its strong redox activity. Iron is emitted
from anthropogenic and crustal sources such as diesel emissions, non-exhaust emissions, and resuspension
of dust.?**2#! In atmospheric aerosol particles the water-soluble fractions of iron are reported to be up to
about 20%%*> 24} with majority (> 60%) in the form of Fe (III), while significantly greater fractions (up to
90%) of Fe (II) can be found in fog and cloud water.?**?* Mineral dust can take up organic compounds to
facilitate particle formation and growth and to become internally mixed with organics.?*>247

Inhalation and respiratory deposition of redox-active PM components can lead to the formation of
reactive oxygen species including hydroxyl radicals (*OH), superoxide/hydroperoxyl radicals (O,*/HO»"),
hydrogen peroxide (H,O>) and organic radicals, which may cause oxidative stress. PM oxidative potential
is related to ROS formation and it has been suggested to be an emerging indicator of aerosol health effects
in addition to PM mass concentrations.”® 24 24 While substantial efforts have been made to advance our
understanding of toxicity and oxidative potential of SOA and metals, the underlying mechanism of
oxidative stress and linkage to ROS formation by PM in lung fluid are still poorly established.®

SOA contain a number of oxidized products such as alcohols, carboxylic acids, and highly

109,

oxygenated organic molecules (HOMs) with multiple peroxide functionalities.'®: 121" Organic

26,132 131

hydroperoxides and peracids™' can decompose to form *OH, which can be enhanced with Fenton-like
interactions of ferrous iron ions.?® %’ Subsequent *OH oxidation of primary or secondary alcohols can lead
to the formation of O,*/HO,*.2? A recent study demonstrated the formation and stabilization of carbon-
centered radicals in organic aerosols containing Fe ions.?® Despite recent progress, the chemical
mechanism of ROS formation induced by SOA and transition metals is highly uncertain, especially in lung
fluid.

In this study, we characterized radical formation from laboratory-generated SOA and Fe?" in water

and in surrogate lung fluid (SLF). We observed major formation of *OH and O,*/HO-® in water, but

dominant formation of organic radicals in SLF with significant enhancement effects by Fe?*. Kinetic
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modeling elucidated that the substantial formation of organic radicals is due to Fe*'-facilitated
decomposition of organic peroxides and subsequent aqueous reactions, which is further enhanced by
antioxidants through Fe*'/Fe** redox cycling. We found that *OH and O,*/HO," can be effectively
scavenged by lung antioxidants, while some organic radicals can persist due to relatively longer lifetimes
and low reactivity with antioxidants. This work provides the mechanistic explanation for organic radical

formation in lung fluid by SOA and Fe** with significant implications on oxidative stress.
4.3 Materials and Methods
4.3.1 SOA formation, collection and extraction

SOA particles were generated from *“OH photooxidation of isoprene (Sigma-Aldrich, = 99%), a-
terpineol (Arcos Organics, = 97%) and toluene (Alfa Aesar, = 99.7%) using a potential aecrosol mass (PAM)
reactor.”® We selected isoprene and toluene because they are among the most heavily emitted biogenic'
and anthropogenic'* VOCs, respectively. o-terpineol was selected as an important biogenic and indoor-
relevant VOC, which is a significant component of liquid cleaner/disinfectants and air fresheners.!”!
Detailed procedures of SOA formation can be found in our recent study.?> Despite high *OH concentrations
(~10' ¢m™) compared to ambient levels (~ 10° cm™), previous studies have shown that the PAM reactor
can generate SOA highly relevant to that from ambient and chamber conditions in terms of mass yield,
oxidation state, hygroscopicity, and chemical composition with similar mass spectra measured by an
Aerodyne ToF AMS.%-8 Additional advantages of the PAM reactor include efficient generation of SOA
mass in shortened experimental timescales, ability to reach long photochemical ages, and minimized wall
losses.®% % 251 Nevertheless, lifetimes of peroxy radicals in OFR are much shorter compared to typical
ambient conditions and the reaction regime with high radical concentrations would affect SOA chemistry;®®
thus, future studies with ambient SOA or SOA generated with low concentrations would be warranted.

A scanning mobility particle sizer (SMPS, Grimm Aerosol Technik) was used to monitor the

number concentrations and size distributions of PAM-generated SOA. Particle sampling was initiated after
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the number concentrations stabilized. The SOA particles were collected on 47 mm polytetrafluoro-
ethylene (PTFE) filters (Millipore FGLP04700, 0.2 um pore size) for 30 — 60 min with average mass
loadings of 0.35 + 0.06 mg, 2.18 + 0.15 mg and 1.04 £+ 0.16 mg for isoprene, toluene and a-terpineol SOA,
respectively. The filter samples were extracted in 1 mL spin-trap solution (10 mM) containing Fe** salt
((NHa4)2Fe(SOs4)2, Sigma-Aldrich, 99%, 0 — 0.8 mM) in water or in buffered SLF (pH = 7.4). SLF is an
artificial solution containing naturally occurring lung antioxidants including L-ascorbic acid (Asc, 200 uM,
Sigma-Aldrich, 99%), L-glutathione reduced (GSH, 100 uM, Sigma-Aldrich, >98%) and uric acid (100 uM,
UA, Sigma-Aldrich, >99%).!"* It also contains citric acid (CA, 300 puM, Sigma-Aldrich, >99.5%),
mimicking metal-binding proteins in vivo.?>? A phosphate buffer saline (PBS, Corning, 10x) was used to
maintain the physiological pH at 7.4 in SLF. The mass difference before and after the extraction was
regarded as the amount of SOA dissolved in reagents, and an average molar mass of 200 g mol! was
assumed for the calculation of SOA molar concentrations in filter extracts. SOA concentrations were in the
range of 1.2 — 2.1 mM, 2.0 — 3.9 mM and 5.6 — 9.9 mM for isoprene, a-terpineol and toluene SOA,
respectively. The pH of the SOA extracts in water varied between 4 and 6. Two SOA samples were prepared
for each Fe*" concentration for the analysis of radical formation. More detailed procedures of SOA
formation, collection and extraction can be found in our previous study.?*

Experiments were also conducted using the model compounds of ROOR and ROOH including tert-
butyl peroxybenzoate (Sigma-Aldrich, 98%), tert-butyl peracetate (Sigma-Aldirch, 50 wt%), cumene
hydroperoxide (Alfa Aesar, 80%), benzoyl peroxide (Sigma-Aldrich, = 98%) and dicumyl peroxide

(Sigma-Aldrich, 98%). 0.1 mM Fe?" and 10 mM peroxides were mixed with 10 mM BMPO in water and

SLF, respectively, followed by EPR measurements.

4.3.2 EPR Measurements

A continuous-wave electron paramagnetic resonance (CW-EPR) spectrometer (Bruker, Germany)
coupled with a spin-trapping technique was used for free radical quantification. The spin-trapping agent 5-

tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) (Enzo, =99%) was used to capture free
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radicals generated upon aqueous reactions of SOA. After particle extraction from a filter, the extracts were
incubated at a room temperature of 20 °C. A 50 pL aliquot was loaded into a 50 pL capillary tube (VWR)
and inserted in the resonator of the EPR spectrometer at 10, 20, 60, 120, 180 and 240 min from the start of
aqueous reactions. The parameters for EPR measurements are as follows: a center field of 3515.0 G, a
sweep width of 100.0 G, a receiver gain of 30 dB, a modulation amplitude of 1.0 G, a scan number of 10 —
50, attenuation of 12 dB, a microwave power of 12.6 mW, a modulation frequency of 100 kHz, a microwave
frequency of 9.86 GHz and a conversion time and time constant of 5.12 ms. After obtaining the EPR spectra,
SpinFit and SpinCount methods embedded in the Bruker Xenon software were applied to quantify BMPO-
radical adducts®® at each time point. In consistency with our previous study,?’? the detection limits for all
BMPO-radical adducts are around 50 — 80 nM. The radical yield was calculated by normalizing the

concentrations of BMPO adducts with SOA concentrations in the aqueous extracts.

4.3.3 Fe’* Measurement

Fe* measurements were performed using the ferrozine method.'*® The stock solution of 2.55
mg/mL ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate,
Sigma-Aldrich, 97%) was prepared. 100 pL of this solution was added to 10 mL samples containing Fe**
or Fe** + ascorbate, and the magenta-colored ligand formed by Fe*" and ferrozine was quantified by an
online miniature spectrophotometer (Ocean Optics) at a characteristic wavelength of 562 nm. The
calibration was conducted using Fe*" standard solutions (Figure A11). Note that the control experiments

show that Fe** or ascorbate alone with ferrozine do not generate Fe?* signal above detection limit (4 nM).

4.3.4 Total Peroxide Measurement

The total peroxide measurements were conducted using a modified iodometric-spectrophotometric
method.'* Peroxides in all forms (ROOH, ROOR, HOOH) can oxidize I to form I,, which combines with
the excess I" to form I3~ with characteristic absorbance peaks at wavelengths 289 nm and 350 nm?** and the

absorbance at 350 nm was measured in this study. Isoprene, a-terpineol and toluene SOA were extracted in
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1 mL Milli-Q water for 7 min, after which 100 pL of the SOA extracts were mixed with 700 pL ethyl
acetate (Sigma-Aldrich, 99.8%) to obtain 800 pL diluted extracts. Then the 800 pL diluted extracts were
mixed with 1200 pL reagents consisting of 636 pL acetic acid (Sigma-Aldrich, = 99%), 324 puL chloroform
(Sigma-Aldrich, = 99.5%) and 240 pL water (acetic acid:chlroform:water = v:v 0.53:0.27:0.20). Note that
the dilution factor of SOA extracts in the reagents (i.e., 100 uL in 2000 uL) was determined when different
reagents were completely miscible so that the solution was homogeneous. The 2000 pL diluted SOA
extracts with reagents were then purged with a flow of 15 ccm N, for 1 min to exclude dissolved oxygen
that can also oxidize I'. Next, 20 mg of potassium iodide (KI, Sigma-Aldrich, = 99%) was added into each
sample, after which the vials were capped and allowed to stand for 1 h. Lastly, the solution was further
diluted in water by a factor of 200 (25 pL in 5000 pL) and the absorbance at 350 nm was measured using
an online miniature spectrophotometer (Ocean Optics). The calibration was performed using 0.2 — 2 uM
benzoyl peroxide (Sigma-Aldrich, = 98%) and the calibration curve is shown in Figure A12. Blank (water
instead of SOA extracts or benzoyl peroxide) correction was always performed and the measurements were

repeated twice for each SOA sample.

