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Abstract

Reactive aerosol constituents, including organic peroxides (HyO5, ROOR and ROOH),
organosulfates (OS), and organonitrates (ON), are integral components of atmo-
spheric chemistry, climate dynamics, and human health. However, their intricate
chemical compositions and dynamic behaviours present formidable challenges for ac-
curate identification and quantification. These reactive species emerge from complex
photochemical reactions involving volatile organic compounds (VOCs), nitrogen ox-
ides (NO,), and various other precursors emitted from both biogenic and anthro-
pogenic sources. Peroxides, as reactive oxygen species, significantly contribute to
respiratory illnesses, while OS and ON, derivatives of sulfur and nitrate species, in-
fluence climate dynamics by altering water uptake properties and facilitating cloud
formation. Collectively, these reactive aerosol constituents exacerbate air quality is-
sues by promoting the formation of secondary organic aerosols (SOA) and imposing
health burdens on human populations. Despite extensive research, several aspects of
their formation, transformation, and atmospheric fate remain ambiguous. Challenges
in their characterization stem from the lack of sensitive techniques offering molecular
specificity, biases prone to matrix effects, and the chemical complexity arising from
structural diversity. In this thesis, we employ advanced mass spectrometry techniques
to delve into the fundamental mechanisms underlying the formation of peroxides in
aqueous environments and to identify sulfur/nitrate enriched species in ambient sam-
ples under the influence of meteorological conditions.

Chapter 2 introduces a novel pathway to investigate the occurrence of aqueous-phase

autoxidation as a crucial reaction mechanism facilitating the formation of hydroper-
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oxides (ROOHSs). Leveraging linear unsaturated organic acids, a selective chemical-
assay assisted (i.e., iodometry) liquid chromatography-mass spectroscopy (LC-MS)
technique is utilized to systematically study the formation of highly oxygenated
molecules (HOMs) containing up to two - OOH groups. The empirical dependence
of these ROOHs on wavelengths (UVA, UVB and UVC) and oxidant/precursor con-
centrations is explored to discern the conditions favourable to their formation. While
our findings support the feasibility of aqueous ROOHs from various water-soluble or-
ganic precursors, distinguishing the specific mechanism solely from offline iodometry-
assisted LC-MS technique remains challenging due to lack of online measurements for
rapid formation of intermediate compounds.

In Chapter 3, I have investigated the experimental limits of the conventional iodom-
etry method, which is known to undergo interferences from reducing agents such as
olefins. This halogen chemistry has been widely used in food chemistry to determine
the degree of unsaturation. Our results show that linear unsaturated compounds can
react with halogen species such as Iy - a key intermediate in iodometry. However,
this underestimation in peroxide content will occur during extended periods of bench
reaction and relatively higher concentrations (>500 M) of olefinic compounds. I
have determined that in the case of atmospheric samples including complex mixtures
of SOA, it is unlikely that olefinic concentrations will reach the level of causing inter-
ference with the conventional iodometry approach.

In Chapter 4, I have adopted a broader approach to understanding the role of ROS and
sulfate/nitrate enriched particle-bound species in ambient aerosol samples. Compared
to separation-based techniques utilized in Chapters 2 and 3, here I have adopted a far
more robust analytical approach, i.e., nano-DESI-HRMS. Through this study, I have
determined that sulfate/nitrate enriched species are more episodic during day-to-day
comparisons, with meteorological factors such as wind direction playing a determining
role in the emergence of OSs. Furthermore, photochemical processing may be allud-

ing to the dominance of ONs. There could likely be potential CHO compounds with
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peroxy functionality, however, the application of chemical derivatization techniques
(e.g., iodometry) to resolve the molecular ambiguity is difficult in complex matrices
with high salt concentrations.

Overall, this thesis adopts a complementary functional approach and robust analyt-
ical methodology to pursue investigation into elusive reactive aerosol constituents,
thereby providing crucial insights into their formation and critical dependence on

meteorological parameters.
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1.1 Air Pollution

In 1999, the World Health Organization (WHO) defined air pollution as “substances
laid by human activities with enough concentration to cause detrimental influences
to health, vegetation, yield of crops, properties, or to interfere with the enjoyment of
properties.”[1] Air pollution has had a long and complex history throughout human
civilization. Initial alarms were sounded by inhabitants of ancient Athens but urban-
industrial developments largely undermined the concerns regarding ill-effects of air
pollution and the implementation of environmental laws.[2, 3] One pivotal moment
in the history of air pollution awareness came about in 1948, Donora Pennsylvania,
USA. In this small industrial town, atmospheric inversion trapped pollutants from
local steel and zinc smelting operations, leading to the deaths of 20 people and thou-
sands sick by October 30 1948.[3] Four years later, the Great Smog of London-another
landmark event - led to a suspension of thick black coal smoke, rendering the popu-
lace helpless and resulting in 4000 deaths.|3]

Throughout the 20" and 21% centuries, there has been a notable escalation in the
frequency and intensity of air pollution related incidents, spurred by rapid urbaniza-
tion.[2, 4] While the aforementioned specific historical events serve as poignant exam-
ples, the broader trend underscores strategies needed to mitigate air pollution. Dis-
cussions revolving air pollution predominantly stem from apprehension and frequently
focus on how air quality deviates from norm in the stratosphere or troposhere.|[5, 6]
This process is a leading environmental problem observed indoors and outdoors, rec-

ognizable in various forms of visible particles of soot/smoke to invisible gases such as

sulfur dioxide (SO,).

1.1.1 Atmospheric Burden of Particulate Matter

When considering the impact of air pollution, aerosols are major drivers in implicating
human health and imposing a significant climate burden.|7| Generally, aerosols are
defined as stable suspensions of solid or liquid particles in a gas. Common usage of
aerosols typically refers to particular matter i.e., fine particles of aerodynamic size
< 2.5 um.[3, 7] Atmospheric aerosols can originate from natural or anthropogenic

sources. Major natural sources include sea spray, volcanic and mineral dust emissions,
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while anthropogenic sources include industry and combustion emissions.|7| Figure 1.1
reveals estimated global concentrations of PMs 5 in 2015 via Goddard Earth Observing
System chemical transport model.[8] PMy ;5 concentrations in North America and
Middle East are potentially driven by dust storms, while elevated levels in East Asia
and South Asia are likely originating from biomass burning (e.g., Pearl River Delta

region)|[9, 10] or industrial and transportation emissions.|11]

5 10 20 50 100
PM; 5 (ug/m?)

Figure 1.1: Estimated global concentrations of fine PM in 2015. Black dots represent
monitor locations. Color scale indicates the concentration of PMs5.[8] Reprinted
(adapted) with permission from Hammer et al.[8] Copyright 2024 American Chemical
Society.

1.1.1.1 PM constituents-Health Effects

Ambient PM is a chemically complex mixture of organic and inorganic constituents
which are ultimate drivers to oxidative stress.[3, 12| In particular, reactive oxygen
species (ROS) represented in Figure 1.2 are key contributors to the cytotoxicity of
PM, 5.|13-15] Generally, ROS refers to oxidants derived from molecular oxygen (Os)
which includes hydrogen peroxide (H2Os), organic peroxides (ROOH and ROOR),
superoxide ion (O ™), hydroxyl (OH) radical and others.[16] Furthermore, ROS be-
long to a family of reactive species including nitrogen and sulfur, which are capable of

undergoing redox reactions. ROS can be either transported or catalytically generated

3
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thereby causing injurious cellular responses.[17] In addition to ROS, organosulfates
(OS) belong to a highly complex and unresolved fraction of aerosol and demonstrate
a strong correlation with the oxidative potential of dithiothreitol (DTT) and as such,
OSs may pose significant health risks.[18, 19|

PM

Je’ —~__

OPPTT, OpAA

Figure 1.2: PM;y 5 and oxidative stress. Reprinted (adapted) with permission from
Fang et al.[15] Copyright 2024 American Chemical Society.

Note, while ROS are imperative to determine the mechanisms on the induced cel-
lular toxicity,|20] their oxidative chemistry is also essential in the formation of organic
aerosol (OA) which can constitute up to 90% of submicron mass.|[21] It is known that
ROS can facilitate particle growth and alter particle morphology via oxidation of
biogenic and anthropogenic volatile organic compounds (VOCs) by participating in
photolysis, daytime OH radical chemistry, nighttime nitrate (NO3) radical processing,

ozonolysis and other mechanisms.|22]
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1.1.1.2 Climate Effects

Under the climate burden of PM, aerosol-cloud interactions bear a large burden of
uncertainty.[23] Under supersaturation conditions, OAs can act as cloud condensation
nuclei (CCN) activating into cloud droplets thereby influencing cloud microphysical
properties and regional precipitation.|[24| Aerosol-cloud interactions are important to
understand the climate burden of atmospheric PM. Several studies have shown that
hygroscopicity of OAs can be influenced by their chemical composition, |25, 26] molec-
ular weight|27, 28] and functional groups (e.g., carboxyl, carbonyl).|23, 29, 30] The
oxygen to carbon (O:C) ratio of OAs, representing the abundance of oxygen con-
taining functional groups relative the number of carbon atoms, plays crucial role in
modifying hygroscopic properties. Studies have shown that organic compounds with
higher O:C ratios tend to be more hygroscopic due to the presence of polar functional
groups that readily interact with water molecules.[31, 32| Conversely, hydrophobic
compounds such as hydrocarbons, possess lower O:C ratios and hence, exhibit lower
hygroscopicity. In general, hygroscopicity of OAs influences cloud optical properties
and precipitation patterns, thereby impacting Earth's radiative budget. Highly hy-
groscopic OAs can enhance cloud droplet activation, leading to increased cloud albedo

and indirect cooling effects.[33, 34|

1.2 Oxidative Chemistry of the Atmosphere

Oxidative processing in the atmosphere refers to the intricate network of chemical re-
actions involving oxygen-containing species such as ozone (O3), organics (e.g., VOCs)
and inorganics (e.g., trace gases).[3, 35| These reactions often lead to the formation
of secondary pollutants, which can implicate air quality and climate as well as the
overall chemistry of the atmosphere.[36] In the following sections, I will briefly de-
scribe the role of certain aerosol constituents and the radical chemistry governing

their formation as well as degradation.

1.2.1 Atmosphere-A Slow-Burning Flame

Earth’s atmosphere is comprised of 20% O, an essential component in biosphere and

combustion processes.[37] The high content of O, along with solar radiation, makes
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Earth’s atmosphere a highly oxidizing environment. Given the fact that the majority
of chemical species undergo oxidation at variable rates in the atmosphere, the ox-
idation process is often related to a slow burning flame.[38] Atmospheric oxidative
processing of VOCs can occur in gas-phase, condensed-phase and at the air-liquid
interface.[39] Figure 1.3 illustrates general gas-phase reactions that VOCs tend to
undergo in the troposphere, generating secondary pollutants such as ozone (O3), per-
oxyacetyl nitrate (PAN) and secondary organic aerosol (SOA).[40, 41] These reaction
pathways lead to oxidized products that are vastly different from their parent com-
pounds, [42] facilitating their atmospheric removal through wet and dry deposition
processes.[43] Overall, the oxidative processing outlined in Figure 1.3 alters the fate,

lifetime and reactivity of oxidized matter with atmospheric oxidants.|[41, 44|

1.2.2 Oxidation, Volatility and and Emerging Reaction Inter-
mediates

In the atmosphere, the oxidation of organic compounds can continue to occur un-
til organic carbon is either fully converted to COy or removed from the atmosphere
through dry or wet deposition.[36, 46| During oxidation, multiple reactions often
yield products that are far less volatile and more polar than parent compounds.[47]
The formation of intermediate compounds with different functional groups (e.g., car-
boxylic acids, aldehydes etc.) can affect the solubility of oxidized matter- affecting
their atmospheric transport and alter cloud formation processes by enhancing aerosol
hygroscopicity.[29, 48-50] Gas-phase oxidation of VOCs leads to the formation of
species with sufficiently low vapor pressure to be condensable and generate SOA with
volatilities often higher than their parent compounds.|51] Vapor pressure of oxidized
matter is determined by molecular particle size and polarity, wherein specific polar
functional groups can be determinant for controlling volatility.[51] In particular, an
increase in carbon atom is not as impactful as the increase in oxygen-containing func-
tional groups such as hydroperoxy (OOH), nitrate and carboxylic acid. Addition of
these functional group to a VOC can lower its vapor pressure by two orders of mag-
nitude.|[51, 52]

The oxidative degradation of VOCs influences the climatic impact of aerosols as or-

ganics transition from the hydrophobic to hydrophilic phase gaining more oxygen
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oxidant or hy .
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VOC
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ROOH
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ROH RONO,

carbonyl RO* + NO3
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1,4-hydroxycarbonyl
RR'C(OH)-C-C-C(O)R"

Figure 1.3: Atmospheric degradation mechanism of VOCs.[41, 45| Reproduced from
Ref. Ziemann et al[45] with permission from the Royal Society of Chemistry.

during this process.|31, 53| Volatility can be indirectly estimated by measuring OA
responses during equilibrium shifts due to variation in gas-phase concentrations or
temperature (T).|31] Volatility parameterization of the oxidized matter is determined
by experimentally derived logarithmic saturation mass concentration (log;oCy), where
Cy is the sum of condensed-phase concentrations of all compounds (eq-1.1).|31] Based
on the work of Li et al,[54] using eq-1.1, vapor pressure can be converted to Cy, where
M is molar mass (g.mol™!), pg is saturation vapor pressure (mmHg), R is the ideal gas
constant (8.205 x 107 atm K~! mol™" m?) and T (K). From calculated Cy (eq-1.1),
VOC is defined as: Cy > 3 x 107* pg.m™3, semI"VOC (SVOCQ): 0.3 < Cy < 300
pg.m—3, intermediate-VOC (IVOC): 300 < Cy < 3 x 10% ug.m ™3, low-VOC (LVOC):
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3 x 10* < CO < 0.3 pg.m? and extremely low-VOC: Cy < 3 x 107% pg.m=3.

o M % 10° x py
07 7760 x RT

More recently, novel intermediates such as organic peroxides, OSs and organoni-

(eq-1.1)

trates (ONs) have been found to be crucial in propagating the formation of highly
oxygenated molecules (HOMs) and extremely low volatile organic compounds
(ELVOC:s).[55-60] Peroxides, OSs and ONs contribute to the formation of HOMs by
propagating radical chain and oligomerization or functionalization reactions.|60—64]
Despite extensive knowledge, these elusive compounds remain a poorly understood
fraction in OAs.[65, 66] This is due to: (i) chemical complexity, wherein these
compounds can involve multiple precursors and reaction pathways alluding to their
formation, and (ii) varying precursor emissions due to seasonal differences (i.e.,
summer, winter), leading to their dynamic tranformation regionally and globally,
further making it difficult to accurately estimate their concentration through model
pedictions.[32, 42, 67, 68| Since their formation pathways and lifetimes can be widely
influenced by radical initiation or photochemistry in gas- and condensed-phase, |60,

65, 69, 70] the next few sections will briefly outline their fate and chemistry.

1.2.2.1 Organic Peroxides

Peroxides play an important role in atmospheric processes, serving as oxidants and
reservoirs of HO, species leading to the perpetual evolution of HOMs in the atmo-
sphere.|71, 72| Peroxides represent a significant fraction of SOA constituting up to
80% of the aerosol mass.|66, 72| Peroxides are crucial intermediates in facilitating the
formation of HOMs adding multiple O atoms.|71]| It is well known that HyO, and
organic peroxides can catalyze S (IV) to S (VI) resulting in OSs.[73] Peroxides are
ubiquitous in atmospheric matrices including air, water, precipitation, cloud and fog
water.[74] Despite considerable attention to gas-phase processes involving peroxides,
there is ambiguity associated with their formation in the condensed-phase and the
relative influence of competing radical species. The role of ROy /HO; radicals in the

gas-and condensed-phase is briefly discussed in Sections 1.3.1 and 1.3.2.
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1.2.2.2 Organosulfates and Organonitrates

The oxidation of VOCs is often dependent on gas-and condensed-phase radicals lead-
ing to the subsequent changes in oxidized particle morphology including size, phase
state, volatility and viscosity.|53] ONs are integral components of SOA and contribute
to regional O3 formation, subsequently affecting air quality.[75] OSs are important
SOA constituents which contribute up to 30% of the SOA mass.|76] Despite consider-
able attention, ONs and OSs remain elusive due to their physicochemical complexity
and lack of sensitive analytical methods, thereby remaining as a poorly understood
fraction of SOA.[66] OSs are important SOA species,|77] which contribute signifi-
cantly to SOA mass and influence cloud formation properties of OAs.[49, 76] Their
water uptake and growth factors can be dependent on their structures. Hansen et
al|78] have shown that pure limonene-derived OS is weakly hygroscopic with growth
factors of 1.0 and 1.2 at 80% and 90% relative humidity (RH) respectively. However,
the hygroscopicity of OS may be dependent on their structural factors such as degree
of unsaturation, aromaticity and oxygenation, which can further govern the thermo-
dynamic and kinetic properties of absorption and desorption of OS.[49] This indicates
that OS can further impact the aqueous-phase chemistry of HOMs.[79] Their radical
chemistry is briefly outlined in Sections 1.3.1 and 1.3.2.

1.3 Radical Chemistry

It is well established that free radicals play an important role in the stratosphere,
troposphere, cloud droplets and gas phase.|80] Amongst these radicals, O3, NO3 and
OH are are some of the dominant oxidants initiating VOC degradation.|81] Within
these oxidants, OH radical is an important daytime oxidant, which facilitates the
formation of ROs/HO, radicals and O3.[81-84] Radical chemistry occurs in multiple
phases (gas, aqueous, and particle phases) and is often heterogeneous (gas-phase
radical can oxidize particle-phase constitutents.[84, 85| The intricate role that these

oxidants play in atmospheric matrices is detailed below.
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1.3.1 Gas-Phase Radical Chemistry

Atmospheric photochemistry produces a wide range of radicals which exert significant
influence on the composition of the atmosphere.[86] The initial oxidant generation is
accompanied by the chemical process of photolysis at wavelengths > 290 nm.[66] OH
radical, which is a major initiator of radical-chain oxidation, is formed via photolysis
of O3 by ultraviolet (UV) light in the presence of water vapor.[86] The inherent reac-
tivity of OH radicals, characterized by its short lifetime (7 = 1.01 us),|87] allows for
their indiscriminate reactions with most organic species.|81| Figure 1.3 outlines major
reactions of OH radicals, wherein the production of ROy/HO; radicals is essential to

understanding the oxidative degradation of VOCs.[86]

1.3.1.1 Sources of Radicals

OH radicals initiate chain reactions in clean and polluted environments, with their
production in the atmosphere governed by photolysis of gaseous Oz (Figure 1.4, re-
action 1). Under polluted conditions with high NO, concentrations (< 10 ppb), OH
radicals are consumed by reacting with carbon monoxide, methane or other VOCs
to generate HO5 /RO, radicals (Figure 1.4, reactions 3-6). The newly formed HO,
radicals can further recycle the production of OH radicals (Figure 1.4, reaction 7).|88]
Another particularly known pathway for the daytime generation of OH radicals is the
photolytic decomposition of HONO.|[88] On the other hand, RO, radicals can be gen-
erated via combination reactions with Oy, H-abstraction, photolysis, decomposition

of organonitrates (RO;NO,) and abstraction from hydroperoxides (ROOHs).[89]

10
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O; + hv (<320 nm)

O('D) + O, (8y) (1)

o(D)+H,0 ——~ OH+OH (2)

OH + RH ——~ R+H0 (3)
R+0,+M ———  RO,+M (4)
RO, + NO ——~ RO +NO, (3
RO —  Carbonyis + HO, (6)

HO, + NO —  OH+NO, (7)

Figure 1.4: Reactions of OH radicals in the atmosphere leading to generation of
RO3/HO, radicals.[86] Reproduced from Ref. Monks et al[86] with permission from
the Royal Society of Chemistry

1.3.1.2 Reactions of Radicals

The reaction of OH radicals with alcohols, ethers (poly, cyclic, aliphatic), alkanes gen-
erally proceeds with H-abstraction. Some additional mechanisms include hydrogen-
bonded complex and addition on the C=C bond.[88] The mechanisms pertaining to
aqueous-phase reactions are more complex and briefly described in the following sec-
tions. The RO, and HO, radical intermediates can either terminate the chain reaction
by forming stable products or propagate the chain reactions via complex channels.[70]
Under atmospheric conditions, peroxy radicals tend to react slowly with alkenes and
SO,, while reacting quite rapidly with other free radicals such as NO and NO, in
the troposphere.[89] It is likely that alkyl group in alkylperoxy radical (ROs) may
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weaken the O-O bond leading to subsequent transfer to NO and yielding NO,.[89]
The remaining alkoxy (RO) radical may isomerize, dissociate or further react with Oa,
with all these pathways leading to more ROy species.[89] Despite their reactions with
organics, literature has shown that radical chemistry is further compounded by self-
and cross-reactions of RO, radicals.[70] Reactions of ROy + HO, radicals typically
lead to ROOH products,[90] while self- and cross-reactions of RO, radical proceed
with a tetroxide intermediate, which can subsequently dissociate to an intermediate
(RO) or products (ROH, ROOR).[91] The unimolecular H-shifts occurring during
ROs reactions is widely known as “autoxidation” which often leads to rapid formation

of HOMs with as many as 10 O atoms.[91, 92|

1.3.2 Aqueous-Phase Radical Chemistry

Atmospheric radical chemistry can occur when organic compounds partition from gas
to aqueous-phase (e.g., cloud and-,fog water) or condensed-phase (e.g., aerosol liquid
water, organic-phase).[93-95] This transfer can be often dependent on their chemical
composition and oxidation processes occurring at the air-liquid interface.|96, 97] While
the particle phase is prone to excess salts and organics,|98] the aqueous-phase (e.g.,
cloud water) is far more diluted and ideal to pursue fundamental laboratory analysis to
understand radical-initiated mechanisms. Thus, the majority of the current discussion
will refer to radical processing in aqueous-phase. We will briefly describe the radical

sources and highlight their reactions in the following section.

1.3.2.1 Sources of Radicals

Early efforts in tropospheric aqueous-phase chemistry were pursued to understand the
evolution of species during California fog.[99] During the late 1980s, detailed aqueous-
phase chemistry studies of inorganic systems, specifically radicals as oxidants were
also undertaken.[99] Photochemical processing of water-soluble content in aqueous
media such as cloud water, and fog droplets is dependent on pH, temperature and
solar flux.[100] Atmospheric aqueous media can be comprised of inorganic ions (CI,
Na'*, SO4*~, NH,T), antioxidants (e.g., phenols), water-soluble organic compounds
(WSOCs) (e.g., carboxylic acids, aldehydes), dissolved anthropogenic gaseous compo-
nents (e.g., SOz, NO,) and photosensitizers (e.g., excited triplet state or *C*). Tonic
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radicals (e.g., Cly™, Bro™, Os7 etc.) are photochemically produced while neutral
radicals (e.g., OH, NOs, NO3, HO5', ROy) can either diffuse from gas-phase (gas
to liquid transfer) or directly produced in aqueous-phase.[101] OH radicals are elec-
trophilic species and are hence, not very selective in their reactivity. Typical OH
concentrations in cloud droplets can be 3.5 x 107'* M and 2.2 x 107'* M in ur-
ban and remote areas respectively.[99] Aside from photolytic decomposition of HyOs,
some other sources of OH radicals include Fenton-type reactions between HyO5 and
transition metal ions (TMIs) (e.g., Fe?T, Cu"), gas-phase uptake of OH and iron
complexation.[99] NOjs radical is an important nighttime oxidant which is primarily
formed via gas-phase reaction between O3 and NO,.[99] Given that gas-to-aqueous
partitioning is often governed by Henry’s Law coefficient (K p),[102] aqueous chem-
istry of NOj3 is negligible due to low Kz of NOy (1.4 x 1072 M atm™1)[103] However,
NO; induced oxidation at the surface of deliquesced aerosol particles can be important
to consider sulfate formation during haze episodes.[104]

Sulfur-oxy radicals (e.g., SO, ) are additional radical species formed through ox-
idation of S(IV), which can interact with atmospheric reactants besides OH radi-
cals.|99] On average, SO, radical concentrations in cloud droplets can be 1.1 x 107
M and 2.4 x 10~ M in urban and remote environments respectively. In deliquescent
particles, their average concentrations can be 9.3 x 107'®* M and 3.6 x 107!* M in
urban and remote environments respectively.[99] Aside from the aforementioned rad-
icals, HO5 /RO radicals have also been found in cloud water, fog droplets. Aqueous
concentrations of peroxy radicals (i.e., ROs+HO3) can be 2.0-32.0 nM.[105] The two
main sources of these radicals are: (i) gas-to-droplet partitioning, and (ii) aqueous-
phase photochemical processing.[105] In the aqueous-phase HO radicals can establish
equilibrium with O,7, which is a powerful oxidizing agent with a lifetime of 1 min

and an initiator of radical reactions.[106|

1.3.2.2 Reactions of Radicals

Radicals in aqueous-phase tend to react preferentially depending on the reactants
in their vicinity.[105, 107] Photochemical oxidation of WSOCs can be induced by
oxidants as shown in Figure 1.5.[47, 108, 109] There is extensive data available on the

kinetics of OH radicals, investigating their reactivity with wide range of WSOCs.[99,
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110] For the sake of the current discussion, the reactivity of ROs/HO, radicals will
be of primary focus. TMIs are ubiquitous in atmospheric waters, with metals such
as iron (Fe), copper (Cu) and manganese (Mn) being the most prevalent. Aqueous
concentrations of these metals are >6000 nM in cloud and fog waters.[110] TMIs
such as Fe?", Cut are known to play crucial roles in facilitating HOx and sulfur
chemistry. For instance, smaller RO, radicals (e.g., CH3COOQ) during the oxidation
of Fe?* form an intermediate complex (RO,Fe?") which decomposes to Fe3t and
ROOH.[111, 112] In urban regions, TMIs can facilitate S (IV) to S (VI) oxidation
either via direct production through oxidation of HyOy, HNOy4 or indirect oxidation
initiated by halogen ions (e.g., C17), OH.[112, 113] This pathway is known to generate
particle-bound sulfate species.[114] Additional pathways leading to OSs can be OH
initiated H-abstraction from HySO, or bisulfate anions (HSO, ™), addition of sulfur-
oxy radical ions (e.g., SOs7", SO37) to C=C in VOCs (e.g., isoprene, methyl vinyl

ketone) and reaction between sulfate and alkyl radicals.[115]

SO,
. HSO; | SO !
S(IV) S(VI)

Figure 1.5: Aqueous-phase chemical processing via radical chemistry.[116] Reprinted
(adapted) with permission from Gen et al.[116] Copyright 2024 American Chemical
Society
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RO, radicals possess oxidizing properties and react with electron rich donors via
electron transfer mechanisms. Another reaction pathway that RO, radicals undergo
is chain reaction or autoxidation via successive H-abstraction of unsaturated fatty
acids and esters.[117] To this day, there is no evidence of aqueous-phase autoxidation
initiated by RO, radicals in the atmosphere. This could be due to the slow reaction
rate and three or four orders of magnitude of concentrations needed in the molar range
which are often not found in the atmospheric aqueous-phase. Kinetic parameters
acquired from the organic-phase are not transferable to aqueous solutions due to
their dependence on the polarity of the medium.[117] On the other hand, HO, radicals
represent a special case within the peroxyl radical family. HO, radicals have a pKa
value of 4.8 and as such, in neutral solutions O, dominates. Bimolecular termination
involves a disproportionation reaction between HO5 and Oy 7, thereby yielding HoOq
and O,. While HO, radicals undergo self-reaction, no such case has been observed
for Oy~ which is known to further react with ROy radicals under an acidic medium
to yield ROOHs via electron transfer mechanism. Usually, RO, radicals can form
tetroxide intermediate via head-to-head termination reaction, but this intermediate
has never been observed in an aqueous solution. Interestingly, RO, radicals can form
six-membered rings via the inclusion of additional water molecules (Figure 1.6); this

reaction pathway may be of interest in aqueous solutions.[117|

Figure 1.6: Transition state involving RO, radicals with inclusion of water
molecules.[117] Copyright (©) 1991 by VCH Verlagsgesellschaft mbH, Germany. Re-
produced with permission of Wiley via Copyright Clearance Center.
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In addition to the aqueous-phase, oxidative processing of WSOCs at the micro-
droplet surface can also be vital to generate HOMs and facilitate agSOA.[118-121|
Cloud droplet size can vary from 5-50 pm which is favorable for interfacial chemistry
to dominate.[122] Microdroplet surfaces can accommodate a wide spectrum of organic
compounds such as VOCs, PAHs, dicarboxylic acids and many other surface-active
compounds.[119, 123, 124] Tt is understood that the the hydrophobic alkyl backbone
at the cloud droplet surface would be exposed to potential oxidants (e.g., O3),[120,
121] facilitating the formation of ROOHs[125] and contribution to agSOA.[121] The
formation of reactive intermediates such as organic peroxides via RO, /HO, radical
chemistry can occur both in aqueous-phase and at the air-water interface.[126-128|

A decade earlier, aqueous chemistry of HyO, was known to be a major in-cloud
SO, oxidant.[129-134| However, recently it has been shown that aquoeus peroxides
can oxidize bisulfite ions,[135] formed via aqueous dissolution of SOy (g) thereby
generating OS.[73] While considerable attention has been paid to aqueous chemistry
of HyOq and SO, (g), recent studies shed light on organic peroxide catalyzed formation
of OS on water droplet and aqueous solutions.|[73, 136] Li et al have experimentally
determined that isoprene hydroxyl hydroperoxides tend to react with HSO3~ to form
OS on a water nanodroplet.[136] In a study conducted by Ye et al,[137| bimolecular
reaction between OS and peroxides is found to be dependent on pH, aerosol liquid
water content and ionic strength. In highly polluted regions, peroxides can further

catalyze the SO5 (g) absorption leading to OS formation and impacting climate.|[13§]
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1.4 Analysis of Reactive Compounds

Chemical speciation and structural determination of organics in airborne PM is often
challenging due to complex environmental matrices, which are further compounded
by an array of formation mechanisms.[84, 139, 140| In particular, identification of
particle-bound peroxides and sulfates is arduous due to: (i) lability of the peroxide
bond, (ii) lack of selective methods for molecular-level speciation, and (iii) lack of
appropriate surrogate or standards for quantification.[66, 71, 115, 141, 142] A large
body of literature divides characterization of ROS and OS/ON in online and offline
detection approaches.[66, 143] While online methods provide real-time evolution of
particle-bound organic species bypassing physico-chemical losses,[66] offline targeted
analysis can help resolves molecular ambiguity associated with labile species such as

peroxides and offer molecular-level analysis of OS/ON.[144]

1.4.1 Online Measurements

Amongst many available analytical methodologies, mass spectrometry (MS) has
emerged as a versatile tool for the sensitive determination of peroxides and OS.[145]
In the past decade, a variety of mass spectrometric methods including combina-
tions of separation techniques (i.e., liquid chromatography, LC) have been applied
for selective identification and quantification of bulk aerosol properties (e.g., O:C

ratios).|66, 146]
1.4.1.1 Aerosol Mass Spectrometry (AMS)