4.3.5 DTT assay

The dithiothreitol (DTT) assay was performed following the protocol in Fang et al.>** Briefly, the
consumption rate of DTT is considered as an indicator of the oxidative potential. To perform this assay, a
1 mL reaction vial was prepared consisting of 0.7 mL samples or blank, 0.2 mL phosphate buffer (0.5 M
KH>PO,4 and K;HPO,, Sigma-Aldrich) and 0.1 mL of 1 mM DTT (Sigma-Aldrich, = 99%). The reaction
starts with the addition of DTT, and a 100 pL aliquot was withdrawn from the reaction vial at 0, 5, 10, 15,
and 20 min and added to 1 mL of TCA (trichloroacetic acid, LabChem, 1% w/v) to quench the reaction.
The reaction vials were incubated at 37 °C in a thermo mixer (Eppendorf). Next, 2 mL Tris buffer (0.08 M
Trizma base, Sigma-Aldrich, = 99.9% with pH adjusted to 8.9 by hydrochloric acid (LabChem, 10 M)) and
0.5 mL DTNB (0.2 mM, 5,5'-Dithiobis-(2-nitrobenzoic acid, Sigma-Aldrich, > 98%) were added to the

quenched aliquot. The mixture was then diluted 10 times and immediately measured by the absorbance of
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412 nm using an online miniature spectrophotometer (Ocean Optics). Note, a blank control (Milli-Q water)
was always performed in each experiment. For the SOA extracts, isoprene and a-terpineol SOA were
diluted 10 times while toluene SOA was diluted 20 times to obtain linear DTT consumption rate within the
timescale of the experiment. The [Fe**]/[SOA] molar ratios in the reaction vials were maintained consistent

with those in EPR measurement.

4.3.6 Kinetic modeling

A kinetic model was applied to simulate the radical formation by aqueous reactions of isoprene
SOA with Fe*" in SLF using the reactions listed in Table A4. The reactions include radical chemistry
involving SOA (R1 — R31), ROS coupling (R32 — R41), reactions of Fe ions (R42 — R51), reactions
involving antioxidants (R52 — R63), and BMPO chemistry (R64 — R84). The mechanisms of *OH and *Oy
/HO,* formation from SOA (R1, R3 and R4) were explicitly addressed in our previous study,**? with the
addition of Fe*'-catalyzed ROOH decomposition (R2).2% 25 The RO* formation originates from Fe?'-
catalyzed decomposition of ROOR (R5) and ROOH (R10, branching of R2), which can be further converted
to R* through isomerization (R12),¢ decomposition (R13)*” and bimolecular reactions (R14 — R16).%!
Note that the rate coefficients involving SOA chemistry were assumed to be independent of the structures
of R groups contained in isoprene SOA, representing a major model assumption. The variations in rate
coefficients depending on R structures were reflected in the uncertainties shown in Table A4.

The rate coefficients of ROS coupling reactions were obtained from literature values. For Fe-
oxidant interaction (R42 — R45), we also consider potential impacts of Fe-citrate ligand on the rate
coefficients as demonstrated by Gonzalez et al.*® The rate coefficients of antioxidants with radicals and Fe
ions were also adopted from literature, except that the scavenging of R* and RO*® by ascorbate (R56 and
R57) were assumed to be a few orders of magnitude slower than that of *OH and *O,7HO,* (R52 and R55).
This is in line with the experimental results showing BMPO-OH and BMPO-OOH below the detection
limit, in contrast to the significant formation of BMPO-R and BMPO-OR in SLF. The redox cycling of

Fe¥'/Fe** by ascorbate is also considered (R63). The unknown rate coefficients and molar fractions of
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ROOH, RiR,CHOH and ROOR contained in isoprene SOA were determined using the Monte Carlo genetic
algorithm (MCGA) to reproduce experimental data.'*? In the Monte Carlo search, input parameters were
varied randomly within individual bounds: the boundaries of all reaction rate constants were generally
constrained to within two or three orders of magnitude based on literature values, while the
ROOH/RR,CHOH/ROOR molar fractions were constrained to between 0.1 — 80%. The uncertainty of the
rate coefficients in Table A4 and the ROOH/R;R,CHOH/ROOR fractions in Table A5 were obtained by
running the MCGA numerous times (> 100), among which 40 parameter sets were selected which

reasonably captured the temporal trends of the experimental data.

4.4 Results and Discussion

4.4.1 Radical formation from SOA and Fe?' in water and SLF

Figure 4.1 (a) shows the observed EPR spectra of isoprene SOA in water and SLF in the absence
of Fe* or in the presence of 0.4 mM Fe?*. The simulations and deconvolution of EPR spectra (Figure A13)
allows us to quantify the absolute radical yields and relative abundance of different types of BMPO radical
adducts including *OH, O,*/HO,*®, and carbon- and oxygen-centered organic radicals. As shown in Figure
4.1 (b), we find striking enhancements in the observed total radical yields with Fe*" addition in both water
(from 0.07% to 0.57%) and SLF (from 0.005% to 0.42%) with large changes in radical composition.
Isoprene SOA in water leads to the predominant formation of superoxide (64%) with a minor contribution
from *OH and carbon-centered radicals; upon the addition of 0.4 mM Fe?*, the radical profile becomes
dominated by *OH (77%) with contributions from O»*/HO,* (15%) and carbon-centered radicals (8%)
(Figure 4.1 (b)). In the presence of antioxidants in SLF without Fe?*, only carbon-centered radicals are
observed, while a minor contribution from oxygen-centered organic radicals (16%) is also observed with
0.4 mM Fe?*. *OH and O,"/HO>* radicals are not observed in SLF, indicating effective scavenging of these
highly reactive species by antioxidants, which is consistent with the formation of ascorbate radicals

(Asc*)*’ in Figure 4.1 (a). Note that the detected organic radical formation in SLF should be attributed to
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isoprene SOA with negligible contributions from Asc* trapping by BMPO, as *OH radicals formed by the
Fenton reaction (Fe*" + H>O,) are effectively scavenged in the SLF by ascorbate forming Asc* without the

formation of organic radical adducts (Figure A14).
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Figure 4.1. (a) EPR spectra of isoprene SOA with 0 or 0.4 mM Fe?" in water and SLF in the presence of
spin-trapping agent BMPO. The dashed vertical lines represent different BMPO-radical adducts and
ascorbate radicals (Asc™). (b) Yields and relative abundance of different radical species including BMPO-
OH (red), BMPO-OOH (green), BMPO-R (yellow) and BMPO-OR (blue) from isoprene (ISO), a-terpineol
(AT) and toluene (TOL) SOA in water and SLF with 0 or 0.4 mM Fe?*. Radical yields peaked and thus
selected to show at reaction time of 20 min in water and 60 min in SLF, respectively. The error bars
represent the error propagation from the two duplicates in EPR measurement and the uncertainty in SOA
mass measurements.

In addition to isoprene SOA, a-terpineol and toluene SOA are also characterized for the radical
yields in water and SLF, with the observed EPR spectra shown in Figure A15. In water, a-terpineol and
toluene SOA alone consistently generate radicals dominated by O,*/HO-* (> 90%). The total radical yields
are elevated by a factor of 4 — 8 upon Fe?" addition: o-terpineol SOA exhibits dominant (83%) *OH
formation which is similar to isoprene SOA (77%), while we observe no *OH above the detection limit
from toluene SOA + Fe?" in water. In SLF, Figure 14b shows consistent enhancement effects by Fe** in
organic radical formation, with radical yields increasing substantially from 0.008% to 0.19% for a-terpineol

SOA and from below the detection limit (BDL) to 0.04% for toluene SOA, respectively. Carbon-centered

radicals are the dominant species for a-terpineol (92%) and toluene (74%) SOA with minor contributions
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from oxygen-centered organic radicals (8% and 26%, respectively). Overall, we observe the highest radical
yields and strongest enhancement effects of Fe?* (by a factor up to ~ 80) from isoprene SOA followed by

a-terpineol and toluene SOA.
4.4.2 Reaction Mechanisms

To elucidate the chemical mechanisms of organic radical formation by SOA and Fe**, we developed
and applied a kinetic model to simulate the temporal evolution of R* and RO*® radicals. The following
reactions were implemented into the kinetic model for radical formation from isoprene SOA and Fe** based
on previous studies:

ROOH — RO* + *OH (R1)

ROOH + Fe?* - RO +*OH +Fe*"  (R2)

R{R,CHOH + *OH (12> ¢1 RiR,C(0,)0OH*  (R3)

R;R,C(0,)OH* — R{C(O)R, + HO,*  (R4)

ROOR' + Fe** - RO*+R'O" +Fe**  (R5)
SOA contain organic hydroperoxides (ROOH), which can undergo thermal decomposition to yield *OH
radicals (R1), which can be drastically promoted by Fe?" with the Fenton-like reaction leading to enhanced
formation of *OH (R2).2¢ Note that R1 occurs for ROOH without additional functionalities on the a-carbon,
as the decomposition of a-hydroxyhydroperoxides leads to the formation of carbonyl and H,0,.!*:23 HO,*
is formed subsequently by *OH oxidation of primary or secondary alcohols (RiR,CHOH) followed by fast
addition of dissolved oxygen (R3) and unimolecular decomposition of a-hydroxyperoxyl radicals (R4).!*
Our recent study showed that this mechanism can explain the dominated O,*/HQO,* formation from the
aqueous reactions of isoprene and terpene SOA in the absence of Fe**.2°2 While organic peroxides (ROOR”)
are thermally stable, they are known to be reactive towards Fe?*, releasing RO*® radicals (R5) in analogy to

R2 260, 261
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To confirm Fe?'-facilitated decomposition of organic peroxides, we measured radical formation in
mixtures of Fe*" and commercially available organic hydroperoxides and peroxides in water and SLF. As
shown in Figure 4.2, tert-butyl peroxybenzoate, fert-butyl peracetate (ROOR) and cumene hydroperoxide
(ROOH) produce various radicals via Fenton-like reactions of Fe?* in water; note that organic radicals are
below detection limit without Fe?". Benzoyl peroxide and dicumyl peroxide (not shown) are found to be
unreactive with Fe** within the timescale of our experiments, indicating that some organic peroxides are
very stable. In SLF, only R* was formed and other radicals (*OH, O,*, RO®) were hardly observed. It

indicates efficient scavenging of reactive radicals by antioxidants and rapid conversion of RO*® to R°.
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Figure 4.2. EPR spectra of mixtures of 0.1 mM Fe*" with 10 mM (a, b) fert-butyl peroxybenzoate, (c, d)
tert-butyl peracetate, (e, f) cumene hydroperoxide and (g, h) benzoyl peroxide in water (black) or SLF (red).

Indeed, we observed significantly higher formation of R* than RO* from isoprene SOA in both
water and SLF (Figure 4.1 (b)), most likely due to the rapid conversion of RO* to R* via isomerization
(R12 in Table A4), decomposition (R13) and a bimolecular reaction resulting in H abstraction (R14).%6?
Note that the R groups in R* than RO* should be different. While the isomerization and decomposition of

RO" are established in the gas phase, these pathways can also occur in the aqueous phase.'>> Our model

sensitivity analysis suggested that R12 and R13 contribute to over 99% of the total BMPO-R formation,
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consistent with Carrasquillo et al.?*! showing that a bimolecular reaction as a negligible channel in the
condensed phase. Isomerization and decomposition rates of RO* are comparable in forming R® given the

fitted rate coefficients ((0.05 — 6.4) x 10° s' and (0.1 — 9.6) x 10° s}, respectively), which are in line with

literature values (< 107 s 256 and < 1.4 x 10° 5! %7 respectively).
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Figure 4.3. (a) Concentrations of Fe** formed in the mixtures of ascorbate (10 uM) with Fe** (0.1, 0.2 and
0.4 uM) with and without PBS. The number on each bar represents the percentage of Fe** that gets reduced
by ascorbate. (b) EPR spectra of 0.1 mM Fe*" and 0.2 mM ascorbate with and without PBS. The pH is 4 —

5 without PBS in the mixtures.

The significantly higher formation of organic radicals in SLF than in water can be attributed to
redox cycling of Fe**/Fe?* mediated by antioxidants (R63): Fe** + AscH™ — Fe?" + H" + Asc™. Fe** can be
reduced rapidly to regenerate Fe** by ascorbate anions,!!'! 263265 maintaining reaction rates of R5 and R10
to sustain organic radical formation. The model sensitivity analysis revealed that such recycling of Fe?*
contribute to 5 — 10 times higher organic radical formation in the SLF than in water. Note that a very recent
study suggested that Fe?* and ascorbate reactions are catalytic rather than redox reactions:2% Fe®" + Asc +
0, —» Fe*" + dehydroascorbic acid (DHA) + H,O,. To further investigate the nature of the Fe**-ascorbate
reaction, we measured Fe?* in the mixtures of Fe*" and ascorbate in water or PBS solutions. Figure 4.3 (a)
shows that 12 — 14% of Fe** can be reduced to form Fe?" in water, which can be further enhanced when
buffered by PBS (18 — 47%). In addition, EPR measurements show that Asc® is formed in the Fe**-Asc

mixtures when buffered by PBS (Figure 4.3 (b)), which is only generated by redox instead of catalytic
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reactions. Interestingly, both Fe?* and Asc™ measurements indicate that Fe**-Asc redox reactions are highly
pH-dependent and more prominent when buffered by PBS. We also conducted sensitive analysis in the
model, showing that the redox reactions remain the dominant channel of Fe**-Asc interaction even if the
catalytic reactions are considered (see details in SI). Future studies are required to elucidate the relative

importance of catalytic and redox reactions between Fe** and ascorbate particularly under different pH.
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Figure 4.4. (a) Temporal evolution of molar yields of (a) BMPO-R and (b) BMPO-OR from aqueous
reactions of isoprene SOA and Fe?* (0 — 0.8 mM) in SLF. (¢) Yields of carbon- (yellow) and oxygen-
centered (blue) organic radicals from isoprene SOA in SLF as a function of [Fe**]/[ISO] molar ratios. The
markers are experimental data. The solid lines represent the best fits of the kinetic model and the shaded
areas represent the modeling uncertainties. (d) Organic radical yields (BMPO-R + BMPO-OR) versus total

peroxide molar fractions in isoprene, a-terpineol and toluene SOA with 0 (square) or 0.4 mM (circle) Fe?".
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The color scale represents the DTT consumption rate normalized by SOA mass (DTTm). The error bars in
all panels represent the error propagation from the two duplicates in EPR measurement or total peroxide
measurement and the uncertainty in SOA mass measurements.

Overall, the implemented mechanisms successfully reproduce the time dependence of organic
radical formation (Figure 4.4 (a), (b)) as well as the concentration dependence (Figure 4.4 (¢)),
demonstrating the consistency of model simulations with experiments. We measured peroxide molar
fractions in SOA, showing a positive correlation with organic radical yields by SOA in the presence of Fe?*
(circles in Figure 4.4 (d)). It indicates that peroxides (ROOR + ROOH) are highly probable sources of
aqueous organic radical formation. This is in line with a very recent study showing that the total ROS
production from cooking SOA can be enhanced substantially through atmospheric aging, coinciding with
the elevation in peroxide contents.!” Isoprene SOA is measured to have high peroxide content (~97%)
compared to Surratt et al.**’ (~61%, from a Teflon chamber); this difference may be due to excess RO,
chemistry in the PAM reactor, inducing more production of peroxides through termination steps such as

RO," + HO,* — ROOH + O and RO»* + RO,* — ROOR + 0,."? Toluene SOA has the lowest peroxide

content with 18%, which is consistent with a previous study,’® leading to a lower organic radical yield.
To investigate the linkage between organic radical formation and oxidative potential, we performed
the DTT assay on mixtures of SOA and Fe?" and the results are shown by the color scale in Figure 4.4 (d)
(see also Table A6). The DTT consumption rates normalized by SOA mass (DTTm) for isoprene SOA
(33.4 £ 6.2 pmol min! pg™!) and toluene SOA (22.3 £ 2.5 pmol min! pg™!) are consistent with previous
studies.” 2* With Fe*" addition, clear enhancements of DTTm are observed for all types of SOA. Due to
the moderate DTT activity from Fe?* alone (Figure A16), SOA and Fe?" demonstrate a strong synergistic
effect in causing oxidative potential (Table A6). Figure 4.4 (d) shows no clear association between organic
radical yields and DTTm. Despite the lowest organic radical yields from mixtures of toluene SOA and Fe?",
they induce relatively high DTTm (42.8 + 0.4 pmol min™ pg™), which is comparable with mixtures of
isoprene SOA and Fe?" (49.0 + 11.2 pmol min™! ug™). Tuet et al.> reported generally higher DTT activities
from anthropogenic SOA than biogenic SOA, although the interactions of SOA and transition metals in
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oxidative potential are still understudied. Dedicated studies are necessary to further elucidate the link

between ROS formation and oxidative potential from SOA.

4.5 Implications

Surfactants
Fe2* Lipids Proteins
SOA s, ceL
't
Aerosal O'epo‘g/;afo,} A Fe? ROOH/ *OH —
10, sc* et
deliquescencel ” ROOR Sca\:ren.ged by
N - — antioxidants
Redox e 0,

cycle

A ar \ Isomerization/
sC Fe Products RO* ———
Decomposition

Oxidative stress

Chemical aging Epithelial cells and tissues

Epithelial lining fluid (ELF)

Figure 4.5. Implications of free radical formation by SOA and Fe*" in water and epithelial lining fluid.
Ambient aerosol particles containing SOA and Fe?" can undergo deliquescence and release ROS dominated
by *OH and O,"/HO>* through Fe*-facilitated decomposition of organic hydroperoxides and subsequent
aqueous reactions. Upon respiratory deposition, various radical species can be generated by interactions of
ROOH/ROOR, Fe*, and antioxidants. *OH and O,"/HO»* can be effectively scavenged by antioxidants,
which may contribute to antioxidant depletion. The organic radical formation dominated by R* with
relatively long lifetimes may trigger lipid peroxidation to cause oxidative stress.

This work establishes the mechanisms driving organic radical formation by the interactions among
SOA, Fe*" in SLF as shown in Figure 4.5. In liquid droplets formed through aerosol deliquescence, the
decomposition of organic hydroperoxides in SOA can be promoted by Fe?*, leading to enhanced formation
of *OH and O,*/HO;* with a minor contribution from organic radicals (R1 — R4). These aqueous-phase
processes involving ROS formation are efficient pathways for the chemical aging of SOA,!?* 125 which may
lead to the change of particle properties such as cloud condensation nuclei activity'?® and optical

properties.'?’
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Upon respiratory deposition of aerosol particles, SOA and Fe** may interact and release various
radical species in epithelial lining fluid (ELF). While organic peroxides are thermally stable under
physiological temperature,®® the chemical lifetimes of organic peroxides with respect to Fe** reactions are
calculated to be 0.3 — 46 hours depending on Fe?" concentrations in the experimental range of 0.05 — 0.8
mM. Meanwhile, the antioxidant defense system can counteract ROS formation: for example, ascorbate
efficiently scavenges *OH and O,*/HO»* with relatively fast rate constants of ~ 1.8 x 10! cm™ s'and ~ 3.6
x 1019 cm3s7, respectively.?’!?’? In comparison, organic radicals, especially R*, react with ascorbate more
slowly by multiple orders of magnitude, leading to much longer lifetimes.?®* A recent study characterized
that the reaction rates of ascorbate and glutathione with alkyl radicals are too slow to protect proteins from
peroxidation.?’? The rapid redox cycling of Fe**/Fe?" maintained by ascorbate can further facilitate the
ROOR decomposition and subsequent organic radical formation (R5, R10 — R14, R63). Note that Fe*'/Fe?*
redox cycles can also be mediated by ROS such as superoxide,?* 2’* which can be hindered by the addition
of antioxidants through direct scavenging of ROS. Antioxidants play a reciprocal role by depleting short-
lived reactive radicals while amplifying organic radical formation.

Epithelial cell membranes contain phospholipid bilayers and *OH and HO,* are known to initiate

a cascade of propagation reactions lipid peroxidation,''® 27

which may alter the membrane fluidity and
trigger the inactivation of membrane-embedded proteins functioning as ion channels and receptors.?’® Our
results on persistency of organic radicals even in the presence of antioxidants imply that organic radicals
may also participate in radical chain reactions to be involved in lipid peroxidation. Despite the significance
in numerous pathological processes, lipid peroxidation has not been linked mechanistically to radical
formation from organic aerosols and transition metals, which underlines the need of future studies. Overall,
our experimental and modeling results demonstrate the central role of Fe?" in inducing organic radical

formation by facilitating ROOR decomposition in lung fluid, highlighting the significance of the

interactions among redox-active components in ambient PM in potentially causing oxidative stress.
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4.6 Chapter 4 Appendix

4.6.1 Additional discussion on reaction mechanisms

In the kinetic model, we include the established mechanisms involving aqueous RO»* chemistry
(R3, R4, R6, R7, R16 — R23). To investigate the impact of RO,* chemistry, we performed a sensitivity
analysis showing that the interconversion of RO,* with R* or RO*® (e.g., R17 and R18) have negligible (+
<1%) contribution to the overall R* and RO*® formation.

In the presence of antioxidants, Gonzalez et al.>*® demonstrated the enhancement effect of Fe-Cit
ligands on the rate coefficients of Fe** oxidation by O, O," and H,O, (R42 — R45). Thus, we consider this
potential effect by simulating the rates of R42 — R45 using the rates of free Fe** and Fe?'-Cit ligands as

)42 respectively. The

lower and upper boundaries in the Monte Carlo Genetic Algorithm (MCGA
sensitivity analysis again indicates negligible impacts of the ligands on R* and RO* formation.