AMS is one of the highly sought-after analytical techniques in aerosol research for
characterizing OA in both field and laboratory samples.[147, 148] Briefly, ambient
particles are introduced into the aerodynamic lens, followed by particle volatiliza-
tion in the evaporation unit under high T. The evaporated compounds are ionized
by electron impact (EI) at 70 eV for subsequent analysis by MS.[148] While AMS
allows analysis of a wide range of chemical species and provides quantitative informa-
tion on non-refractory -aerosol-components, high degree of fragmentation during EI
impedes the identification of individual particle-phase organics such as OS and per-

oxides.[144, 148, 149| Note, despite several attempts made to utilize AMS for labile
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species, there has been limited success. As such, researchers have probed into novel
approaches for the selective determination of peroxides and OSs. Recently, Weloe at
el have demonstrated real-time bulk analysis of peroxides in SOA via chemical assay
of triphenylphosphine (TPP) coupled with AMS.[66, 148| Similar to other deriva-
tization methods,[130] TPP chemistry utilizes the oxidizing capability of peroxides
such that TPP is chemically oxidized to triphenylphosphine oxide (TPPO) via either
nucleophilic displacement of TPP on the O-O bond of peroxides or cyclic peroxide
intermediate formation. Conventionally, TPP-TPPO can be detected spectrophoto-

metrically and is often insensitive to moisture and Os.[148|

1.4.1.2 CIMS

Chemical ionization mass spectrometry (CIMS) is a fast and versatile technique with
detection limits within 10 pptv[150-152| for a wide variety of trace atmospheric gases
through ionization of reactive ions such as H;O", CF30, acetate and iodide (I7).[66,
142, 150, 153] CIMS has been revolutionary in providing high time resolution data
of many stable atmospherically relevant compounds such as carbonyls and carboxylic
acids. Ng et al have demonstrated the application of CIMS for sensitive determination
of labile species such as ROOHs and multifunctional nitrates.[43, 142] In principle,
CIMS uses ion-molecule reaction that induces soft ionization in contrast to EI, thereby
lessening fragmentation losses.[152] To initiate ion formation, reagent ions such as
NO;3;7, I7, acetate and fluoride are introduced into the source of the mass spectrom-
eter.[154] The ion-molecular reaction can proceed through several pathways, which
include proton transfer, hydride abstraction, electron attachment, electron transfer
(Figure 1.7, reaction 4) and adduct or ion cluster formation.|155] While recent studies
have utilized ToF-CIMS coupled to atmospheric or low-pressure ionization source for
gas-phase oxygenated organics such as HOMs, much of the molecular identification
is based on O:C ratios which don't assist in determining peroxy functionality.|66,
156, 157] However, the clustering chemistry (Figure 1.7) between CF30~ and perox-
ides/OS has been particularly advantageous for molecular level speciation than bulk
analysis.[66, 158] However, the reagent gas (CF300CF3) is not commercially avail-
able, and the synthesis of which requires special expertise. As such, CF307-CIMS is

currently used in only a few research groups.[159-161]
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e + CF;COOCF, CF;0 + CF;0 (1)

CF;0 + ROOH + M CF;0. ROOH + M (2)

CF30-. H20 + ROOH

CF;0.ROOH +H,0 (3)

Figure 1.7: Clustering ion reactions during CIMS analysis of peroxides.[66] Reprinted
(adapted) with permission from Wang et al.[66] Copyright 2024 American Chemical
Society.

1.4.2 Offline Techniques

Offline analytical methods employed for the analysis of peroxides and OS generally in-
volve sample collection and pre-treatment before instrumental detection.|144] Conven-
tionally bulk-phase total peroxide content has been achieved via spectrophotometric
methods such as chemiluminescence with luminol, fluorescence with p-hydroxyphenyl
acetic acid or dichlorofluorescein assay, absorbance with iodometry or fenton-xylenol
assay.|130, 162-164] While these conventional methods have been advantageous for
quantification of peroxide content, many of them are also prone to interferences such
as O, olefins (OEs), TMIs, steric hindrances by alkyl substituents.|66] Additionally,
obtaining the total peroxide content does not offer any information regarding individ-
ual peroxide species. As such, recent modifications of chemical assay-assisted separa-
tion techniques coupled with MS have been demonstrated to assist in molecular-level
information of peroxides/sulfates which is essential for understanding their formation,

transformation and thereby impacts on the atmosphere.|66|

1.4.2.1 Nano-DESI-HRMS

In the early 2000s, desorption electrospray ionization (DESI) was introduced for sam-
ple analysis under ambient conditions.[165] DESI was initially developed for in-vivo
sampling and crude MS imaging, proving advantageous in comparison to other MS

imaging tools due to its non-destructive nature.[166] A slight modification adopted
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in DESI is nanospray (nano)-DESI with targeted approach towards molecular char-
acterization in SOA.[167, 168] DESI utilizes solvent spray on sample substrate at a
distance leading to unstable MS signal,[167] on the other hand, nano-DESI (Figure
1.8) employs a liquid micro-junction between primary and secondary capillary leading
to hybrid liquid extraction surface analysis.[165, 166] Herein, the primary capillary is
used to create and maintain charged solvent droplets while the secondary capillary cre-
ates a self-aspirating nanospray of solvent containing dissolved analyte which is then
directed into a high resolution (HR) MS inlet. Nano-DESI allows efficient collection,
ionization and transfer of analytes resulting in significantly improved detection limits,
thereby preserving samples without required pre-treatment and maintaining analysis

speed.[167]

MS
Inlet

_ Substrate

Figure 1.8: Nano-DESI-HRMS sampling interface and analysis representation.|[167]
Reprinted (adapted) with permission from Roach et al.[167] Copyright 2024 American
Chemical Society.
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1.4.2.2 Chemical Assay Assisted Liquid Chromatography-MS

The most commonly applied technique for the detection of particle-bound OS and
peroxides is the use of quartz filter extracts analysis by liquid chromatography (LC)
coupled with electrospray ionization (ESI)-MS. Given the likely presence of acidic
protons of sulfate functional groups, high ionization efficiency is achievable through
the generation of deprotonated molecular ions ([M-H|™) in the negative ionization
mode without derivatization of OSs.[144]| Collision-induced dissociation ions (CID)
have been utilized for the identification of OSs including bisulfite ions for aliphatic
OSs, and sulfite and sulfate ions for aromatic OSs.[144] Apart from varying separation
methods (e.g., ultra-high performance LC, reverse-phase LC), several MS based ap-
proaches (e.g., quadrupole time-of-flight, orbitrap) with high resolving power (>105)
and greater mass accuracies (< 5 ppm) have been used to identify OSs.[144] While
LC-MS based methods have been crucial for the qualitative determination of OSs,
there are still many OSs requiring further confirmation in their identification dur-
ing targeted and non-targeted analysis. This is due to lack of authentic standards,
which have been attempted to be synthesized during fundamental laboratory stud-
ies but often pose time and quality constraints.[144] In contrast to OSs, peroxides
lack acidic protons which can be utilized for their identification during LC-MS based
approaches. As a result, chemical assays such as TPP and iodometry coupled with
MS have been demonstrated to be useful.[148, 169, 170] The American Oil Chemists'
Society (AOCS) modified and adapted the iodometry method developed by Lea and
Wheeler to provide an accurate estimate of peroxide value (PV) which is used to
gauge rancidity in fats and edible oils.[171, 172| Briefly, the iodometric determination
of peroxides relies on the oxidation of I~ to corresponding molecular iodine (I,) (Fig-
ure 1.9) under acidic conditions.[173, 174] I generated will further recombine with
excess [~ to lead to the formation of triiodide ion (I3~), which is measured at 253 nm
via UV-Vis spectroscopy.[175] Following Beer's law, with a 1:1 stoichiometry between
peroxides and I3, the quantitative estimation can be achieved.[175] Though powerful,
iodometric reduction of peroxides is widely prone to principal sources of errors: (i) re-
action of Iy with unsaturated fatty acids (Figure 1.9, reaction 3), and (ii) liberation of

I~ from potassium iodide (KI) by the O present in the matrix.[172] While the latter

21



CHAPTER 1 — INTRODUCTION

is referred to as the O, error leading to overestimation and is treatable by bubbling
nitrogen (N3) gas,[176] the former leads to underestimation in peroxide quantification
but the magnitude of underestimation has never been evaluated. Aside from these
errors, easily oxidizable agents such as TMIs and mercaptans can also induce nega-
tive bias by leading to the decomposition of ROOHs.[177] While many of these errors
have been countered to some extent, conventional approaches via absorbance-based
methods such as UV-Vis spectroscopy and titration, still need to adopt cautious mea-
sures to counter matrix effects. Amongst the conventional derivatization assays for
peroxide determination,|[178, 179| recent modifications in iodometry-assisted LC-MS
approach has been found be quite versatile in resolving molecular ambiguity of peroxy
compounds in atmospheric samples.[180] During iodometry, peroxides are converted
to their corresponding alcohols (Figure 1.9, reaction 1) indicating likely disappear-
ance of peroxides. The comparison between control (no addition of I7) and iodometry
applied sampled during chromatographic separation prior to introduction in MS inlet
demonstrated the versatility of this technique which selectively reacts with peroxy

groups.|[180]

R,O0R, + 2I" + 2H* I+ R,OH + R;OH

Ki

|2 + I |3

k.|
Ri R,

R; R,

I, + — Product

Figure 1.9: Todometric reduction of organic peroxides and reaction of molecular io-
dine.[174, 181, 182] Reprinted (adapted) with permission from Gautam et al.[183]
Copyright 2024 American Chemical Society.
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While this modification in iodometry has been far more advantageous than the
conventional version,[184] there are still some downsides that should be noted. Con-
ventionally, iodometry coupled to LC-MS has opted with a reverse phase column
(RPC), which is optimum for the majority of polar and water-soluble organics.|184]
But highly polar analytes such HOMs with multiple OOH groups are not retained
well on RPCs leading to poor peak shapes and co-elution. To compensate for this,
hydrophilic interaction liquid chromatography (HILIC) can be useful to allow opti-
mum separation and retention of highly polar analytes such as isoprene-epoxydiol
(IEPOX)-0S.[185] Lastly, ion suppression effects are quite prone to iodometry as-
sisted LC-MS. Specifically, to allow reduction of peroxide in 1 hour, I™ is maintained
at concentrations 60 times higher than any other analytes in a given matrix.|[180]
With such high salt concentrations, ion intensity of peaks with peroxy functional
groups can be suppressed to the level of noise.[186] While the concentration of I~ can
be reduced, there will be a compromise either to increasing reaction time leading to
additional matrix interferences or decreasing ion signal intensities of possible alcohol

products.
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1.5 Motivation

Particle-bound aerosol constituents such as ROS and sulfates/nitrates impose a
tremendous burden on health and air quality.[187, 188] While significant advances
have been made in deconvoluting the mechanisms and allowing sensitive detection of
ROS and OS/ON in the atmosphere,[187] comprehensive understanding on molecular
diversity and abundance of these species is still lacking.[66] ROS such as peroxides
serve as important source of radicals and tend to be short-lived due to their acceler-
ated degradation under thermolytic and photolytic conditions.[66] OS/ON are major
contributors to SOA and accelerate haze formation episodes within metropolitan
cities.[189, 190] A large body of literature divides characterization of ROS and
OS/ON in online and offline detection approaches.|66, 143]

Fundamental laboratory approaches can assist in deconvoluting reaction mecha-
nisms and acquire quantitative analysis on reactive SOA constituents such as per-
oxides and OS/ON. For instance, while the gas-phase formation of HOMs has been
extensively studied, the mechanisms on the aqueous-phase formation of peroxides are
often lacking in the current literature. Specifically, the conditions adopted within
fundamental laboratory studies may be neglecting the impact of the choice of UV
wavelength. It is essential to apply a robust and selective analytical method to eluci-
date the formation mechanisms of peroxides as a way to replicate their atmospheric
photochemical evolution. Secondly, offline methods can be prone to known biases
which can compromise their applicability for diverse analysis. Lastly, while labora-
tory studies can be utilized to demonstrate the physico-chemical properties of oxy-
genated molecules, advanced analytical approaches with direct MS can be useful for
bulk characterization of particle-bound ROS and OS/ON.

Overall, we believe that synergetic fundamental laboratory and field studies can
assist in unraveling the intricacies associated with the emergence of HOMs such as per-
oxides, OS/ON. Fundamental laboratory techniques provide invaluable insights into
the conditions that impede or foster the formation of HOMs. This knowledge lays the
foundation for understanding ambient samples, which are often more convoluted than
the controlled laboratory settings. By bridging the gap between laboratory experi-

ments and field observations, we can assess how meteorological parameters such as
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solar flux, RH and T would influence the reaction pathways involved in the formation
of peroxides, OS/ON. In general, this dual approach allows us to evaluate whether
the reaction mechanisms elucidated through targeted laboratory investigations hold

under ambient conditions.

1.6 Thesis Objectives

The overall goal of this thesis is threefold:

e Firstly, explore novel aqueous-phase formation mechanisms of HOMs (e.g., per-
oxides) which may be overlooked during conventional laboratory studies via the

application of chemical assay-assisted LC-MS method

e Secondly, experimentally explore matrix effects occurring during the application

of chemical assay method for the quantitative determination of oxidizing agents.

e And thirdly, probe in the emergence of ROS, sulfate/nitrate enriched species in

ambient aerosols using advanced analytical direct MS approach.

1.7 Thesis Outline

This thesis consists of 5 chapters. In Chapter 1, the intricate role of ROS and OS-
/ON is described to understand their burden on climate and air quality. This chapter
further delves into oxidative reaction pathways involving RO,, and OH radicals al-
luding to the transformation of VOCs in the atmosphere. We further address key
knowledge gaps in the current understanding on the formation of HOMs such as per-
oxides in atmospheric aqueous media (e.g., cloud water). In Chapter 2, we elucidate
the formation mechanisms of aqueous HOMSs, probing the experimental conditions
favourable to their formation through fundamental laboratory studies. Specifically, a
novel mechanism alluding to the formation of ROOHs in the aqueous-phase is investi-
gated via the application of iodometry-assisted LC-MS. Continuing in Chapter 3, the
conventional derivatization technique adopted for the quantification of peroxides is
examined for potential matrix effects under the deliberate introduction of known ar-

tifacts (e.g., OEs). This is the first-ever systematically designed experimental study
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to understand the matrix-induced bias which could impact the application of this
method in atmospheric matrices. Chapter 4 delves into the application of a more
robust and versatile direct MS analytical technique to characterize a wide range of
organic compounds such as ROS, OSs/ONs in ambient aerosol samples acquired dur-
ing an active field campaign. This study provides a comprehensive understanding on
the impact of meteorological conditions such as wind direction on the emergence of
reactive aerosol constituents (e.g., ROS, OS) which can alter the air quality in urban

environments.
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2.1 Introduction

Organic peroxides (ROOR, ROOH, Hy0;) are key intermediates in promoting
oxidative aging of hydrocarbons found in varying matrices such as atmosphere,
petroleum /aviation fuels and food.[70, 191-193] Peroxides are known to facilitate
the formation of highly oxygenated molecules (HOMs) with multiple hydroperoxy (-
OOH) functional groups and|194-196] low volatilities,[92, 197, 198] which can further
lead to the formation of secondary organic aerosol (SOA).[198] There have been many
studies investigating the reaction pathways pertaining to the formation of HOMs
including autoxidation, self-/cross-reactions of RO, radicals, ROy /OH radical chem-
istry and RO5+HO; reactions in low and high NO, conditions.[91, 92, 191, 194-196,
199-202| Conventionally, gas-phase autoxidation is known to occur in pristine (low
NO,) |203] and urban environments (high NO,),[204| but since the implementation
of regulatory cap on NO, emissions,[205, 206] unimolecular isomerization has gained
traction in urban environments,|207| in addition to bimolecular ROy chemistry.|208]
Currently, gas-phase autoxidation has been extensively studied,[209, 210] but the
reaction pathways and conditions that inhibit/promote aqueous-phase autoxidation
need to be evaluated.