The kinetic model provides the simulated rate coefficient of organic peroxides reacting with Fe**
(R5 in Table A4): ks = (0.06 — 1.9) x 102! cm®s™'. The first-order loss rate of organic peroxides towards
Fe*" reactions were then calculated using the ks x [Fe**] (0.05 — 0.8 mM), and its inverse would be the
corresponding lifetimes of 0.3 — 46 hours.

The simulated rate coefficients of BMPO chemistry with *OH and O,*/HO,* (R64 — R70) are

consistent with previous studies.?* *® 22 The rates of BMPO trapping R* and RO* ((0.1 —9.5) x 10723 cm?® s
Pand (0.2 - 7.5) x 10" cm? s7!, respectively) are also in good agreement with Tong et al.!3¢ (1.5 x 1013 cm?
stand 7.7 x 102 cm?3 s}, respectively). In addition, the simulated lifetime of BMPO-R (2.0 — 6.0 hrs) is
around twice as long than BMPO-OR (1.0 — 2.5 hrs), which is in line with the overall sharper decreasing
trend by BMPO-OR in Figure 4.4b.

The best fit out of these 40 parameter sets was used for plotting the solid lines in Figure 4.4 (a)-(c).

The 40 parameter sets were also used to plot 40 traces in Figure 4.4(¢c), and the highest and lowest traces

were selected as the upper and lower boundaries of the shaded areas. Note that these boundaries do not
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necessarily correspond to the boundaries of each parameter in Table A4 and AS. There is still relatively
large uncertainty in the actual values of some parameters, as shown by the parameter ranges in Table A4;
further measurements to quantify organic hydroperoxides and alcohols as well as dedicated kinetic studies
would be required for determination of these parameters.

A recent study suggested that the catalytic reactions dominate between Fe*" and ascorbate rather
than redox reactions:2%¢ Fe>* + AscH + O, — Fe** + dehydroascorbic acid (DHA) + H,0,. We performed
sensitive analysis for the feasibility of this hypothesis. By adopting the catalytic rate coefficient in their
study and assuming the dissolved oxygen concentration (~ 10! cm™), the rate coefficient of Fe**-ascorbate
catalytic reaction is calculated to be one order of magnitude smaller compared to the redox reaction (R63).
Therefore, the redox reaction remains the dominant source of Fe*" regeneration and thus enhancement in
R* formation in SLF, while we do not exclude the possibility of Fe** reduction by other reactions such as
Fe**-peroxides.?® 258

For measurements of Fe?" in the mixtures of Fe*" and ascorbate, Fe** should be generated from Fe**
+ Asc but not from Fe* + *O," as the concentration of *Oy” would be extremely low. In this simple system,
the source of *O,” would be R42 in Table A4: Fe** + O, — Fe*" + *O, with a relatively slow rate (~107!
cm?® s71) compared to Fe** + Asc reaction rate (R63, ~10!° cm?® s™!). Moreover, the system does not contain

any Fe?" initially, which should be generated only through the reduction of Fe** by Asc.
4.6.2 Peroxide measurements

The measured total peroxide molar fraction from isoprene SOA is 93 + 14%, which is consistent
with the result of near 100% reported by Tong et al.”® However, this is in contrast with the simulated
fractions of (ROOR+ROOH) (2 — 23%) from the kinetic model as shown in Table A5. On the one hand, we
acknowledge that there is still relatively large uncertainty in the fitting values of the kinetic model. On the
other hand, it should be noted that these fitted results represent the fractions that can effectively react with
Fe?" within the timescales of our experiments, while in reality there could be larger fractions of organic

peroxides that are stable enough and do not induce ROS formation. This is further supported by the standard
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compound (benzoyl peroxide) used for the calibration of the total peroxide measurement, which yields no
radicals above the detection limit when mixed with Fe*" in water or SLF as shown by Figure 4.2 (g) and
(h). An additional explanation for the difference could be due to the H,O, generated by aqueous reactions

of SOA, although our recent study?**

reports ~ 4% in H,O, molar yield from isoprene SOA, accounting for
a minor contribution to the total peroxide measurement at most. Nevertheless, Figure 4.4(d) shows the tight

correlation between organic radical formation and total peroxide fractions among different SOA, indicating

the latter as a significant source of aqueous RO* and R* formation.

4.6.3 Additional information on experiments

The quantification of radicals from SOA by EPR requires high SOA mass. To keep the [Fe**]/[SOA]
molar ratios relevant to the ambient conditions, we selected Fe** concentrations to be 0.05 — 0.8 mM. In a
typical urban area with ~10 ug m> PMy s, the SOA mass concentrations would be ~5 pg m by assuming
50% of ambient PM» s as SOA. As the soluble Fe concentrations typically vary between 10 — 50 ng m3,%#
the [Fe**]/[SOA] ratio would be 0.008 — 0.05. In our study, the [Fe?*]/[SOA] is 0.01 — 0.4 with the selected
[Fe?*]. The higher end of this range would be representative of areas with heavier transition metal pollution
and less SOA formation.
Filter collection of SOA particles usually took 30 — 60 min, while the extraction and analysis were
performed between hours to days after the collection. The filters were stored in a freezer (-20 °C) before
the analysis. Note that we have conducted control experiments showing consistent results by filters analyzed

immediately after collection versus that stored in a freezer for one week. This indicates that the ROS-

inducing compounds in the SOA should be stable within this time frame.

77



Table A4. Chemical reactions and parameters included in the kinetic model to simulate ROS formation
from aqueous reactions of isoprene SOA and Fe*" in SLF. In the third column, the first row denotes the
uncertainty range, while the second row denotes values for best fits (solid lines in Figure 4.4). The reaction
rates with uncertainties are all simulated in MCGA, while the rates without uncertainties are obtained from
literature or fixed due to their insensitivity. The units of k1, k4, k11, ki2, ki3, ka1, kes, keo, k72 and ks are s™!,

while the others are cm?®s™.

Rate coefficient,
Reaction ) Refence or
Reaction uncertainty range
number comment
and best fit

Radical chemistry involving SOA

ki =(0.1-32)x 107 0.1—4)x 10°
R1 ROOH — RO* + *OH
0.5 x 10—5 26, 202
kx=(0.03 -9.5) x 10777 _ 17
R2 ROOH + Fe?* — RO" + *OH + Fe** (1.0-6.0) <10
0.2 x 107
ky=(1.0-9.9) x 1072
(0.4 —2.0) x 10!
. o 3.0 x 1072
RR,CHOH + *OH RiR,C*(0,)OH
e = a RiRC(0) ¢1=0.03 030
(0.06 — 0.30) 22
0.09
ks=15-914
R4 RiR:C*(02)0H — R;R,C(O) + HO,® ois 17— 595 202
ko= (0.06 — 1.9) x 10!
RS ROOR’ + Fe** — RO" + R°O" + Fe** Comparable to
0.2 x 10—21 R10
ks =(0.1—9.9) x 1014
R6 *‘OH + ROOH — ROs* + H,O 5.5x 1014 2
0.8 x 10
ks = (0.1—7.6) x 102
R7 RiR>C*(02)OH + *OH — products Insensitive 2%
4.0 x 107"
r=(02-57)x 1012 (0.7—-9.9) x 1012
RS SOA +*OH — SOA’
1.0 x 10-12 202
R9 Carbonyls + *OH — products ks=1.0x 1012 Insensitive
ko = (0.05 - 9.5) x 107
R10 ROOH + Fe** — RO* + OH" + Fe** <1020 26
0.4 x 102!
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R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R23

R25

R26

ROOR’ — RO* +*OR’

RO* + H,O — *R’OH + H,O

RO*®* — R’*+ carbonyls

RO*+RH — ROH +R*

Ri*+RH— R H+R,

RO;*+RH — ROOH +R*

R*+ 0O, —- RO,*

RO,* +RO,* — 2RO* + O,

RO;* + RO,* — products
(carbonyls/alcohols)

RO;* + HO,* — ROOH + O3

RO,* + *OH — products

RO,* + R* — products

RO,* + RO* — products

R* + *OH — products

RO* + *OH — products

RO* + O, — HO»* + products (carbonyls)

ki = (1.0-6.8) x 107
2.1 % 107

k2 = (0.05 — 6.4) x 106
0.2 x 10°

ki3 =(0.1-9.6) x 10°
6.4 x 10°

kia=(0.002 — 9.6) x 10713
0.2 x 101

kis = (0.002 — 8.0) x 10713
0.05 x 1013

ks = (0.001 — 9.0) x 10713
0.06 x 1012

k7= (0.5 — 4.6) x 10712
0.8 x 1012

ks = (1.0 - 9.6) x 10713
1.4 % 103

ko= (1.0 —9.9) x 10713
6.3 x 101

Joo= (0.1 —5.7) x 10713
0.2 x 1012

Jor = (0.1 —8.3) x 10712
1.2 x 102

ko = (0.03 — 6.4) x 10713
0.2 x 1013

ko3 = (0.01 —7.8) x 10713
0.3 x 1013

Jos = (0.1 — 8.2) x 10712
0.6 x 10712

kos = (0.1 —9.8) x 10713
1.6 x 10712

ks = (0.1 -9.5) x 10714

> 1 order slower
than R3

<107 s—l 256

<1.4 x10° 27

221,262

In analogy to R14

262

~10°12 277

<10-12 155

~10712 155

<1012 278

(insensitive)

(insensitive)

(insensitive)

(insensitive)

(insensitive)

(insensitive)

(0.1 1.0y x 10



R27

R29

R30

R31

R*+ HO;* — products

RO* + HO,* — products

R* + R* — products

RO* + RO* — products

R*+ RO* — products

5.4 % 101

ko7 =(0.1-9.3) x 1013
3.5% 101

kas = (0.1 —9.8) x 10713
0.9 x 1013

Joo = (0.01 — 9.4) x 10713
0.2 x 1013

Jso=(0.01 —6.7) x 10713
0.03 x 1013

Js1 = (0.02 —7.1) x 10713
0.4 x 101

279

(insensitive)

(insensitive)

(insensitive)

(insensitive)

(insensitive)

ROS coupling

R32
R33
R34
R35
R36
R37
R38
R39
R40
R41

*Oy +°*OH — O, + OH"

H>O, + *OH — H,0 + HO>®

*OH + *OH — H»0»

*OH + HO;* — H,0 + O,

HO;* + HOz® — H20: + O2

*0Oy +°07 + 2H" — H20; + O
H>0, + HO,* — H,0 + O; + *OH
HO;* +°02 — H0, + OH + O
H"+°0, — HO,*

HO,* —» H" +°0Oy

kxn=13x 10"
k3 =5.5x 10"
ks = 8.6 x 10712
kss=1.2x 10"
kis= 1.4 x 107"
ky;=3.0 x 1071
kss=5.0 x 10!
kso=1.7x 10"
kap=2.9 x 10"
kay =23 % 10°

180

181

182

182

183

280

184

183

185

185

Fe-oxidant interaction

R42

R43

R44

R45

Fe?" + O, — Fe** +°0Oy

Cit-Fe** + O, — Cit-Fe*" + Oy

Fe* +°0y + 2H" — Fe*' + H,0,
Cit-Fe?* + *O, + 2H" — Cit-Fe*" + H,0,
Fe’" +°0y — Fe*" + O,

Cit-Fe*" + *Oy — Cit-Fe?*" + O,

Fe** + H,O, — Fe** + OH™ + *OH
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ki = (0.1 -3.7) x 102!
1.1 x 102!

ka3 = (0.001 —7.4) x 10°¢
0.02 x 1071

kas = (0.06 — 4.8) x 103
1.7 %1013

kas = (0.1—1.0) x 107

(0.2-5.0) x 102!

258

(0.003 — 1.0) x

10—15 258

(0.01 —2.5) x

10—13 258

(0.03 — 1.0) x



Cit-Fe*" + H,0, — Cit-Fe*" + OH" + *"OH 0.5 x 1077 10717 26,258
R46 Fe’" +°OH — Fe'* + OH kis=0.01—-1.0x 1011 2
R47 Fe** + HO,* — Fe*' + HOy ko =1.6 x 1015 258
R48 Fe** +°0, — Fe*' + 0, kis=1.3 x 101 238
R49 Fe? + H,0, — Fe?* + HOy' + H kao < 1073 26,258
R50 Fe** + HO,®* — Fe** + O, + H' kso=3.3x 1018 183
ksi=(0.1-5.8) x 103
R51 Fe’" + R* — Fe?" + products (carbonyls) <6.0x 1013 155
42 %101
SLF-radical/Fe interaction
R52 AscH + *OH — Asc* + H,O ks;=1.8 x 107! 271
R53 UAH + *OH — UA" + products ks3=1.2x 101! 282
R54 GSH + *OH — GSSG + products ksa=1.7x 101! 283
R55 AscH + 0y + 2H" — Asc™ + H20, kss=0.5—-3.6 x 10" 26,238
kss=(0.001 —9.0) x 10"
R56 AscH + R* — products
0.009 x 107"
ks7=(0.001 — 8.5) x 10714
R57 AscH + RO* — products <1013 263
0.4 x 101
R58 Asc* + Asc* + H" — AscH + DHA ksg=15.0 x 1071 284
R59 AscH + GSSG — GSH + Asc*™ kso=1.0 x 10712 263
R60 AscH + UA" — UAH" + Asc™ keo=1.7 % 10" 263
R61 UAH + GSSG — GSH + UA" ko1 = 5.0 x 10714 285
R62 Cit* + *OH — Citox kep=1.7x 103 258
R63 Fe’" + AscH — Fe?" + H" + Asc™ kes=1.7 x 1079 115,263
BMPO chemistry
kes = (0.5 —4.6) x 10712 (0.1 -1.3) x 102
R64 BMPO + *OH — BMPO-OH
1.1 x 1012 202
kes = (3.0 —3.6) x 10 ~3.8x10*
R65 BMPO-OH — products
3.3x10* (t12 ~ 30min)'*
keo = (0.1 —8.3) x 10712 (0.1 -28.0) x 102
R66 BMPO-OH + *OH — products
0.2 x 1072 26
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R67

R68

R69

R70

R71

R72

R73

R74

R75

R76

R77

R78

R79

R80

R&1

R&2

BMPO + HO,* — BMPO-OOH

BMPO + O, + H" - BMPO-OOH
BMPO-OOH — products

BMPO-OOH + *OH — products

BMPO + R* — BMPO-R

BMPO-R — products

BMPO-R + *OH — products

BMPO + RO* — BMPO-OR

BMPO-OR — products

BMPO-OR + *OH — products

BMPO-OH + Fe* — Fe** + products

BMPO-OH + Fe*" — Fe?* + products

BMPO-OOH + Fe** — Fe*" + products

BMPO-OOH + Fe** — Fe?" + products

BMPO-R + Fe* — Fe** + products

BMPO-R + Fe** — Fe?* + products
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ker=(0.1—8.7) x 10714

1.9 x 10714

kes = (0.1 —8.7) x 1074
0.3 x 10714

keo = 5.0 x 10*

kro=(0.1-9.7) x 10712
3.3 x 1012

Jn= (0.1 -9.5) x 10713
1.8 x 1013

k= (32-9.8) x 10
5.0 x 10

Jrs = (0.1 — 7.4) x 10712
0.2 x 1012

Jra= (0.2 — 7.5) x 10713
0.6 x 1012

Jrs = (0.8 — 2.0) x 10
1.0 x 10

Jers = (0.2 — 9.0) x 10712
7.2 % 1012

Jrr= (0.1 - 1.5) x 10718
0.1 x 10718

ks = (0.1 —9.0) x 10!
6.0 x 102!

kro=(0.1—5.3) x 10718
1.0 x 10718

kso=(0.1—9.7) x 102!
33 %102

1 = (0.02 — 2.0) x 107!
0.8 x 102!

ks> = (0.1 —3.0) x 10!
0.1 x 102!

(0.1-7.0)x 10

202

(0.1-7.0)x 10

202

(‘Cl/z = 23min)146

15107 136

T2 = 2.0-6.0 hr

7.7 % 10-13 136

T = 1.0-2.5hr
Faster than R72

(0.1-1.0) x 10"

26

< 10—20 26

<10%



k3 = (0.01 —9.7) x 107!

R83 BMPO-OR + Fe?* — Fe** + products
2.2 x 102!
ksa = (0. 1-4.1)x% 102!
R84 BMPO-OR + Fe** — Fe** + products
0.4 x 102!

Table AS. Molar fractions (in percent) of ROOH, RiIR2CHOH and ROOR in isoprene SOA. The values

indicate best fit values with uncertainty ranges in brackets.

this study Wei et al. (2021)%2
% ROOH 5(1-12) 33_5) ™
% Ri{R.,CHOH 63 (21 —76) 78 (40 — 78) 22
% ROOR 6(1-11)

Table A6. Mass normalized DTT consumption rate (DTTm) by SOA and SOA + Fe*". The Fe*
concentrations in the final reaction vials for DTT assay are 0.04 mM, 0.02 mM and 0.04 mM for isoprene,

a-terpineol and toluene SOA, respectively.

DTTm (pmol min™! pg™) SOA SOA + Fe**
ISO 334+6.2 490+11.2
TOL 223+£25 428+04
AT 10.8 0.9 14.6 +£1.7
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Figure A11. Calibration of the ferrozine method using Fe?" standard solutions (0.05 — 0.4 pM).
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Figure A12. Calibration of total peroxide measurements using iodometric-spectrophotometric method. The

error bars represent standard deviation of two duplicates.
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Figure A13. EPR-spectra of BMPO-radical adducts from aqueous reactions of isoprene SOA in (a) water
and (c) SLF, and isoprene SOA + 0.4 mM Fe*" in (b) water and (d) SLF. The observed spectra (black) are
simulated (purple) and deconvoluted into BMPO-OH isomer 1 (red), BMPO-OH isomer 2 (brown), BMPO-

OOH isomer 1 (light green), BMPO-OOH isomer 2 (dark green), BMPO-R (yellow), and BMPO-OR (blue).

Residual (grey) denotes the difference of observed and simulated spectra. The ascorbate radicals (Asc®) are

simulated independent of BMPO-radical adducts and shown in pink spectrum in panel (c). Note that the
two isomers of BMPO-OH and BMPO-OOH represent the trans or cis structures of the -OH and -OOH

groups, respectively.
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Figure A14. EPR spectra of mixtures of 0.1 mM
solutions were buffered by PBS at pH 7.4.
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Figure A15. EPR spectra of (a) a-terpineol SOA and (b) toluene SOA in water and SLF with or without
0.4 mM Fe*" in the presence of spin-trapping agent BMPO. The dashed vertical lines represent different
BMPO-radical adducts and ascorbate radicals (Asc®).
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Figure A16. DTT consumption rates of SOA, Fe** and the mixtures of SOA and Fe?*. The Fe**
concentrations for ISO, TOL and AT are 0.04 mM, 0.02 mM and 0.04 mM, respectively. ISO and AT are
diluted 10 times from the filter extracts in the final reaction of DTT assay, while TOL is diluted 20 times.
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Chapter 5: Impacts of Photoirradiation on Reactive Oxygen Species Generation by

Secondary Organic Aerosols

5.1 Abstract

Photochemical aging is a key aging process for secondary organic aerosols (SOA), but its
underlying mechanism involving free radical formation is not well understood. In this study, we combined
an in-situ UV-Vis irradiation system with electron paramagnetic resonance (EPR) spectroscopy to
characterize the photolytic formation of ROS from laboratory-generated SOA. We observed substantial
organic radical formation upon irradiation, with enhancement factors up to ~ 100 compared to dark
conditions. Total peroxide measurement reveals that organic peroxides can be an important source of the
observed organic radicals, although additional sources may be necessary to fully account for the significant
enhancement. High-resolution mass spectrometry elucidates the chemical composition of the organic
radicals, indicating that photolysis of carbonyls or peroxides could be important to account for the organic
radical formation. This study provides a first characterization of photolytic ROS formation from SOA
involving different radical species and demonstrates that these processes have significant implications in

the photoinduced aqueous chemistry of SOA.
5.2 Introduction

Secondary organic aerosols (SOA) are an important constituent of atmospheric particulate matter
(PM), playing a critical role in climate, air quality and public health.® * SOA originate from oxidation of
anthropogenic and biogenic volatile organic compounds (VOCs), followed by nucleation and condensation
of the oxidation products into the particle phase.'? Upon formation, SOA can be transported through the
atmosphere and participate in various aging processes which substantially change the physicochemical
properties of SOA.?* Aging processes include heterogeneous oxidation by oxidants such as *OH and O3,

286,287

uptake of gases by particles, cloud/fog processing of particulate compounds, and a suite of condensed-

phase reactions such as photochemical reactions, hydrolysis, and other particle-phase reactions.?%%%
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Photochemistry is at the core of many atmospheric aging processes. However, the photochemical aging of
SOA is still not well understood, posing challenges to evaluate the environmental impacts of SOA.’

Photolysis reactions of SOA are initiated by photon absorption leading to excited-state molecules,
which subsequently split into two fragments through covalent bond cleavage.?*® The fragmentation of SOA
leads to the formation of smaller, more volatile compounds, which can evaporate into the gas phase and
cause mass loss in SOA.!3!: 288, 291.292 Gy ch mass loss could be due to evaporation of small gas molecules
(e.g. CO, HCHO, HCOOH) and rapid loss of condensed-phase carbonyls.?*2> The bond cleavage of SOA
components is often associated with free radical formation. Photolysis of atmospheric carbonyls can
proceed via Norrish type-I or type-II mechanisms to form carbonyl (RC+(0)) and alkyl (Re) radicals, ' 2%}
which subsequently form acyl peroxy (RC(O)O,¢) and alkyl peroxy radicals (RO,*) in the presence of
dissolved oxygen. Direct photolysis of organic hydroperoxides (ROOH) leads to formation of alkoxy (RO¢)
and *OH radicals by breaking the weak O-O bond.'?" % «OH radicals can unselectively react with any
molecules while alkoxy radicals may isomerize to form Re followed by oxygen addition to form RO,e.?”:
2% RO* may also directly react with *OH to form H,O and carbonyls.?*” Despite these advances, it is unclear
whether photochemical aging occurs through only primary photolysis reactions or secondary processes also
take place which can be initiated by radical formation in a primary step.