Cloud droplets are photochemically active because they receive a considerable
amount of sunlight, in particular, UV radiation that serves as the driver of tropo-
spheric photochemistry.[101] Photochemical oxidation of WSOCs can be induced by
oxidants such as OH radicals,[101, 211] superoxide ion (Oy7),[212, 213] singlet oxy-
gen (*Oy) and[214] photosensitizers (excited triplet state or 3C*).[108, 109] While
many studies have reported multiphase detection of organic peroxides, |66, 215, 216]
the conditions regarding their formation needs to be further investigated. Perox-
ides are reservoirs of HO, and RO, radicals and a class of reactive oxygen species
(ROS), which can induce respiratory illnesses.[20, 217] Aqueous-phase photochemistry
may give rise to ROOH intermediates that contribute to the burden of atmospheric
ROS.[218| Despite numerous investigations in aqueous-phase OH radical initiated ox-
idation of varying water-soluble organic precursors,[95, 219-222| there is a lack of
laboratory evidence which can assist in deconvoluting varying reaction pathways and

the conditions favorable to the formation of peroxides. Detection of organic peroxides
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and its radical intermediates can be challenging due to: (i) lack of selective analyti-
cal technique to allow targeted analysis,[169] (ii) lability due to weak O-O bond,|71,
218| (iii) inaccessibility of sensitive radical measurement techniques (e.g., EPR) to
capture crucial RO, intermediates formed during autoxidation,|223] making it diffi-
cult to determine the underlying mechanism pertaining to their formation, and (iv)
incorporation of unrealistic experimental conditions including UV light and oxidan-
t/precursor concentrations during fundamental laboratory investigations.[224-227] In
particular, unambiguous identification of organic peroxides using direct mass spec-
trometric (MS) measurements can be difficult due to the inability of MS to provide
functional group information and successive fragmentations of molecules in the ion
molecular region.[148, 228] As such, chemically derivatized methods can be useful for
the successful characterization of select functional groups.[148; 229, 230] Based on
the work of Zhao et al, a combination of MS with the chemical assay of iodometry
has proven to be advantageous for the selective identification of organic peroxides in
a complex matrix.|[180]

The overall goal of this study is to further our understanding of the mechanisms and
conditions under which ROOH species form during aqueous-phase photooxidation.
Specific aims are: (i) examine the dependency of aqueous ROOHs under experimental
conditions such as varying oxidant and precursor concentrations, (ii) demonstrate the
effects of interaction between ROOHs and the wavelength of irradiated light, and (iii)
explore the possibility of aqueous-phase autoxidation attributing to the formation
of ROOHs. We hypothesize that the use of short-wavelength UV light(i.e., UVC
centered around 254 nm), as well as exceeding levels of oxidant and precursor used

in laboratory experiments, can suppress the formation of aqueous ROOHs.

2.2 Experimental

2.2.1 Materials

The following chemicals were purchased from Sigma Aldrich: 7-octenoic acid (7-OE,
99%), l-octanoic acid (1-OA, 99%), acetic acid (AA, 99%), formic acid (FA, 99%),
molecular iodine (I, crystallized, 99%), hydrogen peroxide (HyOq, 30 % w/w), cis-
pinonic acid (CPA, 99%), pimelic acid (PMA, 99%) and azelaic acid (AZA, 99 %).
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Potassium iodide (KI, 99%) was bought from Fisher Scientific to carry out iodometry
experiments. All chemicals were used without purification. HyO, stock solutions were
prepared fresh on a weekly basis. Other chemicals included: ultra pure water (18.0
M€Q cm, Millipore) and acetonitrile (ACN, HPLC grade). A previously synthesized
sample of pinic acid (PNA) was used as is in this study. Details on the synthesis
procedure are outlined elsewhere.[231] Limononic acid (LMA) synthesis details are

provided in Section A.1 (Appendix A).

2.2.2 Target Compounds

To demonstrate the prevalence of aqueous-phase formation of ROOH from a vari-
ety of precursor WSOC compunds, we experimented with four organic acids (OAcs)
(structures shown in Figure 2.1). OAcs are ubiquitous in the atmosphere and cloud
water.[232, 233] Practically, OAcs can be readily detected with the negative mode
of electrospray ionization mass spectrometry ((-)ESI-MS) and soft ionization (ESI)
made detection of labile oxygenated compounds feasible.[180, 231, 234, 235| 7-OE
was further chosen as the model compounds for two reasons: (i) the carbon chain
length of 7-OE enables its separation from ROOH products on a C18 column, and
(ii) the terminal C=C serves as the predominant reaction site with the OH radical,
making the reaction mechanism predictable.|236] For these reasons, 7-OE is used in
this work to gauge the yield of ROOHs under various reaction conditions. 1-OA was
chosen as a comparison to 7-OE, given the absence of the terminal C=C bond. PNA
and LMA were chosen to illustrate the atmospheric relevance of autoxidation because
they are major oxidation products from the ozonolysis of a-pinene and limonene,

respectively.[220, 221|
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C8H1602 CgH1404

Figure 2.1: Structures of model organic acids (OAcs) employed to study photooxida-
tion products.

2.2.3 Photochemical Reaction

The experimental apparatus consisted of a Rayonet photoreactor (PR2P200) with 16
Hg lamps (five of which were exposed to the sample) and a 10 mL quartz vessel with
a magnetic stirrer to allow constant mixing. A fan was used to minimize temperature
rising during photooxidation. The quartz vial was used for the efficient generation of
OH radicals from Hy05.|231] The irradiation was performed with three different UV
lights: UVC (254 nm), UVB (303 nm), and UVA (354 nm).[237]

For aqueous-phase photooxidation, an aqueous solution containing one of the OA
species and HyO5 was oxidized in the quartz vial for specific time periods. The exper-
imental variables adopted during the photooxidation of OAcs are listed in Table A.1
(Section A.2). The reaction progress was monitored by periodically sampling 840 uL

o1



CHAPTER 2 — PHOTOOXIDATION INITIATED AQUEOUS-PHASE FORMATION OF
ORGANIC PEROXIDES: DELVING INTO FORMATION MECHANISMS

of the solution from the photoreactor using polytetrafluoroethylene (PTFE) tubing.
These aliquots were immediately treated by an iodometry protocol and analyzed by
the sampling method described below. Quality control was maintained by performing

each reaction condition in triplicate.

2.2.4 Sample Analysis

2.2.4.1 Iodometry Protocol

To allow selective identification of ROOHs, the photooxidized samples were treated
via the iodometry method outlined in Zhao et al.[180] Briefly, in the reaction vial, the
concentration of I~ was maintained in excess (60 mM) to allow reduction of peroxides
into their corresponding alcohols within 1 hr.[238] PMA and AZA were added as
internal standards after photooxidation to account for instrumental variation and
normalize the signal response of newly formed ROOHs. Photooxidized aliquots were
processed as iodometry-control (ID-C) (without KI) and iodometry-treated (ID-T)
(with KI). Specific reagent conditions for ID-C and ID-T are provided in Table A.2.
To allow comparative analysis, we made sure that the matrix in ID-C and ID-T
was identical to solely reflect changes induced by iodometry and not by differences
due to dilution or acidification.[239] It is to be noted that there is hitherto rarely
any evidence of the corresponding alcohol formed via the iodometric reduction of
ROOH in the literature.[240] In this work, alcohols formed following iodometry were
monitored (Section 2.3.1), thereby providing an additional parameter in the detection
of peroxide products.

Due to possible interferences, such as ionization suppression by iodide (I7)[180]
and non-OH losses (e.g., decomposition, direct photolysis under irradiated wave-
lengths),|231] we performed additional control experiments. Our previous study
showed that I, reacts with olefins,[183] which indicates that the disappearance of
a peak during iodometry which is likely to recycle the formation of I, may give a false
positive regarding identification of peroxy functional groups. As such an Iy test is
needed to confirm that the projected ROOHs do not react with I5. The conditions
for these experiments are outlined in Table A.2 and Table A.3 (Section A.3.1). From

these experiments, we confirmed that ROOH products did not undergo side reactions
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with I, internal standards showed no interference, and no product formation occurred

between HyO5 and OA unless the light was shone on the mixture.

2.2.4.2 LC-MS Analysis

Sample analysis was performed using the Agilent 1200 SL HPLC system with a Phe-
nomenex Luna column (1.6 pum particle size, 100 A, 50 x 2.1 mm, polar C18),
equipped with Agilent 6220 accurate-mass TOF and (-)ESI mode. Due to limited
column availability, Phenomenex Kinetex (2.6 pm particle size, 100 A, 50 x 2.1 mm,
polar C18) with a security guard cartridge was also employed to analyze photooxidized
samples. Specific instrument parameters are described in Section A.3.1. The ToF-MS
used in this work could provide elemental compositions of detected compounds, which
served as an additional method of identification. Elemental composition matches of
potential product masses were acquired using the Agilent Mass Hunter software pack-

age (v.B04.00).

2.2.5 Investigation into Factors Affecting Aqueous-Phase Pho-
tooxidation

We probed into variables such as concentration, irradiation wavelength, and mea-
surement time to understand the variability in photooxidized formation of ROOHs.
We chose 7-OE as our model compound to allow molecular specificity with respect
to the addition of successive OOH groups, as OH radicals can predominantly attach

themselves to the C=C.[236] An overview of the conditions used in these experiments

can be found in Table A.1 (Appendix A).

2.2.5.1 Wavelength

Given the fragility of the O-O bond,|71, 241| we examined the effects of wavelength
of UV light used in irradiation. An aqueous solution of 7-OE and H,045 was oxidized
under three wavelengths: UVC, UVB and UVA.[237] The wavelength distribution
spectrum and photon flux corresponding to each UV light are shown in Figure A.3
(Appendix A, Section A.4). Given that each UV type photolyzed HyOy with different
efficiency, specific adjustments were made for the experimental protocols. For UVC, a

switch experiment was conducted, in which we initially irradiated an aqueous solution

23



CHAPTER 2 — PHOTOOXIDATION INITIATED AQUEOUS-PHASE FORMATION OF
ORGANIC PEROXIDES: DELVING INTO FORMATION MECHANISMS

of 7-OE at UVB to form peroxide products after which the solution was exposed
to UVC. The concept was to acquire the degradation of ROOHs upon exposure to
UVC. For UVA, we ramped the concentration of HyOy to 150 mM such that the
consumption rate of 7-OE would be equivalent to that under UVB. To observe the
differences solely induced by the light exposed to the aqueous solution, comparisons
were drawn between the yield of ROOHs. Since we do not have standard chemicals
for ROOHs, we used the peak areas of ROOHs as proxies for their concentrations
in this work. The calculations pertaining to the estimation of yield are described in

Section A.6.1.

2.2.5.2 Concentration

We investigated the dependency of aqueous ROOHs on the concentration of precursor
and oxidant by performing two sets of photooxidation experiments. In the first set, we
maintained a constant concentration of 7-OE, while HyO, was varied to achieve three
different steady-state OH concentrations (JOH|ss). Table A.1 (Section A.2) outlines
the concentrations used for photooxidation experiment. [OH|ss was experimentally
determined by observing the pseudo-first-order decay of 7-OE. Given that the second-
order rate coefficient of 7-OE has never been reported in the literature, a relative rate
kinetic investigation using pimelic acid as a reference compound was first conducted to
determine it. Details on the kinetic investigation are described in Section A.6.2. For
the second set of experiments, HyO, was kept constant while the concentration of 7-
OE was varied. Photooxidation exposure time was changed such that the consumption
of 7-OE was relatively similar across varying HoO, and 7-OE concentrations. The
yield of ROOHs is estimated under these varying conditions. These observations are

discussed in detail in Section 2.3.3.

2.3 Results & Discussion

2.3.1 Aqueous-Phase Photooxidation

To understand the mechanisms related to photooxidation initiated ROOHs, com-
pounds with mono- and di-peroxy functionalities are identified. For this purpose,

we performed detailed analyses on the peroxide functional group arising from the
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photooxidation of each target compound. Figure 2.2 shows LC/(-)ESI-MS extracted
ion chromatograms (EIC) corresponding to certain mass-to-charge (m/z) ratios of
ROOHs originating from 7-OE, 1-OA, and PNA. The assessed ROOHs are repre-
sented in their deprotonated form ([M-H|™) due to the carboxylic acid functional
group on each OA.[180, 242| Figures 2.2 (A) and 2 (B) represent first- and second-
generation ROOHs of 7-OE observed at m/z 191 (III, Figure A.4) and m/z 223
(IV, Figure A.4) respectively. Note, m/z 223 is found to be consistent with both
autoxidation-initiated ROOH and second-generation product from OH initiated ox-
idation of ROOH, followed by the RO2+HO; reaction.[243] The key to differentiate
between these mechanisms is rapid (autoxidation) or staggered (second-generation)
formation. Our experimental results indicate that instead of undergoing rapid for-
mation, m/z 223 showed a staggered formation with a 5 min delay in comparison to
m/z 191. However, our observations are gleaned from offline measurements and as
such, online measurements for further confirmation would be needed.|244] We utilized
m/z 191 (identified as ROOH) to further demonstrate the effects of wavelength and
concentration in the following sections (2.3.2 & 2.3.3). Figure 2.2 (C) highlights the
EIC of second-generation peroxide from 1-OA at m/z 207 ([(CsH1606)-H| 7). Figure
2.2 (D) is demonstrating the EIC of newly found ROOH from PNA, constituting 2-
OOH groups at m/z 249 (|(C9H1405)-H| 7). Many of these products have a very small
signal intensity and identifying them as ROOH is challenging. However, performing
each reaction condition in triplicates offers confidence. Each EIC in Figure 2.2 is
a comparison between ID-C and ID-T chromatograms obtained by averaging tripli-
cate measurements. We have normalized the ion signal intensity with our internal
standard (AZA). Currently, we have only shown one of the triplicate measurements
for PNA and 1-OA to represent optimum chromatographic separation. An average
chromatogram is shown in Figure A.7 (Appendix A, Section A.7.1). As an exception,
we decreased I~ concentration by 10 times for the current investigation into PNA due
to the overloading of salt concentration.

Similar to other studies, ion signals that dropped by more than 90% in triplicated
experiments were categorized as ROOHs.[180, 245] Figure 2.2 (B) further demon-
strates the selectivity of iodometry. Here, we observe multiple chromatographically

separated peaks in the ID-C sample, amongst which only the peak at retention time
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(Rt) of 1.6 min was reduced to >90%. The peaks in ID-T samples are noise after
smoothing and do not represent EIC at specific m/z. In contrast, the peak at Rt of
3 min in Figure 2.2 (B) for the ID-C sample remained unchanged in comparison to
the ID-T sample.