Direct quantification of radical formation from SOA photolysis can be essential to understanding
particle-phase chemistry and aqueous-phase processing of SOA. Limited studies characterized ROS
formation from photochemical aging of SOA. Badali et al.>®® directly quantified *OH radicals from
photolysis of ROOH in SOA and reported 5 times faster rate of *OH formation compared to photolysis of

1.134 characterized singlet oxygen ('O,) formation

H,O, with equal concentrations of ROOH. Manfrin et a
from photosensitized reactions mediated by chromophoric components in aromatic SOA, although no free
radicals were directly measured. Photolytic generation of organic radicals has been shown to contribute to
SOA formation.?? 3 However, direct measurement of photoinduced organic radical formation from SOA
has not been studied. In this study, we combined an in-situ UV-vis irradiation system with EPR

spectroscopy to characterize the photolytic generation of free radicals from SOA generated by isoprene, a-
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terpineol, a-pinene and toluene. We observe substantial formation of organic radicals (yields 0.02 — 1.5%)
with enhancement factors up to ~ 100 compared to dark conditions. Total peroxide measurements elucidate
that the peroxide fractions decrease by 50 — 70% after irradiation, indicating organic peroxides as a potential
source of organic radical formation. We also applied high resolution mass spectrometry (HR-MS) to reveal
the chemical identity of organic radicals formed during SOA photolysis. Our findings are critical to
understanding the photoinduced aqueous-phase chemistry of SOA involving radical formation, which

provide insights into the underlying mechanism of particle-phase processing.

5.3 Materials and Methods

5.3.1 Preparation of SOA

A potential aerosol mass (PAM) reactor’® was used to generate SOA particles from *OH
photooxidation of isoprene (Sigma-Aldrich, = 99%), a-terpineol (Arcos Organics, = 97%), a-pinene
(Sigma-Aldrich, 98%), and toluene (Alfa Aesar, = 99.7%). The relevance of PAM-generated SOA with
ambient SOA has been discussed in previous chapters. The relative humidity in the PAM reactor was 40 —
50%. A scanning mobility particle sizer (SMPS, Grimm Aerosol Technik) was used to record the particle
size distribution. SOA particles were collected on 47 mm polytetrafluoro-ethylene (PTFE) filters (Millipore
FGLP04700, 0.2 um pore size) for 60 — 120 min with average mass loadings of 0.41 + 0.08 mg, 1.03 + 0.23
mg, 0.64 +0.21 mg and 2.18 £+ 0.56 mg for isoprene, a-terpineol, a-pinene, and toluene SOA, respectively.
The filter samples were extracted into 1 mL of 10 mM spin-trap solutions with pre-adjusted pH (1.0, 2.5 —
3.5, 7.4) for 7 min. The filters after extraction were dried under nitrogen flow for 10 — 20 min. The mass
difference before and after the extraction was considered as the amount of SOA dissolved in the solution,

1! 26 was assumed to calculate the SOA molar concentrations in

and an average molar mass of 200 g mo
filter extracts. SOA concentrations were in the range of 1.7 — 2.5 mM, 4.0 — 6.3 mM, 2.3 — 4.3 mM and 8.1

— 13.7 mM for isoprene, a-terpineol, a-pinene, and toluene SOA, respectively. Two SOA samples were

prepared for each pH for the quantification of radicals.
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5.3.2 EPR Analysis

A continuous-wave electron paramagnetic resonance (CW-EPR) spectrometer (Bruker, Germany)
coupled with a spin-trapping technique was applied to quantify the free radical formation in the aqueous
phase. The free radicals were captured by a spin-trapping agent 5-tert-Butoxycarbonyl-5-methyl-1-
pyrroline-N-oxide (BMPO) (Enzo Life Sciences, =99%). After particle extraction into 1 mL of 10 mM
BMPO solutions, a 50 uL aliquot of the SOA extracts was loaded into a 50 uL capillary tube (VWR) and
inserted in the resonator of the EPR spectrometer for temporal measurements over 75 minutes. To
characterize the radical formation upon illumination, an in-situ UV irradiation system (ER203UV, Bruker,
Germany) equipped with a 100 W Hg lamp was used with EPR. The lamp was usually warmed up for
roughly 10 min before the start of any irradiation experiments. A safety shutter between the lamp and the
resonator was used to control the start and stop of irradiation. A liquid light guide focused the light to the
EPR resonator where samples were exposed to UV to visible light with a wavelength range of 300 — 600
nm (Figure 5.1). For the temporal measurement, the background spectrum was recorded at the starting point,
with the shutter raised after the first EPR measurement was finished (~ 3 min). Temporal measurements
were then conducted every 3 min for 75 min in total to monitor the change of BMPO-radical concentrations
over time.

The operating parameters for EPR measurements are as follows: a center field of 3515.0 G, a sweep
width of 100.0 G, a receiver gain of 30 dB, a modulation amplitude of 1.0 G, a scan number of 10 — 20,
attenuation of 12 dB, a microwave power of 12.6 mW, a modulation frequency of 100 kHz, a microwave
frequency of 9.86 GHz and a conversion time and time constant of 5.12 ms. After obtaining the EPR spectra,
SpinFit and SpinCount methods embedded in the Bruker Xenon software were applied to quantify BMPO-

radical adducts at each time point.?

5.3.3 Characterization of spectral flux density

The spectral flux of the EPR in-situ irradiation system was characterized using a StellarNet
radiometer. The TUV model (https://www.acom.ucar.edu/Models/TUV/Interactive TUV/) was used to
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obtain Los Angeles summer solstice maximum and the 24-hour average Los Angeles solar flux for
comparison. The following parameters were used in the TUV calculator: latitude/longitude: 34°/-118°; date
and time: June 30, 2021 — 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 representing the summer solstice maximum; overhead ozone
column: 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. The unit of output of radiometer and TUV model is in W m?

nm™! which was converted to photons cm? s nm'.
5.3.4 Total peroxide measurement

The total peroxide measurements were conducted using a modified iodometric-spectrophotometric
method.'® Peroxides in all forms can oxidize I' to form I,, which combines with the excess I' to form I5
with characteristic absorbance peaks at wavelengths 289 nm and 350 nm?*>* and the absorbance at 350 nm
was measured in this study. Isoprene, a-terpineol and toluene SOA were extracted in 1 mL Milli-Q water
for 7 min. The SOA extracts were divided into three groups which were measured directly after extraction,
75 min after irradiation and 75 min under dark conditions, respectively. For the irradiated sample, 200 uL
of SOA extracts were placed in a glass tube and then inserted into EPR resonator. The length of the liquid
column in the glass tube can be entirely irradiated by the UV-vis light over 75 min. As a control group, the
rest of SOA extracts were left under dark conditions for 75 min, after which the peroxide fractions were
measured together with the irradiated sample.

To conduct the assay, 100 uL of the SOA extracts from the three groups were mixed with 700 uL
ethyl acetate (Sigma-Aldrich, 99.8%) to obtain 800 puL diluted extracts. Then the 800 pL diluted extracts
were mixed with 1200 pL reagents consisting of 636 pL acetic acid (Sigma-Aldrich, = 99%), 324 pL
chloroform (Sigma-Aldrich, = 99.5%) and 240 pL water (acetic acid:chlroform:water = v:v 0.53:0.27:0.20).
Note that the dilution factor of SOA extracts in the reagents (i.e., 100 uL in 2000 pL) was determined when

different reagents were completely miscible so that the solution was homogeneous. The 2000 uL diluted
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SOA extracts with reagents were then purged with a flow of 15 ccm N, for 1 min to exclude dissolved
oxygen that can also oxidize I". Next, 20 mg of potassium iodide (KI, Sigma-Aldrich, = 99%) was added
into each sample, after which the vials were capped and allowed to stand for 1 h. Lastly, the solution was
further diluted in water by a factor of 200 (25 uL in 5000 pL) and the absorbance at 350 nm was measured
using an online miniature spectrophotometer (Ocean Optics). The calibration was performed using 0.2 —
2 uM benzoyl peroxide (Sigma-Aldrich, = 98%). Blank (water instead of SOA extracts or benzoyl peroxide)

correction was always performed and the measurements were repeated twice for each SOA sample.
5.3.5 HR-MS analysis

A LTQ-Orbitrap mass spectrometer (Thermo Scientific) coupled with a modified electrospray
ionization (ESI) source was used to characterize the chemical composition of the organic radicals formed
upon SOA photolysis. The ESI-MS was operated at a mass resolving power of 1.4 x 10° in a positive ion
mode at spray voltage of 3.5 kV.2® The analyte was prepared by mixing 400 uL SOA extracts with 400 pL
acetonitrile with mass concentration of ~ 0.3 mg/mL. Peak positions and relative abundance were

determined using the Decon2LS program (https://omics.pnl.gov/software/decontoolsdecon2ls). The peaks

were assigned with 0.001 m/z accuracy with formulas of [CxH,O, + Na]" (sodium adduct formation as the

dominant ionization form).>°
5.4 Results and Discussion
5.4.1 Spectral flux of in-situ irradiation system

Figure 5.1 shows the spectral flux density from the EPR in-situ lamp as well as Los Angeles
summer solstice maximum and the 24-hour average Los Angeles solar flux as obtained from the TUV
model. The EPR in-situ lamp exhibits several prominent emission lines above 300 nm at 312 —313nm, 334
nm, 365nm, 405 nm, 436 nm, 546 nm and 579 nm which is consistent with typical Hg lamp spectra.’*! In
comparison, the ambient solar flux in summertime Los Angeles is substantially weaker in the UV range

(300 — 380 nm) while stronger in the visible light range. Given the high photon flux (3 — 4 x 10'* photons
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cm? s nm™) in the UV range by Hg lamp compared to the ambient flux (< 0.5 x 10'* photons cm? s! nm-
1, it is reasonable to assume that the UV irradiation (300 — 380 nm) is primarily responsible for the aqueous
chemistry and radical formation observed in this work. Therefore, we calculated the scaling factor (i.e. ratio
of integrated spectral flux densities) of the Hg lamp to ambient solar flux in the UV range to be ~ 11,

indicating that 75 min of irradiation by the Hg lamp is approximately equivalent to ambient irradiation of

13.8 hours.
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Figure 5.1. Spectral flux density of the 100 W Hg lamp (300 — 600 nm), Los Angeles summer solstice

maximum, and the 24-hour average Los Angeles solar flux.