Apart from the reduction of signal response, alcohol formation is another indica-
tion of peroxy functionality on a compound.[170, 246] Although I~ is known to reduce
ROOH to corresponding alcohols,[180, 245] previous studies have not demonstrated
the formation of such alcohols.[180, 239, 245] In the current study, we have observed
that m/z corresponding to alcohols from peroxide precursor showed an enhanced
signal response when comparisons were drawn between ID-C and ID-T samples. For
instance, the reduction of the first-generation peroxide of 7-OE (m/z 191) would yield
an alcohol at m/z 175 due to the loss of one O atom. Thus, the overlayed normalized
signal response of m/z 175 in the inset window of Figure 2.2 (A) showed an increased
signal response when compared with the ID-C sample. This observation was unani-
mously observed for each ROOH product in experimented OAcs, as monitored in the
insets of Figure 2.2 (B), 2.2 (C), and 2.2 (D). The formation of alcohols and other
side products (e.g., Figure A.4, Russell mechanism) such as m/z 205 ([(CgH1404)-
H|7), m/z 173 (|[(CsH1404)-H| ™) were observed during the photooxidation of select
OAcs.|247, 248] Therefore, it is understandable that the peaks corresponding to alco-

hols were present before the iodometry treatment.
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Figure 2.2: Extracted Ion Chromatogram (EIC) of key ROOHs from different OA
precursors. Signals, in the format of [M-H|~, for each sample have been normalized
with respect to the internal standard. The inset represents the formation of corre-
sponding alcohol after iodometry treatment. (A) First-generation ROOH of 7-OE
at m/z 191 ([(CsHi605)-H]7); (B) Second-generation ROOH of 7-OE at m/z 223
([(CgH16O7)—H]7), (C) ROOH from 1-OA at Hl/Z 207 ([(CgH1606)—H]7), (D) ROOH
from PNA is found at m/z 249 ([(CoH140sg)-H| 7).

We assessed the environmental relevance of aqueous-phase photooxidation by
studying peroxide formation in PNA and LMA, which are major oxidation products
from the ozonolysis of terpenes.[220, 221, 244, 249-253| A recent study by Amorim
et al,[244] explored aqueous-phase oxidation of PNA and highlighted the formation
of first-generation peroxide products, but there was no evidence of the formation
However, this could be due to different

chemical conditions.|244| Based on the detailed oxidation mechanism of PNA|[244]

of second-generation oxygenated species.

and general dependency of RO, radical-driven H-shifts on precursor structures,|254,
255] we found that the oxygenated products from PNA were similar to that of
1-OA (Appendix A, Figure A.5). In contrast, LMA only exhibited the formation
of a first-generation peroxide at m/z 233 ([(C10H150¢)-H| ™) as shown in Figure A.8
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(Appendix A, Section A.7.2). The lack of second-generation ROOH product in LMA
is likely not observed due to its signal being below the detection limit. Our current
observations on LMA are consistent with the work of Witkowski et al.[222] A more
detailed discussion on the mechanism for expected product formation is provided
in Section A.5 (Appendix A). While aqueous-phase photochemical production of
peroxides is known,[256] it is unclear whether autoxidation or ROo+HO, radical
chemistry can be related with this process. We have provided evidence on the
aqueous-phase generation of products with multiple OOH groups in both synthetic
(i.e., 7-OE) and atmospherically representative compounds. In the next section, we

investigated the factors affecting the formation of these oxygenated compounds.

2.3.2 Wavelength Exposure

The fate of numerous water-soluble organic compounds in tropospheric cloud water
can be photochemically controlled by oxidants such as HO, radicals.[101] However,
the production of such oxidants can be dependent on both the intensity and the type
of incoming UV radiation.[101, 257] To quantify the impact of wavelength, we made
a relative comparison in the amount of ROOHs formed by acquiring an empirical
yield () (eq-A2). Due to a lack of appropriate standards, we are currently unable
to quantify the ROOHs and thus, assume that the peak area is proportional to the
concentration of ROOHs as a preliminary way to estimate the v of ROOHs. A more
detailed discussion on the estimation of v is provided in Section A.6.1 (Appendix A).
Figure 2.3 displays experimentally determined 7 of m/z 223 as a function of varying
wavelengths. The inset window shows the absorption spectra corresponding to the
lamps used in our photo reactor. The intensity of each lamp was kept constant as
demonstrated by photon flux in Figure A.3 (Appendix A, Section A.4). The peroxide
product at m/z 223 was non-quantifiable after exposure to UVC due to complete
degradation during photooxidation. This degradation was corroborated via a switch
experiment from UVB to UVC as shown in Figure A.9 (Appendix A, Section A.8.1).
These observations highlight that UVC can compromise the stability of ROOHs, de-
spite its efficient production of OH radicals.|[257, 258] Photolysis of ROOH species
by UVC gives rise to another OH radical and alkoxy radicals (RO),|72] which will
subsequently decompose to form small OAcs (Co-C4). The method used in the cur-
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rent study could not retain these small and polar compounds. In contrast to UVC,
the peroxide production under UVB was relatively easier to estimate as noticed by
an increase in the v for m/z 223. Additionally, we also explored the effects of longer
wavelengths on the formation of expected ROOHs. Due to the lower efficiency of OH
radical generation at UVA,[130, 218, 219, 259| we scaled photooxidation time and
the concentration of HyO5 to match the consumption of 7-OE across UVB and UVA
(Table A.4). As such, the exposure time for UVA was carefully considered (Figure
A.10) such that 56% of 7-OE was observed to be consumed amongst all wavelength
exposures. Exposure to UVA showed a greater increase in the v of m/z 223. This
trend was similarly observed for the first-generation peroxide product at m/z 191 as
shown in Figure A.9 (S7.2) (Appendix A, Section A.8.1). There have been several
studies which have explored aqueous-phase photooxidation of OAcs,[219, 259, 260| a
few of which have focused on the formation of organic peroxides.[243, 260, 261] UVC
is often employed in laboratory-conducted aqueous-phase investigations on photo-
chemical oxidation of OAcs,[258, 261, 262] but some studies have utilized UVA and
UVB to achieve the same purpose.[219, 263] Our observations highlight that despite
achieving steady-state concentration of OH radicals under varying irradiated wave-
lengths, photolytic degradation of RO, radicals is exacerbated under exposure to UVC
rather than UVB and UVA.|264, 265] Additionally, while UVC may induce efficient
generation of RO9,[266, 267| this could impede ROOH formation in a similar manner
as described in Section 2.3.3. Our findings demonstrate that the transformation of
water-soluble organics could be crucially dependent on illuminated light utilized in

cloud water simulators, especially for fundamental laboratory investigations.
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Figure 2.3: Estimated yield () of second-generation product of 7-OE at m/z 223 as
a function of varying wavelengths: UVC, UVB and UVA. Lack of product formation
under UVC is represented as “Not detected”. The inset represents the absorption
spectra acquired using spectroradiometer for each wavelength. Error bars represent
1o for triplicate measurements.

2.3.3 Effects of precursor and oxidant concentrations

Studies on gas-phase autoxidation have demonstrated that the lifetime of ROs rad-
icals is a determinant factor for autoxidation.[209] ROs has multiple reaction path-
ways,|268] and the lifetime of RO, radicals is intricately affected by the concentra-
tion of reacting partners.[269] Thus, in this section, we have investigated the impact
of reactant and oxidant concentrations on the 7 of ROOHs. Figure 2.4 illustrates
the intercomparison between ~ of first- and second-generation ROOHs found at m/z
191 and m/z 223 respectively under varying oxidant and precursor concentrations.
[OH|ss is estimated using the relative rate method as explained in Section A.6.2.
Our current investigations were conducted with relevant steady-state cloud water OH
concentrations to observe product formation.[99, 270] Figures 2.4 (A) and 2.4 (B)

are representative of estimated yields for m/z 191 and m/z 223 as a function of in-
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creasing [OH|gs while 7-OE is kept constant. The estimated [OH|sg corresponding to
each HyO, concentration is reported in Table S5. The 7 of m/z 191 was estimated
at ~50-65% consumption of 7-OE while that of m/z 223 was estimated at >90%
consumption. The reasoning behind this difference was based on the fact that v is
time-dependent, as shown in Figure A.10 (Appendix A, Section A.8.2). Therefore,
in order to demonstrate the observations for the effects of ROs chemistry, we chose
the period of OE consumption which would give a relatively consistent yield for each
peroxide. Note that despite our careful attempts, it was difficult to acquire yield
for m/z 223 under a lower 7-OE consumption range (20-50%). This is because there
is not enough first-generation RO, radical (P1-Figure A.4) to successfully form the
expected second-generation product. We observed a declining trend in the v of m/z
191 and m/z 223 with increasing [OH|ss. This trend can be understood on the ba-
sis of reaction pathways demonstrated in Figure 2.5. Under relatively lower |[OH]ss,
we observed higher yields of m/z 191 and m/z 223. Such a trend could be due to
the favoured formation of expected products under pathway lc. However, as [OH|sg
increases, termination by pathway lc becomes less favourable due to the potentially
interfering chemistry of HO, radicals as evident by pathways la and 1b.[235, 243]
Figures 2.4 (C) and 2.4 (D) illustrate the 7 corresponding to m/z 191 and m/z
223 as a function of 7-OE concentration while H,O, was maintained at a constant
concentration. Similar to the measurements for increasing [OH]ss, the v of m/z
191 was estimated when 7-OE was partially consumed while that of m/z 223 was
estimated under excessive consumption. The intercomparison between m/z 191 and
m/z 223 showed a non-linear increase for v of m/z 191, while 7 of m/z 223 continuously
declined with increasing 7-OE concentrations. Note, we also observed a steady decline
in [OH]|gg as 7-OE concentration was increased from 179 pM to 1000 M. These values
are reported in Table A.5 (Appendix A, Section A.6.1). The lifetime of RO, radicals
can be very difficult to gauge due to undergoing multiple reaction pathways.[247, 271]
Despite the complexity associated with RO, radicals,[269, 271, 272| we believe that
the decreasing trend in the v of m/z 223 (Figure 2.4 (D) can be attributed to pathway
1d in Figure 2.5. It is our understanding that at enhanced precursor concentrations,
the RO, radicals can form unstable oxygenated intermediates (e.g., tetroxides),|247,

271] which are highly likely to decompose to alcohols and carbonyls. While additional
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decomposition products such as ROOR can be expected,|272] it would be possible at
even higher precursor concentrations (>10 mM), which are irrelevant to cloud water
conditions. The potential products forming due to ROs; + ROs radical chemistry
(pathway 1D) such as ketone at m/z 173 (|(CsH1404)-H| ™) and alcohol at m/z 175
(|(CsH1604)-H| ) have been observed in the current work as mentioned in the Section

2.3.1.
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Figure 2.4: Estimated ~ for first- and second-generation ROOHs, presented as a
function of varying [OH|ss and precursor (7-OE) concentration. ~ is shown as a
function of increasing [OH|gg for (A) m/z 191 and (B) m/z 223. v of m/z 191 and
m/z 223 is demonstrated as a function of increasing 7-OE concentration in (C) and
(D) respectively. Error bars represent 1o from triplicate measurements.
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Alcohols, ROOR’, Carbonyls etc.

Figure 2.5: Major peroxy radical chemistry occurring during photooxidation experi-
ments.
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Based on the above observations, we hypothesize that the v of aqueous ROOHs can
be suppressed by increasing oxidant and precursor concentrations. Previous studies
have shown that the total concentration of water-soluble organics in the ambient cloud
water can vary between 67-500 pM (assuming a 3-5 C number range).[273] While
our experimented concentration falls within this range, many of the laboratory-led
aqueous-phase investigations have typically experimented with high concentrations
of organic precursors and oxidants.|99, 225, 227, 243, 261, 263| These conditions can
inadvertently suppress the formation of key aqueous intermediates (e.g, ROOH).

In addition to the total reported concentration of water-soluble organics in the
literature, it is our understanding that RO, radical chemistry is likely to be gov-
erned by both the concentration and composition of WSOCs to facilitate aqueous
ROOHSs. For instance, in the recent work of Piletic et al,[274] modelled simulations
using CMAQV5.2[275] on VOC oxidation highlighted the importance of factors such
as stereoselectivity, alkyl substituents, ring conformations and steric hindrance, which
can ultimately affect the formation of peroxy intermediates. This is further supported
by our observations on the lack of second-generation ROOH product from sterically
hindered precursor i.e. limononic acid (Section A.7.2).[222, 276] Thus, it is impor-
tant to incorporate the structural limitations to carefully investigate the modelled
representations of RO, radicals in both remote biogenic and urban environments. It
is important to note that aside from the detailed approach adopted in our study,
there is a lack of literature to evidence autoxidation-initiated ROOHs. Future work
should incorporate sensitive radical measurements to pursue substantial evidence on

the occurrence of aqueous-phase autoxidation.

2.4 Atmospheric Implications

In the current study, we have systematically investigated the aqueous formation of
ROOHSs, which can affect environment in varying degree (e.g., altering oxidative ca-
pacity, initiating atmospheric acidification etc.).[277, 278] Our findings demonstrate
that ROOHs are observed in the aqueous-phase photooxidation of four OAcs employed
in our study. Using a unique LC-MS technique assisted by iodometry, we confirmed

that the observed ROOH species are consistent with those arising from OH/HO, rad-
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ical chemistry or aqueous-phase autoxidation. Structural suitability, concentration,
and irradiation wavelength play an important role in propagating the formation of
observed ROOHs. While our study focused on a specific class of organic compounds,
i.e., OA, we believe that the formation of ROOH studied here is applicable to a wide
spectrum of water-soluble organic compounds present in cloud water. Generation of
low-volatility HOMs such as peroxides,[160] add to the climate (SOA formation)[170,
245, 279| and health (ROS)[280] burden of atmospheric particulate matter. Further,
ROOH species serve as reservoirs of radicals;[71] as such, their formation via radical
chemistry has significant implications for the HO, cycle and atmospheric oxidative
capacity.[261, 281]

Based on our observations, we postulate that many of the previous laboratory
studies may have overlooked the importance of aqueous-phase formation of HOMs
with multiple OOH groups due to commonly used experimental conditions which in
turn may have impeded the formation of key ROOH intermediates.[99, 225, 227 Am-
bient sunlight reaching the ground level contains no UVC,[282] while the photon flux
increases exponentially from 290 nm (UVB) to 400 nm (UVA) and visible light.[282]
Our observations show that the yield of ROOHs also followed an exponential increase
as UV light with longer wavelengths (UVB and UVA) was used. UVC, which is irrel-
evant to the ambient sunlight yet has been used in laboratory studies,|258, 261, 262]
has completely photolyzed ROOHs. Our observation also suggests that increasing
concentrations of reactants, including both the OH radical and the precursor organic
compound, favours the HO5 /RO5 reaction pathway (Figure 2.5). However, the under-
lying chemistry is nonlinear and could not be explicitly explained with our approach.
The OH radical concentration in ambient cloud water is in the range of 10712-10~
M.[99, 101] On the other hand, the concentration of water-soluble organics in am-
bient cloud water can range between 67-500 uM (or 200-2230 pmol C L™1)[273]. In
polluted environments, the concentration of water-soluble organic compounds in fog
waters can be up to 800 uM (equivalent to 4000 pmol C L~').[273] The concentra-
tions experimented in our study falls within this range (179-1000 zM). On the other
hand, laboratory experiments have typically employed OH radical and organic pre-
cursors at much greater concentrations, which may have impeded RO,/HO, radical

chemistry.[95, 99, 225, 227, 261, 263
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While the aforementioned experimental observations highlight the occurrence of
ROOHs in the aqueous-phase, the underlying mechanism (either OH/HO; chemistry
or autoxidation) depends on an array of factors which could not be fully addressed
in the current work. The observed ROOH products could not be quantified due
to a lack of suitable ROOH standards or surrogates.[180, 283]|Additionally, the ion-
ization efficiencies of structurally varying molecules can be drastically different in
ESI-MS.[242, 284] Future studies should utilize synthesized compounds or reasonable
surrogates to achieve successful quantification of ROOH species. Lastly, without in-
situ radical measurements,|285] it is difficult to determine the underlying mechanism
pertaining to the formation of aqueous ROOHs. Currently, the key to differenti-
ating between OH/HO, pathway or autoxidation relies on identifying staggered or
immediate formation of ROOHs. While our offline measurements indicate a delay be-
tween first-and second-generation OOH products, future studies should incorporate
online measurements for better time resolution to determine aqueous-phase oxidation
products.[244| Overall, our study highlights the importance of reaction mechanisms

favoring aqueous-phase formation of HOMs.
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2.6 Appendix A

Additional experimental details, including product synthesis, mechanism, kinetic in-

vestigation, yield calculations and product characterization.
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CHAPTER 3 — POTENTIAL MATRIX EFFECTS IN IODOMETRY DETERMINATION OF
PEROXIDES INDUCED BY OLEFINS

3.1 Introduction

Peroxides (HyOy, ROOH and ROOR) play pivotal roles in many research fields, in-
cluding biochemistry, food preservation, and environmental chemistry.[170, 286-288]
Lipids (polyunsaturated fatty acids, PUFAs) are naturally found in cells and edible
oils.[289-292] Oxidation of lipids can form lipid peroxides, which can contribute to
cellular damage,[293] cell aging,[294| cardiovascular diseases,[295, 296] and rancidity
in food products.[293, 297, 298| Peroxides such as HyO, are also released in bloom
forming algae and upon oxidation of phenolic compounds in wines, which can induce
cellular and environmental toxicity.[299-301] In the past few decades, organic perox-
ides have gained tremendous attention in the field of atmospheric chemistry. They
have been found to be a dominant contributor to the formation of secondary organic
acrosol (SOA) and can act as reservoirs of HO, and RO, radicals.|[59, 170, 279]

Quantitative determination of peroxide species in complex matrices is often
achieved via spectroscopic,[169, 302| chromatographic,[303] and electrochemcial
approaches.[304] Conventionally adopted spectroscopic methods usually involve
some version of iodometry,|305] which currently remains one of the most pursued
methods for its unique selectivity towards total peroxides,[164, 180, 246, 287, 306]
and its ability to quantify total peroxide content in any given matrix.[279, 307]
This is achieved via reduction of a given peroxide by an iodide ion (I7), generating
a molecular iodine (I3), which further complexes with I~ to form a triiodide ion
(Is7).[174, 181] This process is illustrated by reactions (1) and (2) in Figure 3.1.
Given the 1:1 stoichiometric relationship between I~ and peroxides, the absorbance
of I3~ can provide quantitative information for total peroxide concentration.[176]

A similar analytical approach to quantifying peroxides in lipids is known as “per-
oxide value” (PV), which proceeds via titration of liberated I with a starch indi-
cator and sodium thiosulfate titrant.[308] This is a standard method employed for
measuring rancidity in oil and toxicity in lipids.[309, 310] Despite the experimental
variations between PV method employed for lipid peroxides[311] and iodometry for
aerosol bound peroxides,[246| the principal chemistry is the same as outlined by re-
actions (1) and (2) in Figure 3.1. Today, iodometry is still widely employed in a

number of research fields,|73, 312-314] with its recent applications including peroxide
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determination in vegetable oils,[315, 316] lipid extracts from meat,[317-319] outdoor
and indoor environments.|[180, 320-323]

Despite the selective and quantitative nature of iodometry, matrix interferences are
known to cause bias against accurate estimation of total peroxide content.[324, 325]
Currently, molecular oxygen (Os) is the only known interference, causing an overes-
timation in peroxide content by reducing I7- just as peroxides do.[176, 326] Halogens
such as I can potentially react with certain classes of organic compounds.|327] One
such case is olefins (OEs), as illustrated by reaction (3) in Figure 3.1. In fact, reaction
(3) is more prominently known for the quantification of the degree of unsaturation in
fatty acids commonly found in vegetable oils.[328] This chemistry, known as “iodine
value (IV)”] is expressed as the amount of I taken up by double bonds per 100 g of
targeted 0il.[329-333] Knowing that I, is an important intermediate for the forma-
tion of I3~ (reaction (2)), the loss of Iy through reaction (3) can potentially affect
the accuracy of iodometry. While there is some knowledge about adsorption of I,
molecules on OEs|334, 335] there has not been a systematic investigation conducted
to determine the extent of the bias originating from OE interference.

Edible oils and biodiesel fuels are known to constitute >50% unsaturated fatty
acids within their matrices.[336-340] PUFAs in marine algae and lipid extracts of
meat products can constitute up to 20% of the total fat content. [341-343] Although
OEs in outdoor air pollutants are generally depleted due to their reactivity towards
oxidants,|344] air pollutants in the indoor environments can contain high OE con-
tent.[323] For instance, cooking aerosol is found to be abundant in OE content with
some studies reporting ~27% of OE in total organic compound fraction.|345-347]
A recent study by Deming and Ziemann|323| found high OE content in indoor or-
ganic films with an average of ~20% C=C. These OE enriched matrices highlight the
potential interference that can occur during iodometric analyses.[292, 295, 348, 349|

The objective of this work is to explore whether the proposed OE-I; chemistry can
compromise the accuracy of iodometry. Specifically, we aimed to investigate the ef-
fects of OE concentration, reaction time, and different OE species. Detailed analyses
were also performed to provide fundamental aspects on kinetics, mechanisms and the
products of OE-I, reaction. A simple kinetic model was built to reproduce the magni-

tude of interference from a given OE. Our observations demonstrate the importance
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of understanding the impact of matrix effects on the accuracy of iodometry.

R|OOR” + 2"+ 2H+ —_— |2 + R|OH + R”OH (1)

|2 + | k_| |3_ (2)

Ry R
l, + >:< — Product (3)
R; R,

Figure 3.1: Reactions for iodometry and olefins.

3.2 DMaterials and Methods

3.2.1 Materials

The chemicals purchased from Sigma Aldrich were as following: octanoic acid (99%),
3-octenoic acid (trans, 99%), 7-octenoic acid (97%), 2-furoic acid (99%), benzoic acid
(99%), hydrogen peroxide (HyO9, 30% w/w), tert-butyl hydroperoxide (t-BP, 70%
w/w), a-pinene (99%), molecular iodine (Is, 99%, crystallized), deuterated water
(D20) (99.9% D), dimethyl sulfoxide (DMSO) (99.9%). These chemicals were bought
from Fisher Scientific: potassium iodide (99%, ACS), acetic acid (99%), formic acid
(99.9%). All chemicals were used without further purification. Some other chemicals
used in our study were: ultra pure water (18.0 M2 cm, Millipore), acetonitrile (HPLC
grade), No (from liquid Ny boil-off), and Oy (99.9%, Praxair).
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3.2.2 Choice of Model Compounds

To establish our understanding of the OE-I; reactivity, we investigated the chemistry
of I, with model olefin species: 3-octenoic acid (3-OE), 7-octenoic acids (7-OE) and
methacrylic acid (MCA) (Figure 3.2). The choice of these OEs was based on a
number of reasons. First, octenoic acids are medium chain acids which are simple and
representative of larger unsaturated fatty acids (>Cjg) naturally found in edible oils
and animal fats.[350] Apart from fatty acids, we also experimented with methacrylic
acid (MCA), which is a representation of small polar organic acids that are ubiquitous
in the atmosphere.[351] Second, 3-OE and 7-OE differ in their positions of double
bond, which offers an opportunity to investigate the impact of molecular structure.
Third, organic acids can be detected by negative mode of electrospray ionization
(ESI(-)), making chemical analyses easy. In addition to these OEs, we also tested a
few other classes of compounds to examine the selectivity of Is. These species include:
(i) 1-octanoic acid (1-OA), representative of aliphatic organic acid, (ii) 2-furoic acid
(2-FA), (iii) benzoic acid (BNA) and (iv) 4-nitroguaiacol (4-NG), which represents

furans and aromatic compounds, respectively.

3-Octenoic acid (3-OE) Benzoic acid (BNA) 1-Octanoic acid (1-OA)
0 o

A~~Aon Ae~e~on

7-Octenoic acid (7-OE)

O~ 'OH 4-Nitroguaiacol (4-NG)
P
= OH 2-Furoic acid (2-FA) HO NO,
Methacrylic acid (MCA) / \ o 6
o
o) OH

o

Figure 3.2: Compounds experimented for potential interfering chemistry.
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3.2.3 Quantification of Olefin Interference

To probe the interference of OEs, UV-Vis spectroscopy is used for monitoring conven-
tional iodometry and an experimental version of iodometry dosed with OEs (OE-dosed
iodometry). Details on the conditions of these iodometry methods are listed in Table
3.1. All of the listed conditions, including both method blanks and experiments, were
conducted in triplicates to ensure data quality and perform error analysis.

For conventional iodometry, we adapted and modified the method optimized pre-
viously.|246] Quantification of two hydroperoxides -H,Oy and t-BP- is achieved by
monitoring the formation of I37.[352] Briefly, a peroxide sample containing 47 pM
of either HyO5 or t-BP was mixed with KI and acetic acid such that the final con-
centrations of KI and acetic acid were 60 mM and 12 mM, respectively. The acidic
conditions employed in our experiments and in other versions of iodometry are neces-
sary to facilitate redox chemistry.[246, 353, 354] The mixing of all reagents was done
under exposure of air and the vial was immediately capped thereafter. The experi-
mented peroxides were prepared fresh from stock solution stored in the refrigerator.
The HyO4 concentration in the stock solution was confirmed every few months by
collecting UV-Vis absorption spectra of the solution at Assg nm, and calculating the
concentration based on the molar absorptivity of HyOs at this wavelength.[355, 356]
While a typical reaction time for iodometry is 1 h,[164, 246, 262, 357| previous stud-
ies have reported incomplete reaction between I~ and peroxides within 1 h.[72, 358,
359] Thus, longer reaction times have also been employed in the literature.[72, 279,
360-362] Due to slower chemistry of t-BP,[363] the duration of studied iodometric
reaction time was increased up to 24 h. For OE-dosed iodometry experiments, all
the conditions were kept constant, but the solutions were spiked with a range of OE
concentrations to simulate those in the sample matrix as discussed later. To reduce
complexity of our procedure, we did not keep the solution under anoxic conditions.
Thus, method blanks for both conventional and OE-dosed iodometry had to be care-
fully evaluated to account for interference caused by O,. The method blanks for both
systems were performed under the same conditions, except that the peroxide concen-
tration was 0 uM. Particularly, for OE-dosed procedure, the same concentrations of

OE were added to the blank solution, and the response was measured up to either 6
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h or 24 h based on the peroxide employed for iodometry (Table 3.1).

In continuity of experimenting with commercial peroxides, we also performed ex-
periments with SOA generated in our laboratory, as SOA is known to contain a wide
spectrum of organic peroxides.|59, 228| Briefly, sampling for SOA occurred in a pyrex
flow tube reactor via ozonolysis of a-pinene under room temperature and in the ab-
sence of nitrogen oxides. The collection of SOA occurred for 6 h on a pre-weighed filter
(475 pm, Whatman quartz, 47 mm diameter) and immediately stored at (—16°C).
Details on the collection procedure are explained elsewhere.[231] The SOA collected
filter (m = 9.5 mg) was thawed before extraction in 25 mL MilliQ) (18.0 MQ cm) wa-
ter via magnetic stirring for 5 min. The resulting extract was filtered using 0.22 ym
polytrifluoroethylene (PTFE) syringe filter. The SOA extract showed no absorbance
at the scanned wavelength during experiments indicating no prior background before
iodometry. All of the experiments were monitored by a UV-Vis spectrophotome-
ter. Specifically, Thermo Scientific 10S Genesys was employed, and spectrum was
scanned from 325 to 700 nm. VISIONLITETM (v 850) was used for data recording.
To monitor I3, its absorbance at 351 nm and the corresponding molar absorptivity (e
= 26,400 L' mol™! ecm™!) were used.|246, 352] The measurements for each sample
were contained in a standard 1 cm quartz cuvette, with an identical cuvette contain-
ing MilliQQ water as our reference cell. Another instrument (Agilent 8453) was also
used in certain experiments to scan to a shorter wavelength (190-1100 nm).

Table 3.1: Experimental conditions for conventional and interfering iodometry sys-
tem.

Experimental conditions

Reagents Cpr(liventional Conventional OE-dosed OE-dosed
iodometry method blank iodometry method blank

Hydroperoxides® (uM) 47 0 47 0

KI (mM) 60 60 60 60

Acetic acid (mM) 12 12 12 12

0w 30 oo e

@ H202 or t-BP
b 3-OE, 7-OE or MCA

87



CHAPTER 3 — POTENTIAL MATRIX EFFECTS IN IODOMETRY DETERMINATION OF
PEROXIDES INDUCED BY OLEFINS

3.2.4 Investigations on the OE-I, Reaction

3.2.4.1 Monitoring the OE-I, Reaction

Experiments were carried out to examine four fundamental aspects of the OE-I; re-
action: selectivity, reaction order, rate coefficient, and reaction mechanism. These
experiments were performed by mixing a known concentration of I, with either OE or
other compounds (Figure 3.2) in an aqueous solution and monitoring the decrease in
the signal response. To do this, we first prepared a stock solution of 934 uM I in 10
mL MilliQ water. This solution was stirred overnight, and the initial concentration of
this solution was determined by UV-Vis spectrophotometer (Agilent 8453). Details
on the quantitative assessment of I are provided in Supporting Information (Ap-
pendix B, Section B.1). The decrease in the response of OE or other compounds was
measured as a function of reaction time using reverse phase liquid chromatography
mass spectrometry (LC-MS). Specifically, reaction samples were analyzed using an
Agilent 1100 LC MSD (Model G1946D) equipped with an Agilent 1200 autosampler.
A C18 (Kinetex 2.6 pm particle size, 100 A, 50 x 2.1 mm) column was used with a
gradient method of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B) respectively. The gradient method was as follows: initial 1% B for 1 min, increase
to 35% B at 6 min, 50% B at 7 min, 95% B at 8.50 min, and decrease to 1% B at 10
min. Aliquots of reaction mixture were injected at intervals of 15 min to monitor the
reaction rate. ESI™ polarity was used as per following conditions: capillary voltage,
3500 V; Fragmentor voltage, 100 V; drying gas temperature, 350 °C; drying gas flow,
10.0 L min~!; and nebulizer pressure, 30 PSI

A UV-Vis (Agilent 8453) spectrophotometer was used to monitor the decrease in
the absorbance of I in the OE-I5 reaction mixture. This reaction was monitored at
a wavelength of 460 nm, which corresponds to the maximum molar absorptivity for

I, (¢ =746 L~ mol™! em™') in an aqueous solution.[352]

3.2.4.2 Selectivity of OE-I, Reaction

The selectivity of the OE-I; reaction was examined with a variety of compounds
shown in Figure 3.2. For this purpose, an aliquot of either OE or other compounds

was added to the reaction vial containing an aliquot of Iy (from stock solution) followed
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by addition of acetic acid to maintain pH similar to that in iodometry. Additionally,
control samples were also prepared following the same procedure, except that no I,

was added. Aliquots of this reaction mixture were analyzed via the aforementioned

LC-MS method.

3.2.4.3 Kinetics: Rate Order and Coeflicient

For a systematic investigation into the rate order and rate coefficient of the OE-
I, reaction, we chose 3-OE as our model compound. Our purpose of investigating
reaction kinetics of the OE-I,; reaction was to obtain a rate coefficient, which would
be then incorporated into building a simple box model. A strategic approach was
adopted such that either OE or I, were maintained under excess concentrations to
allow the limiting reactant to follow a pseudo order. By deducing the pseudo order,
the overall order of OE-I, can be determined. Briefly, an aliquot of 3-OE (52 uM)
was added with an excess amount of I, in an acidified solution. The experiments were
performed under two concentrations of I (620 M and 702 uM). Due to the solubility
limit of I in aqueous solutions,[364| the experimentally determined concentrations of
I, were found to be comparable.