5.4.2 Photolytic generation of free radicals from SOA

Temporal radical formation was characterized using EPR-spin trap method from photolysis of
isoprene, a-terpineol, a-pinene and toluene SOA. Figure 5.2 shows the temporal EPR spectra of BMPO-
radical adducts from isoprene SOA photolysis. At t =0, negligible radical formation is observed before the
Hg lamp is switched on. The spectrum at t = 3.1 min represents the first measurement after the light is
switched on, showing prominent superoxide formation with minor contributions from *OH and organic
radicals. The O,* keeps increasing through the second measurement (t = 6.2 min), although carbon- and

oxygen-centered radicals take over after 15.4 min and reach maximum at ~ 46.0 min. The spectra at
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t=46.0 min and t = 76.6 min are very similar, indicating a plateau is reached after t = 46.0 min especially
for organic radicals which dominate the radical formation.

BMPO-OR
———/\/im:f—/\/W\/—'/H\/‘ t=76.6 min
__J\M“’/\W Ji‘/i\/\ t = 46.0 min

t=30.7 min

|
I t=21.5 min
|

Ry oy LAl t=3.1min
I 11 [l I
BMPO-OH t = Omin
I [ [ [ I
2.03 2.02 2.01 2.00 1.99

g factor

Figure 5.2. Temporal EPR spectra of BMPO-radical adducts from isoprene SOA with in-situ irradiation
over 76.6 min. The dashed vertical lines represent different BMPO-radical adducts. Note, the measurement
was taken every 3.1 min, while only 8 spectra are selected to show prominent changes over 76.6 min.

In addition to isoprene SOA, we further characterized ROS formation from a-terpineol, a-pinene
and toluene SOA under irradiated versus dark conditions, and the temporal radical yields are shown in
Figure 5.3. Apparently, all SOA (Figure 5.3 (a)-(d)) show substantial formation or organic radicals (carbon-
centered and oxygen-centered) upon irradiation, with radical yields from 0.03 — 1.6% within 75 min. The

total organic radical yield is found highest for isoprene SOA reaching 1.6%, followed by a-terpineol SOA
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(~ 0.7%), a-pinene SOA (~0.6%) and toluene SOA (~0.02%). Compared to dark conditions, UV-Vis

irradiation significantly facilitate the organic radical formation, with enhancement factors of 60 — 100 for
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Figure 5.3. Temporal formation of BMPO-radical adducts from isoprene, a-terpineol, a-pinene and toluene
SOA under UV-Vis irradiation (“on”) versus dark conditions (“off”). The error bars represent the error

propagation from the two duplicates in EPR measurements with the uncertainty in SOA mass measurements.
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species for all SOA. For biogenic SOA (Figure 5.3 (a)-(c)), an initial spike of O,* formation is consistently
observed as consistent with Figure 20, which drastically decreases within 10 — 20 min of irradiation. A
possible mechanism for the initial O.* burst could be due to photoinduced decomposition of ROOH leading
to *OH biogenic (isoprene, a-terpineol and a-pinene) SOA and 20 for toluene SOA. Under dark conditions,
total radical yields are found to be orders of magnitude lower with superoxide as the dominant (> 60%)

radical formation,>®

which subsequently initiate aqueous chemistry responsible for enhanced O™
formation.?> The sharp decrease within 20 min can be due to the self-decomposition as well as the direct
photolysis of BMPO-OOH adducts as shown be our recent study.>*? Note, the substantial formation of
carbon-centered radicals may be partially due to O, depletion in the reaction system, eliminating the fate of
R* + O, as a competitive reaction for R°®.

Interestingly, biogenic SOA upon irradiation consistently show an exponential increase in organic
radical formation within 10 — 40 min for isoprene SOA and 0 — 20 min for a-terpineol and a-pinene SOA.
Despite the lag in isoprene SOA, such a pattern is indicative of a similar mechanism driving the
photoinduced organic radical formation from biogenic SOA. In contrast, organic radical formation from
toluene SOA (Figure 5.3 (d)) shows moderate to negligible increase over 75 min, indicating a highly distinct
mechanism compared to biogenic SOA. Overall, the organic radical formation plateaus or slight decreases
(a-terpineol SOA) within 75 min, indicating that the maximum capacity of radical formation can be reached

with given irradiation, and that the sinks (i.e. self-decomposition and photolysis) of BMPO-organic-radical

adducts become important beyond 1 hour of reaction.
5.4.3 Total peroxide fractions

Given the lability of organic hydroperoxides under photolysis, we performed total peroxide
measurements for isoprene, a-pinene and toluene SOA as shown in Figure 5.4. The peroxide fractions in
the original extracts are 101£16%, 474+29% and 214+5% for isoprene, a-pinene and toluene SOA,
respectively, as consistent with our recent study.?** Under dark conditions, we observed significant decrease
(~40% for a-pinene and toluene SOA) in peroxide fraction over 75 min, which is consistent with the labile
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nature of organic peroxides in aqueous phase.'?! Upon irradiation, the peroxide fractions further decrease
to 52+24%, 18+9% and 5.1%1.7% for isoprene, a-pinene and toluene SOA, respectively, equivalent to 50
— 75% decrease from the total peroxide fractions in the original extracts. The photoinduced decomposition
of ROOH leads to simultaneous formation of RO®* with *OH.?*® In addition, Bateman et al.'®® discussed
analogous fission of O-O bond in more complexed organic peroxides (ROOR”) forming two RO® radicals,
although no direct measurement has been conducted for such organic radical formation. RO* can undergo
rapid isomerization or B-scission to generate R®,>*! which potentially explains the dominant R* formation
over RO® as shown in Figure 5.2(a)-(d). However, the organic radicals formed under dark conditions (Figure
18(e)-(h)) are extremely low compared to irradiated samples, despite that the total peroxides already
decompose to some extent (up to 40%) without irradiation. Therefore, photoinduced decomposition of

peroxides may not be the sole source of organic radicals observed in this study.
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Figure 5.4. Total peroxide molar fractions from isoprene (ISO), a-pinene (AT) and toluene (TOL) SOA in
original extracts, 75 min under dark conditions and 75 min under UV-Vis irradiation. The error bars
represent the error propagation from the two duplicates in peroxide measurements with the uncertainty in

SOA mass measurements.
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5.4.4 Composition of organic radicals

Understanding the chemical identity of the observed organic radicals can be pivotal to unravelling
their formation mechanisms. Thus, we applied HR-MS to elucidate the atomic composition of BMPO-
organic-radical adducts. Figure 5.5 shows the comparison of ESI (+) mass spectra of a-pinene SOA with
10 mM BMPO under irradiated and dark conditions. Note the ESI-MS was operated at positive ion mode
which more sensitive to BMPO and its radical adducts than negative ion mode. As SOA were generated
under NOx-free conditions, any analyte containing nitrogen should be BMPO (C;oH;703N) or its radical
adducts. Besides the original form, we identify that BMPO also appears in a fragmented form: CsHsO3N.
Considering the structure of BMPO, the fragmentation should take place on the fert-butyl group, removing
a C4Hsg group. Such fragmentation may result from both the in-situ EPR irradiation and ionization source
of the HR-MS. Overall, the irradiated sample shows highly distinct spectrum compared to the dark sample
with an apparent shift toward larger molar mass molecules, likely due to the trapping of organic radicals by
BMPO and its fragment. The difference is particularly prominent in the neutral mass range of 300 — 400.

By subtracting the chemical formulas of BMPO and its fragments, we can obtain the composition
of organic radicals as labeled in Figure 5.5 for some major peaks. For example, the organic radicals at
neutral mass 357.185 and 387.195 are found to have the composition of C7H;104 and CsH;30s, respectively.
Based on the degree of unsaturation and number of O atoms, C7H10s is predicted to contain 3 carbonyl
groups and 1 hydroxy/ether group, whereas CgH30s should contain 3 carbonyl groups and 2 hydroxy/ether
groups. If these BMPO-radical adducts contain ether groups, it is probable that they are in the form of
alkoxy radicals trapped by BMPO (BMPO-OR), given that ether groups are unlikely to be present in the
monomers (C<10) of monoterpene *OH oxidation products.>® If these BMPO-radical adducts do not contain
ether groups, instead they should be alkyl radicals trapped by BMPO (BMPO-R), with multiple
carbonyl/carboxylate groups. Regardless of the types of organic radicals (RO*® or R*), C7H;104 and CgH 305
both contain 3 carbonyl groups, indicating that carbonyls could remain intact under the photolysis, or they

can be formed through the conversion from RO* to R* (B-scission).??! To test such hypothesis, future studies
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should characterize photolytic ROS formation from model compounds with carbonyls and organic
peroxides. The comparison between model compounds and SOA may provide critical insights into the
mechanisms of photoinduced organic radical formation. It should be noted that current information from
HR-MS is still limited, and the mechanisms discussed above are largely based on speculation. Future
advances in isomer-resolved HR-MS techniques could be essential to better understand the nature of the

organic radicals, and subsequently their formation mechanisms.
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Figure 5.5. High-resolution ESI (+) mass spectra of a-pinene SOA with 10 mM BMPO under irradiated
(blue) and dark (black) conditions. The peaks are normalized to the combined peak abundance. The dark

condition data are inverted for comparison.

5.5 Conclusions

In this preliminary study, we combined an in-situ UV-Vis irradiation system with EPR to

characterize the photolytic formation of ROS from laboratory-generated SOA. Substantial organic radical
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formation is observed upon irradiation, with enhancement factors up to ~ 100 compared to dark conditions.
Using total peroxide measurement, we show that organic peroxides can be an important source of the
observed organic radicals, although additional sources may be necessary to fully account for the significant
enhancement. High-resolution mass spectrometry elucidates the chemical composition of the organic
radicals, indicating that photolysis of carbonyls or peroxides could be important to account for the organic
radical formation. Further compositional studies are still necessary to fully understand the underlying

mechanism of organic radical formation from photolysis of SOA.
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Chapter 6: Conclusions, Limitations and Outlook

6.1 Conclusions

In this dissertation, we characterized ROS formation from aqueous reactions of SOA alone, SOA
in reaction media with different pH, SOA with transition metals and lung antioxidants, as well as SOA
under photolysis. Experimental evidence and model simulations reveal that organic (hydro)peroxides play
a central role in aqueous ROS formation from SOA involving other redox-active components. This
dissertation successfully establishes the superoxide formation mechanisms from biogenic SOA: ROOH can
decompose under room temperature to form *“OH which generate O,* through subsequent mechanisms.
Acidity can significantly alter the ROS formation patterns from SOA: neutral pH favors *OH and organic
radical formation due to decomposition of organic (hydro)peroxides; acidic conditions favor O,* and H>O;
formation due to enhanced quinone redox cycling and decomposition of a-hydroxyhydroperoxides. We
observed substantial organic radical formation from Fe**-facilitated decomposition or organic peroxides.
Through interactions among SOA, Fe*" and antioxidants, we elucidated the reciprocal role of antioxidants
to effectively scavenge *OH and O* while amplifying organic radical formation. Finally, we showed
substantial formation of organic radicals from photoirradiation of SOA, which can be partially due to
photolytic decomposition of organic peroxides. Overall, our work highlights the significant role of organic
(hydro)peroxides when assessing the ROS formation capacity, which has implications on the health effects
of SOA. Our findings also provide mechanistic insights into the chemical transformation of SOA involving
oxidants in the atmosphere as well as under physiological conditions after respiratory deposition.