Similar conditions were also opted to monitor the reaction kinetics. To do this, an
aliquot of Iy (~100 uM) was added to 3-OE at a concentration in excess (1.87 mM).
The decrease in [I] was observed by monitoring absorbance of I using a UV-Vis
spectrophotometer (Agilent 8453). From the pseudo kinetics, were able to deduce the

rate coefficient of the OE-I5 reaction.

3.2.4.4 Products and Mechanism

In this section, a series of experiments were performed to elucidate the formation of
product(s) and the corresponding mechanism. To evaluate the formation of prod-
uct(s) in 3-OE and 7-OE, we opted for high resolution LC-MS (HR-LC-MS) in ESI(-)
mode. For identification with HR-LC-MS, the reaction samples were prepared in a
similar manner as that of the kinetic experiments with an excess concentration of Iy
(620 M) in comparison to OE. Specifically for this set of experiments, the concen-
tration of OE was increased from 52 M to 100 uM to enhance signal response. The

reaction mixture was analyzed by LC-MS with the same separation method but with
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a high resolution MS: an Agilent 6220 Accurate-Mass TOF HPLC/MS system.

To further confirm the reaction mechanism, we identified the product(s) using
proton nuclear magnetic resonance ('H NMR) spectroscopy. An aliquot of OE and
DMSO (1.2 mM) was mixed with an aliquot of I5 solution in D5O such that the final
concentrations for OE and DMSO were estimated to be 75 uM and 100 uM, respec-
tively. DMSO serves as an internal standard for both qualitative and quantitative
analyses, however for our case, only qualitative distinction is made between reactant
and product spectra. Agilent VNRMS 700 MHz spectrometer equipped with Agilent
7620 automatic sampling system was used for data acquisition. Sample presaturation
mode was applied for 2.0 s to suppress water signal. A relaxation delay of 0.1 s is used
to allow recovery of magnetization following pulsed sequences with acquisition time
of 3.0 s. Data processing was done with 0.25 Hz of line broadening for enhancement
in signal to noise ratio. To assist with product characterization, an online tool (NM-
Rdb) was used. The spectrum response is referenced to that of DMSO at 2.7 ppm.
Details on the assignment of specific functional groups are discussed in Appendix B

Section B.4.

3.2.5 Kinetic Modeling

To test whether we can employ the mechanistic and kinetic information from this
work to predict effects of OEs on iodometry, we built a simple box model to simulate
the conventional and OE-dosed iodometry system. For this purpose, two hydroper-
oxide (HyO5 and t-BP) based iodometry systems were reproduced using modeled
simulations. The model is based on Matlab, and it is originally built for chamber
experiments, but we have applied it to simpler aqueous phase chemistry.[231] Ki-
netic simulations for concentration of I3~ were developed with a known value of rate
constant for HoO,, while an experimentally determined value based on exponential
fit was used for t-BP.[181, 238] The model assisted in examining a few scenarios to
reproduce experimentally observed OE-Iy interference, and this will be discussed in

Section 3.3.5.
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3.3 Results and Discussion

3.3.1 Detection of Peroxides with Conventional lodometry

We first validated the reliability of the conventional iodometry method, and the results
acquired are shown in Figure 3.3. Specifically, Figure 3.3 (A) shows the absorption
spectra of the HyOo (47 uM) sample and the conventional method blank recorded after
1 h of reaction. The spectrum for HyO, sample exhibits a broad absorption peak at
351 nm, which is indicative of I3~ absorption. On the other hand, the method blank
shows absorption at a negligible level in comparison to the sample. Although dissolved
O, is known to give rise to a growth of signals in samples and blanks,[176] its impact
seems to be minor under our experimental conditions. Figure 3.3 (B) presents the
time-dependent results obtained from conventional iodometry method. Herein, both
H505 and t-BP are shown on the same graph. The y-axis indicates the concentration
of I3~ calculated from molar absorptivity at A = 351 nm.[246, 352] The dashed line
represents a theoretically expected concentration value (47 puM) for both peroxides.
For the HyO, case, [I37] recorded after 1 h of reaction is in a reasonable agreement
with 1:1 stoichiometry expected in iodometry and demonstrates the reliability of
the conventional iodometry method performed in this work.[176, 349] However, the
corresponding growth profile cannot be observed in the case of t-BP. This is clearly
noticed in Figure 3.3 (B), where the stoichiometric concentration relationship is not
coherent over the course of 6 h of reaction time. Our results are in agreement with a
few previous work,[164, 363, 365, 366] in which authors observed slower chemistry for
complex peroxides other than HyO5. These results are indicative of the reason that

a few previous studies have employed longer reaction time, up to six hours.[164, 180,

215]
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Figure 3.3: Conventional iodometry results. Errors represent 1o standard deviations
obtained from triplicate experiments. (A) Absorption spectra of HyOy sample (47
uM) and method blank. (B) Time-dependent I3~ concentration obtained from HyO4
and t-BP samples. The I3~ concentration was found by converting absorbance at A=
351 nm using molar absorption coefficient. Dashed line aids visual representation for
expected concentration for both peroxides.

3.3.2 Observed Interference from Olefin

Having confirmed the reliability of our iodometry method in Section 3.3.1, we then
dosed our reaction system with other compounds shown in Figure 3.2 as per described
methodology in Table 3.1 (Section 3.2.3). To substantiate the interfering chemistry,
Figure 3.4 (A) highlights the absorption spectra for a sample of HyOy dosed with
3-OE (711 M) along with the OE-dosed method blank recorded after 4 h of reaction
time. For comparison, the spectra for HyOy sample and conventional method blank
are also added to the same graph. A clear decrease (~15%) in the absorption spectra
is observed when the HyO, sample is dosed with 3-OE. The given result is indica-
tive that the interfering chemistry between OE and I, could downplay the accurate

measurement of a peroxide.
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A peculiar observation was noted in regards to 3-OE measurements. We observed
noticeable growth in the 3-OE method blank. Figure B.2 (52.1) (Appendix B, Section
B.2) shows an increasing I3~ absorption along with increasing 3-OE concentration.
Although this response of 3-OE method blank is marginal in comparison to HyO,
sample, it is still higher than the conventional method blank. The response in 3-
OE method blank was not due to dissolved O, interference. This is exemplified by
an additional experiment, in which we constantly sparged the iodometry solution
with Ny gas to remove dissolved Os. As shown in Figure B.2 (52.2) (Appendix B,
Section B.2), this sample showed no distinct differences in comparison to without Ny
sparging. The method blank for other OEs (7-OE, MCA) showed a response similar
to that of conventional method blank and was hence evaluated at one representative
concentration. We are currently unsure why only the 3-OE blank exhibited such
growth, and this blank certainly affected our experiment, especially at lower (100 pM,
303 uM and 521 puM) dosed concentrations and short reaction time. To accurately
account for this background issue, method blanks of 3-OE were evaluated at each

concentration.

3.3.3 Factors Impinging on the Interference

To critically examine the interference due to reactions of OEs with I, certain factors
were taken into consideration for evaluating the fundamentals behind this chemistry.
These factors include: (i) concentration and reaction time; (ii) species of interfering
compounds; (iii) species of peroxide. Details for each of these variables are described

in following sections.

3.3.3.1 Concentration of Olefin and Reaction Time

The dosed concentration of OE was varied from 100 uM to 1020 M. Figure 3.4 (B)
shows the % difference between 3-OE-dosed and conventional iodometry observed at
two 3-OE concentrations (100 and 711 puM). The observed % difference is calculated
as per eq-3.1:

Aor — 4,

%Difference = 100, (eq-3.1)

P
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where Apg represents absorbance of I3~ at 351 nm for iodometry method dosed with
an OE, while Ap is the absorbance of I3~ at 351 nm for conventional iodometry
method. When 100 uM of 3-OE-dosed Hy0O5 sample is observed, the deviation from
the conventional iodometry system (represented by dashed line) is less than 5%. But
at 711 uM concentration of 3-OE almost 20% underestimation in H,O, quantification
is observed after 6 h of reaction time.

The % difference as a function of 3-OE concentrations at 1 h and 6 h iodometry
times is presented in Figure B.3 (Appendix B, Section B.3). The trend is complicated,
with a pronounced decrease observed at 711 M and 1020 pM concentrations of 3-OE
and 6 h of reaction time, but the trend with shorter reaction time and lower 3-OE
concentrations (100 M, 303 uM and 521 M) were rather inconsistent. We believe
that this inconsistency arises from the rising background when samples are dosed

with 3-OE, and this has already been discussed in Section 3.3.2.
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Figure 3.4: Conversion of absorption decrease into percentage difference. (A) Ab-
sorption spectra of conventional and OE-dosed iodometry after 4 h of reaction. The
error bars represent 1 o standard deviation from triplicates. (B) Percentage deviation
between the conventional and OE-dosed iodometry, caused by 100 uM and 711 pM
concentrations of 3-OE. The dashed line represents an ideal case of no deviation from
conventional iodometry.

3.3.3.2 Species of Interfering Compounds

Figure 3.5 shows the comparison between % difference induced by three different OEs
and 1-OA. Each of these represented organic acids was dosed with the same concen-
tration (711 pM) in the iodometry system. While 1-OA shows negligible % difference,
the other three species portray observable decreasing profiles. This observation exem-
plifies the selectivity of Iy towards OEs but not to compounds without a double bond.
Among the three OEs investigated, 3-OE exhibits a larger magnitude of interference
compared to MCA and 7-OE, whose interferences are of similar magnitude. Thus, our
observation indicates that an underestimation in peroxide content would be universal
for OEs but can be dependent on each specific OE species. In future studies, a wider
range of OEs, especially those representative of each target sample matrix, - indoor

surfaces, lipids, and cellular membranes - should be investigated.
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Figure 3.5: Percentage decrease in absorption of I3~ caused by three different OEs and
1-OA. All the species were added at the same concentration (711 uM). The dashed
line indicates conventional iodometry with no deviation.

3.3.3.3 Class of Peroxides

To demonstrate the effects of olefinic interference, we provide a direct comparison
between three different peroxide samples (HyO,, t-BP and a-pinene SOA aqueous
extract). In particular, the SOA extract represents a mixture of atmospherically
relevant peroxide species, as a-pinene SOA is known to contain a wide variety of
organic peroxides.[71, 170, 279, 367| [llustrated in Figure 3.6 is the comparison made
among these three types of peroxides, each dosed with 3-OE at 711 uM concentration.
The given reaction for each OE-dosed iodometry is measured at 1 h, 6 h and 24 h.
The observed % difference due to OE interference is found to be relatively similar
and consistent across different peroxide species. The larger uncertainty observed for

t-BP in comparison to other peroxide species (HyOo, SOA extract) could be due to

96



CHAPTER 3 — POTENTIAL MATRIX EFFECTS IN IODOMETRY DETERMINATION OF
PEROXIDES INDUCED BY OLEFINS

its slower reactivity leading to a lower response during the initial time of reaction
(1 h).[164] The interference should be dependent on the rate of the reaction between
I, and OE. Thus, it is understandable that different peroxides do not show much
variation at the measured reaction times. Furthermore, SOA encompasses a multitude
of peroxide species,[368] and the fact that such peroxides also exhibit a similar degree
of interference means that we can expect this interference across all peroxides to be

the same, at least with respect to the same OE.
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Figure 3.6: Percentage difference observed for HyOs, t-BP and SOA iodometry sam-
ples dosed with 3-OE at 711 ¢M and monitored at chosen reaction times.
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3.3.4 Reaction Mechanism and Kinetics

Having proven the interference of OE in iodometry, we explore the feasibility of build-
ing a simple kinetic model to predict the interference. For this purpose, we set out
to probe fundamental aspects of this interaction using analysis of 3-OE with direct

addition of Iy in aqueous solution.

3.3.4.1 Selectivity

In this section we explore the selectivity of Iy towards OEs under typical conditions of
iodometry. Specifically, we added I to compounds shown in Figure 3.2 and monitored
the reaction samples with and without the addition of Iy over 120 min. Figure 3.7
shows ESI(-) signals for each of the experimented compounds monitored with the
selective ion monitoring (SIM) mode. Similar to the observations from iodometry
results (Figure 3.5), we noticed that 1-OA (A), which has no double bond, did not
exhibit any change in its response. Meanwhile, 3-OE (B) and 7-OE (C) exhibited a
continuous decrease in their signal responses as a function of reaction time. Although
MCA is not tested in this experiment due to the inability of our C18 column to retain
such a small and polar molecule, it is expected to react with Iy based on the results
presented in Figure 3.5. On the contrary, signal responses of BNA (D), 4-NG (E) and
2-FA (F) did not exhibit any observable decrease over a course of 2 h of reaction time.
In these molecules, the m-electrons belong to an aromatic ring or a furan instead of an
aliphatic structure. This observation highlights the selectivity of I, to the aliphatic
compounds. While it is possible for furan and aromatic compounds to react with I,
the conditions under which these reactions occur are not applicable to the goals of

our study.[327, 369-371]
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Figure 3.7: Selective reactivity of Iy is portrayed with respect to different interfering
compounds. (A) 1-OA (41 uM), (B) 3-OE (52 uM), (C) 7-OE (52 uM), (D) BNA (82
uM), (E) 4-NG (82 uM), (F) 2-FA (50 pM). Dashed lines indicate samples without
any Iy while color coded regions represent addition of I in OEs and other compounds.
For compounds that did not show any reaction, the signal is recorded 2 h after the

I, addition.

3.3.4.2 Product Characterization

As mentioned in Section 3.2.4.4, HR-LC-MS and 'H NMR were employed to determine

reaction products. While we performed experiments with both 3-OE and 7-OE, we

found that 7-OFE provides more insightful information for the product identification

and mechanism elucidation. For this reason, we focus on the case of 7-OE below.

Figure 3.8 (A) shows ESI(-) extracted ion chromatogram (EIC) of a product of 7-OE

from its reaction with I. This product is detected with an exact mass of 285.001 (as

[M-H|~) which corresponds with an addition of OH (m/z 17.003) and I (m/z 126.904)

on 7-OE (m/z 141.092), with a mass difference of -3.89 ppm. Furthermore, Figure

3.8 (B) and (C) present a comparison for the 'H NMR spectrum of the reactant and

products. The reaction with I, resulted in a reduction of allylic H and formation

of product peaks at § = 3.2 ppm. The results from both 'H NMR and HR-LC-MS
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highlight a mono iodo substituted product for 7-OE, but for 3-OFE there is a possibility
of two mono iodo substituted products due to the fact that the m-electrons are located
in the middle position of the carbon chain. Details on the specific assignment of
functional groups in 3-OE and 7-OE can be found in Appendix B Section B.4.1,
while a discussion for the mechanisms behind this reaction is provided in Section

B.4.2.
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Figure 3.8: Extracted Ion Chromatogram (EIC) and 'H NMR for 7-OE-I, reaction.
Subscript (R) and (P) in 'H NMR spectra represent reactant and product protons,
respectively. (A) EIC for 7-OE (100 M) reaction with I resulting in product m/z
285.001 (B) 'H NMR for 7-OE in D,0. (C) 'H NMR for 7-OE with I in D5O. The
dashed-line box highlights peaks attributed to the products.