In Chapter 2, we demonstrate dominant formation of O.* with molar yields of 0.01 — 0.03% from
aqueous reactions of biogenic SOA generated by *OH photooxidation of isoprene, B-pinene, a-terpineol,
and d-limonene. Meanwhile, biogenic SOA from dark ozonolysis primarily generate *OH via aqueous
decomposition of ROOH, while O,* only contributes to a minor fraction of total radical formation. The

temporal evolution of *OH and O,* formation is elucidated by kinetic modeling with a cascade of aqueous
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reactions including the decomposition of ROOH, *OH oxidation of primary or secondary alcohols, and
unimolecular decomposition of a-hydroxyperoxyl radicals. Relative yields of various types of ROS reflect
relative abundance of organic hydroperoxides and alcohols contained in SOA, which can be significantly
affect by oxidation pathways and different precursors. In Chapter 3, by applying the EPR spin-trapping
technique and the Diogenes chemiluminescence assay, we find highly distinct radical yields and
composition at different pH in the range of 1 — 7.4 from SOA generated by oxidation of isoprene, a-terpineol,
a-pinene, B-pinene, toluene and naphthalene. We observe that isoprene SOA have substantial *OH and
organic radical yields at neutral pH, which are 1.5 — 2 times higher compared to acidic conditions in total
radical yields. Superoxide is found to be the dominant species generated by all types of SOA at lower pH.
Further experiments with model compounds show that the decomposition of organic peroxide leading to
radical formation may be suppressed at lower pH due to acid-catalyzed rearrangement of peroxides. We
also observe 1.5 — 3 times higher molar yields of hydrogen peroxide in acidic conditions compared to
neutral pH by biogenic and aromatic SOA, likely due to enhanced decomposition of a-
hydroxyhydroperoxides and quinone redox cycling, respectively.

In Chapter 4, we demonstrate substantial formation of organic radicals in surrogate lung fluid by
mixtures of Fe?" and SOA generated from photooxidation of isoprene, a-terpineol and toluene. The molar
yields of organic radicals by SOA are measured to be 0.03 — 0.5% in SLF, which are 5 — 10 times higher
than in water. We observe that Fe?* enhances organic radical yields dramatically by a factor of 20 — 80,
which can be attributed to Fe?*-facilitated decomposition of organic peroxides, in consistency with a
positive correlation between peroxide contents and organic radical yields. Ascorbate mediates redox cycling
of iron ions to sustain organic peroxide decomposition, as supported by kinetic modeling reproducing time-
and concentration-dependence of organic radical formation as well as additional experiments observing the
formation of Fe*" and ascorbate radicals in mixtures of ascorbate and Fe**. *OH and superoxide are found
to be scavenged by antioxidants efficiently. Therefore, we conclude a reciprocal role of antioxidants in

scavenging *OH and O," efficiently, while amplifying organic radical formation. In Chapter 5, we
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combined an in-situ UV-Vis irradiation system with EPR to characterize the photolytic formation of ROS
from laboratory-generated SOA. We observed substantial organic radial formation upon irradiation, with
enhancement factors up to ~ 100 compared to dark conditions. Total peroxide measurement reveals that
organic peroxides can be an important source of the observed organic radicals, although additional sources
may be necessary to fully account for the significant enhancement. High-resolution mass spectrometry
elucidates the chemical composition of the organic radicals, which can be essential to understand the
formation mechanisms. This study provides a first characterization of photolytic ROS formation from SOA
involving different radical species and have significant implications in the photoinduced aqueous chemistry

of SOA.

6.2 Contributions to co-authored papers

In addition to the first-authored papers mentioned in this dissertation, I have also contributed to
three other co-authored papers. The first paper is “Environmentally Persistent Free Radicals, Reactive

Oxygen Species Generation, and Oxidative Potential of Highway PM,s” by Hwang et al 3%

published in
ACS Earth & Space Chemistry in 2021. 1 contributed to roadside sampling of ambient PM using high
volume sampler and MOUDI impactor, as well as data analysis and manuscript preparation. The second
paper is “Cellular Superoxide Release Overwhelms Chemistry upon Lung Deposition of Particulate Matter”
by Fang et al. which is currently under review. I contributed to SOA sampling, O,* measurement from
aqueous reactions of SOA, kinetic modeling for chemically generated O,*, as well as data analysis and
manuscript preparation. The third paper is “Nitrogen oxide influences on the production of reactive oxygen

species from alpha-pinene and naphthalene secondary organic aerosols” by Edwards et al. which is

currently in preparation. I contributed to SOA sampling, data analysis and manuscript preparation.
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6.3 Limitations and Outlook

6.3.1 Complex nature of SOA

This work underscores the central role of organic peroxides in ROS formation including *OH, O,*
and organic radicals through aqueous reactions involving transition metals, lung antioxidants and reactions
media with different pH. Experimental evidence, along with kinetic modeling, provide insights into the
reaction mechanisms and kinetic information of radical formation from SOA. However, it is still
challenging to fully understand the ROS formation mechanisms due to the complex nature of SOA. In our
kinetic model, a major assumption is that the reaction rate coefficients do not vary with the structures of R
groups in ROOH, R;R,CHOH and other compounds. Such assumption could be an oversimplification
which induces uncertainty in model simulation, particularly when R groups contain other reactive
functionalities such as aldehydes.

In addition, despite the similar results as obtained from model peroxide and quinone compounds in
ROS formation with SOA, some differences are nontrivial and should be discussed. For example, the radical
formation from commercially available organic peroxides and Fe?* in water (Figure 4.2 (a), (¢) and (¢))
does not resemble that from SOA with Fe?" in water (Figure 4.1 (a)), which is dominated by *OH radical
formation. The EPR spectra in Figure 4.2 (a), (c) and (e) are still not fully resolved, indicating the presence
of more complex radicals other than *OH, O,*, R* and RO*. Meanwhile, Figure 3.5 (a) and (b) show almost
negligible radical formation from cumene and tert-butyl hydroperoxides in acidic conditions. Although
suppressed at lower pH, isoprene and a-terpineol SOA still show noticeable amounts of radical formation
(Figure 3.2 (a) and (b), 1/3 to 1/2 compared to neutral pH). This indicates the stronger capacity of SOA-
contained peroxides at lower pH to induce radical formation compared to cumene and tert-butyl
hydroperoxides. Furthermore, the toluene and naphthalene SOA (Figure 3.2 (e) and (f)) can generate O,*
in acidic conditions, while 5H-1,4-NQ alone does not lead to O,* formation above detection limit but
requires the assistance of ascorbate (Figure 3.5 (c¢)). Finally, no appropriate model compounds have been
identified to represent the exclusive R* formation from a-terpineol SOA (Figure 3.2 (b)), and the suppressed
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radical formation at neutral pH for a-pinene and B-pinene SOA (Figure 3.2 (c) and (d)). Therefore, these
inconsistencies highlight the discrepancies between model compounds and SOA functionalities in reaction
patterns and rates.

Given these discrepancies, further studies are encouraged to explore potential candidates of model
compounds that can better represent the ROS formation patterns from SOA. The interaction among different
functionalities should be considered, as well as different structures in adjacent R groups of these
functionalities. Such advances may also provide valuable input to kinetic modeling, where the rate
coefficients can be varied depending on the R structures to optimize the model. Besides OFR-generated
SOA, SOA from environmental chambers or ambient should also be investigated for ROS formation, as no
such comparison has been made for SOA generated by different tools. It is also highly recommended that
future studies should attempt to directly link the ROS formation to the chemical composition and functional
groups of SOA. Such studies should find it useful to employ chromatographic and mass spectrometric
techniques. Zhao et al.*** and Yao et al.’*® have recently developed isomer-resolved identification method
of organic peroxides in monoterpene SOA using iodometry-assisted LC-MS. Advances in such techniques
can be pivotal to bridge the chemical identities and ROS formation from SOA, considering the central role

of organic peroxides.

6.3.2 Future directions in photolytic ROS formation of SOA

Chapter 4 presented the preliminary results of photolytic ROS formation of SOA. Despite the
measurements in peroxide fractions and characterization with HR-MS, the sources of organic radical
formation are still not well understood. Besides organic peroxides, the photolytic fission of carbonyl

159 Thus, future studies are

compounds is a potential source of organic (carbonyl and alkyl) radicals.
warranted to investigate the photolytic radical formation from model compounds such as organic peroxides

and carbonyl compounds. Again, these experiments can be critical to connect the chemical composition

and photochemical ROS formation from SOA.
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6.3.3 Connecting exogeneous ROS to endogenous ROS

This dissertation establishes a fundamental framework of ROS formation mechanisms including
*OH, O, and organic radicals from aqueous reactions of SOA. Upon inhalation and respiratory deposition
of SOA and other redox-active PM components like transition metals, they may induce ROS formation in
ELF through chemical reactions, which is considered as exogenous ROS. Meanwhile, another important
mechanism of oxidative stress is through endogenous ROS formation, known as cell-released ROS when
exposed to redox-active PM components.?®® Such mechanisms include the activation of macrophages,

175,176,307 Therefore, understanding the

mitochondria and ROS-producing enzymes like NADPH-oxidase.
relative importance of exogeneous versus endogenous ROS is a pivotal step to link chemically generate
ROS to the health effects of SOA. However, very limited studies have investigated this topic, which
warrants future studies to bridge the gap between exogenous ROS and cellular oxidative stress.

In addition to experiments, kinetic modeling can be an alternative tool to predict exogenous ROS
formation. Lakey et al.'”! developed a kinetic multi-layer model of surface and bulk chemistry in the
epithelial lining fluid (KM-SUB-ELF) to predict ROS concentrations resulting from redox-active PM
components such as quinones and transition metals. Implementing the ROS formation mechanisms from
SOA in this dissertation can potentially enhance the applicability of KM-SUB-ELF. In chapter 4, we
demonstrate that *OH and O;* can be efficiently scavenged by antioxidants, whereas organic radicals are
relatively long-lived. These mechanisms and kinetic information can also be adopted to KM-SUB-ELF.
The potential effects of organic radical in lipid peroxidation can be investigated by including reactions

between organic radicals and phospholipids in ELF in the model. More experimental studies are encouraged

to provide insights in such mechanisms and their applicability in KM-SUB-ELF.
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