101



CHAPTER 3 — POTENTIAL MATRIX EFFECTS IN IODOMETRY DETERMINATION OF
PEROXIDES INDUCED BY OLEFINS

3.3.4.3 Reaction Order and Kinetics

To acquire the kinetics data to be input in our model, we determined the second
order rate coefficient (k') for the 3-OE-I, reaction. This experiment was performed
by reacting 3-OE (52 pM) with I, at a 10 times higher (620 M) concentration. Given
that I, is in excess and remains relatively constant during reaction, the decrease in
[OE| can be explained by a pseudo rate coefficient. Figure 3.9 shows the decay
profile of 3-OE during this experiment, presented as natural logarithmic of peak area.
The plot is linear with an R? exceeding 0.99, confirming that the reaction is indeed
pseudo first order with respect to 3-OE. The slope of this linear plot is equivalent to
the pseudo first order rate coefficient (k?), while k! was calculated as 0.84 4 0.02
M~!s7! from k! and [Iy]. To confirm this rate coefficient, we performed an experiment
at another I, concentration (702 pM) and obtained a similar number. More details
can be found in Appendix B Section B.5. Considering that we have confirmed the rate
order associated with respect to 3-OE, a similar strategy was adopted for estimating
rate order with respect to I,. For this purpose, Iy (~100 uM) was reacted with 3-OE
in excess. The plot (Appendix B, Figure B.6 (S5.2)) showed linearity with R? = 0.99,

indicating that the reaction is also first order with respect to Is.
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Figure 3.9: Pseudo first order decay in 3-OE with excess I,. The decrease in natural

logarithmic ratio of peak area is shown with respect to reaction time.

3.3.5 Kinetic Box Model

A box model is utilized to reproduce the observed OE interference based on the pa-

rameters obtained from kinetic experiments. The growth of I3~ for the quantification

of HyO5 and t-BP with iodometry was simulated and compared with experimentally

determined concentration profiles. Our current model data is based on pH 3.1. This

is the most commonly used acid concentration for iodometry.[180, 246 Given that

acid is an important reagent used across different adaptations of iodometry,[170, 171]

our model is able to predict this chemistry under relevant pH ranges.[180, 246].
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Figure 3.10 compares the model and experimental results of I3~ concentration in
the HyO5 (A) and t-BP (B) iodometry reactions. The model scenarios, reactions, and
rate coefficients used for the simulations are summarized in Section B.7 (Appendix
B). The conventional iodometry was simulated based on rate constants suggested by
Liebhfasky and Mohammad.[181, 238] The OE-dosed experiment considered a dose
of 3-OE (711 uM) and was simulated using the k! we determined in Section 3.3.4.3.
As observed from Figure 3.10 (A), our model successfully simulated the deviation of
I3~ between 3-OE dosed and conventional iodometry, indicating that our model was
successful in modeling the effects of OE on the detection using iodometry.

Figure 3.10 (B) shows a similar consensus between modeled and experimental pro-
jections for t-BP based iodometry system. Unlike HyO5, due to the lack of available
literature on kinetics of t-BP with I~ in the aqueous phase, the modeled projections
were developed using experimentally determined second order rate constant (Ap-
pendix B, Section B.6). While for the conventional iodometry case, a slight disparity
was observed between the model and experimental results, an excellent agreement
was obtained for the case dosed with 711 uM of 3-OE. Other than 711 yM concentra-
tion of 3-OE, we also compared the agreement between simulated and experimentally
observed profiles of I3~ at 100 uM and 1020 pM concentrations of 3-OE. Our sim-
ple model is generally successful in reproducing the magnitude of OE interference.
However, we observe deviations at longer reaction times. That is likely due to more
complex chemistry occurring at longer times, which is no longer captured in our
simple box model. Details on the results and discussion at these concentrations are

provided in Appendix B Section B.7.1.
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Figure 3.10: Comparison of modeled and experimentally observed concentration of
I3~ in iodometry reactions of HoOs (A) and t-BP (B) over the course of respective
reaction times.

Our choice of peroxides-H,O5 and t-BP- in these simulations, represent two ex-
treme cases because HyOy reacts rapidly with I, while t-BP much more slowly.|164,
181] Whereas many other organic peroxides, such as those present in SOA, fall in
between.|279] The fact that our model was successful in simulating both HyO5 and
t-BP, we are confident that it can be applied to other peroxide species. The compli-
cations here are that the reaction kinetics of peroxides with 17, as well as OE with I,
are both species dependent. This makes it difficult to apply one set of kinetics data
to all of peroxide and OE species. However, as we demonstrated throughout this
work, an empirical fit with the conventional iodometry, as well as a simple kinetic
determination of OE-I, are sufficient to build a model that can reasonably predict

the magnitude of deviation due to OE.
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3.4 Implications

With the data obtained in this work, we have estimated the potential bias of OEs
in common applications of iodometry, including outdoor and indoor air pollutants,
edible oils, and fats from animals. We have outlined the estimated range of OE con-
centrations observed in these matrices in Table 3.2. The respective biases originating
from these concentrations are also discussed below. Note that this serves as a first-cut
estimate using data obtained with 30E. The actual OEs present in the types of sam-
ples discussed below constitute a variety of species.[328, 337 A detailed explanation

for these estimations are summarized in Appendix B Section B.8.

Table 3.2: Concentrations and deviations from OZEs.

OE matrix OE content (mM)*  Deviation (%) Citation
Outdoor® 8.27 x 1075 Negligible [372, 373]
Indoor® 0.19-2 3-20 [323]
Edible ols? 10.7-12-9 14-40 1374]
Lipids in meat® 10.2 14-40 [375]

@ OE content in each sample matrix has been converted to OE concentrations in iodometry
solutions.

b e.g., Maleic acid

¢ e.g., C=C content in dinning commons and student offices

@ e.g., Linoleic acid in soybean oil

¢ e.g., PUFAs in brain tissue of Atlantic Herring

Firstly, the potential impact on the quantification of peroxides in air pollutants is
evaluated. The concentration of OEs has been shown to be low in outdoor aerosols
due to the reactivity of OEs with oxidants produced by photochemistry.|344, 376]
For instance, OEs such as oleic acid and maleic acid are observed at 12 ng m™3
and 1.2 ng m~2 in particulate matter from Vienna and South East Asian coast,
respectively.[372, 377]. These values, after considering extraction, concentration, and
dilution in iodometry test, would result in a very low concentration (nmol range),
as shown in Table 3.2. We do not expect that such amount of OE would lead to

any noticeable degree of deviation. Over the last decade, indoor environments have

gained insurmountable attention due to their strong link to human health.[378] As

106



CHAPTER 3 — POTENTIAL MATRIX EFFECTS IN IODOMETRY DETERMINATION OF
PEROXIDES INDUCED BY OLEFINS

such, a number of studies have been conducted on chemical analyses of indoor surface
materials, which have been found to constitute a significant concentration of OEs.[379]
In the recent work of Deming et al, ~10 gmol m~?2 surface alkene concentration was
found, which is equivalent to 4 mM of C=C in a sample matrix. Considering the
range of C=C concentrations observed in this study, these values would be further
diluted during iodometry procedures as shown in Table 3.2. Based on these figures, we
can expect that ~3-20% bias against I3~ measurements can occur. In fact, the wide
range of alkene concentrations displayed in indoor surfaces are very well encapsulated
in our study (100-1020 xM) and their potential contribution against determination of
peroxide content cannot be ignored. In addition to indoor surfaces, cooking emissions
are also a dominant source of OEs.[380] Katragadda et al.[381] have shown that
emissions from cooking methods such as deep frying at temperatures above smoking
point of an oil, can contain exceeding levels of OE. In the recent work of Wang et
al.|322], iodometry was applied to quantify total peroxide content in primary organic
aerosols emitted from heating of different edible oils. In this case, it is possible that
the demonstrated OE interference can lead to inaccurate estimations of total peroxide
content. However, the extent to which the bias can occur would be dependent on the
iodometry reaction time.

Secondly, estimation of PV in edible oils is necessary to ensure oil quality for its
consumption.|[305] Generally, PV test applicable to oil matrices is based on the same
principle as shown in Figure 3.1. Raw edible oils can contain PUFAs such as linoleic
acid and linolenic acid.|[382| This can be observed via the work of Guarrasi et al.[374]
wherein the upper limit of linoleic acid (65 mM) in soybean oil after dilution as per
the PV test (Table 3.2) would be equivalent to 12 mM.[315] The reaction time used in
the PV test varies significantly across the literature,|324, 358, 360, 383, 384] with the
majority employing a reaction time of <1 h. The bias induced by OE in the PV test
was simulated with our kinetic model with peroxide and OE concentrations relevant
to oil matrix. Details on this model are provided in Appendix B Section B.8. Our
model predicted a deviation between 14-40%. Furthermore, given that our model is
based on monounsaturated acid, real matrices with varying degree of unsaturation
might exacerbate this bias. These factors should be considered in future studies to

represent true bias.
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Lastly, dietary intake of poly- and mono-unsaturated fatty acids in lipids could
be associated with inflammatory bowel diseases and osteoprotic fractures.[385, 386]
Some studies have reported ~50 mM of PUFA content.[375] These values are ob-
tained with considerations of the total fat content in a given meat and the percentage
of PUFA. Such high concentrations of unsaturated acids could remain as potential
interfering agents during PV tests. A recent study by Cropotova and Rustad|287]
has investigated the amount of lipid hydroperoxides using the PV method in fish
extracts. Considering the experimental dilution used during PV analysis, the con-
centration of PUFAs is ultimately similar to edible oils (~10.7 mM), which could
potentially induce 14-40% bias against quantitative measurements as shown in Table
3.2. Overall, the results from this study demonstrate that the OE-induced bias for
iodometry may not affect applications to outdoor air pollutants but is not negligible

for indoor environmental samples, food oils, and lipids from animal tissues.
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3.5 Conclusions

Iodometry remains a popular technique to quantify total peroxide content in a variety
of environmental and food samples due to its selectivity and quantitativeness. Thus,
it is imperative to understand potential matrix effects on the accuracy of iodometry,
and the current work represents the first of such practices. The observations obtained
in our work support our hypothesis that olefinic species cause a negative bias against
the quantification of organic peroxides. We found that the interference becomes more
significant at higher concentrations and longer reaction times. The interference was
observed from all investigated OEs but not from furan, aliphatic and aromatic com-
pounds. The magnitude of interference is variable amongst OE species but consistent
across different organic peroxides. This includes SOA extracts, which encompasses a
multitude of peroxide species.|71, 180, 246]

The impact of this interference is noticeable OE concentrations over ~1 mM in the
iodometry solutions. Such levels of OE are irrelevant to most outdoor atmospheric
aerosol samples. However, through a careful evaluation, we conclude that certain
indoor environmental samples, as well as PV tests performed on oils and fats can
suffer substantial bias due to OE, ranging from 3% to 40%. Furthermore, we have
demonstrated that a simple box model can successfully reproduce the magnitude
of inaccuracy induced by OEs. Despite the complexity of reaction kinetics being
dependent on both the peroxides and the OE in a matrix, an empirical fitting using
iodometry and a simple kinetic investigation were successful in collecting input data
for our box model. This approach should be helpful for future investigations using
iodometry, where OEs present in the sample matrix can potentially compromise its

accuracy.
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3.7 Appendix B

Additional experimental details, including quantification of I and OE deviation,

product characterization and mechanism, kinetics, model scenarios and calculations.
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4.1 Introduction

Atmospheric fine particulate matter (PMs5) imposes a tremendous burden on hu-
man health by inducing oxidative stress,[387| deteriorates air quality via haze forma-
tion[388| and alter Earth's radiation budget by influencing light absorption, scatter-
ing, and cloud formation properties.[389-391] Organic matter within atmospheric par-
ticles (20-90% by particle mass)[392] can influence secondary organic aerosol (SOA)
formation[393, 394| and affect the hygroscopicity of suspended particles, [395, 396]
thereby acting as the cloud condensation nuclei (CCN).[397] SOA, originating from
atmospheric oxidative processing of biogenic and anthropogenic volatile organic com-
pounds (VOCs), has garnered worldwide attention due to contributions towards
heavy haze formation episodes in urban regions.[44, 398, 399] Many field studies
have revealed that isoprene, monoterpenes, sesquiterpenes and aromatic hydrocar-
bons (PAHs) are major SOA precursors, thereby contributing significantly towards
abundance of biogenic and anthropogenic SOA.[44, 400]

SOA constitutes a wide range of compounds, including oxidized hydrocarbons, ni-
trates, imines, amines, and others [401-403]. Generally, these organic constituents
can be classified into four major categories: compounds containing only C, H and
O (CHO), compounds containing C, H, N and O (CHNO), compounds containing
C, H, O and S (CHOS), and compounds containing C, H, N, O and S (CHNOS)
[404, 405]. Organosulfates (CHOS), CHNOS, and organonitrates (CHNO) are known
important SOA tracers and assist in understanding the anthropogenic sulfur/NO,
budget [406, 407]. CHOS and CHNOS play an important role in defining the com-
position of suburban SOA [408|, with CHOS accounting for 10-30% of organic mass
[115, 187]. Furthermore, CHOS/CHNOS and CHNO may indicate aqueous-phase
processing of biogenic/anthropogenic VOCs [187, 409, 410]. As such, their molecular
characterization and formation mechanisms have been a focal point in many cham-
ber and field studies [56, 411-415]. Field sampling data has shown that CHOS can
contribute up to 12% of the total sulfur [416] (or 30% of total organic mass) |56, 187,
417], while CHNO contribute > 60% of the total nitrate mass [418, 419]. Numerous
studies have shown that CHOS tend to exhibit seasonal variation [420-422|, thereby

demonstrating strong correlation towards regional formation sources (i.e., biogenic vs
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anthropogenic VOC sources) [422-424|. The formation of CHOS is possible through
multiple pathways including substitution of CHNOs by sulfate [425], organic peroxide
catalyzed conversion of SO, (g) [73, 426], sulfate radical initiated oxidation [63], and
reactions of unsaturated organic compounds with SOy [427-430]. CHNOS may be
either formed via reaction of CHNOs with sulfate or during photooxidation of VOCs
through peroxy radical dominated pathways [431]. Formation mechanisms of CHNOs
can involve nitrate (NOj) radical initiated oxidation of VOCs, which often determines
the nighttime NO3 budget [431]. Recent work by Ning et al. [432] has demonstrated
that the persistence of monoterpene derived CHOS can significantly depreciate air
quality by accelerating haze formation. Additionally, the CHOS formation is an indi-
cator for heterogeneous uptake reactions of anthropogenic SO, (g), likely impacting
aerosol acidity [433].

Liquid water content in aerosols is known to facilitate the formation of
CHOS/CHNO.[187, 434, 435] This indicates a potential link between occurrence of
cloud events (e.g., convective) and CHOS/CHNO, |49, 409] especially since convective
clouds vertically transport chemical compounds (gases, particles etc.), thereby af-
fecting how vertical profiles of such species interact with radiation.[436] Additionally,
laboratory studies have shown that meteorological factors such as relative humidity
(RH) can inhibit and/or promote CHOS formation,|76, 437-439] whereas their
elevated structure-dependent hygroscopicity (0.6)[30, 76, 78, 440, 441] can facilitate
condensed phase partitioning, thereby accelerating particle growth and CCN forming
potential of aerosols.[115, 442]

SOA composition widely varies across forested,[443, 444| urban[445] and remote
regions.[446] While biogenic VOCs such as isoprene remain a consistent precursor
for SOA in different environments,[447, 448| the Atmospheric Radiation Measure-
ment (ARM) TRacking Aerosol Convention interactions ExpeRiment (TRACER)
campaign location in southwestern Houston, Texas (TX) represents a unique geo-
graphical location for which further investigation of SOA molecular composition is
warranted.[447, 449, 450] Houston, TX has remained a significant focus in the scien-
tific community due to its high PM concentrations attributable to dense urbanization
and industrial emissions,[451-453] with southeast and northeast locations (e.g., La

Porte) investigated elsewhere.[454-457] Some of these studies have found high concen-
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trations of CHNOs contributing up to 66% of the OA mass and|456] predominantly
influenced by biogenic precursors such as sesquiterpenes.[458|

The field sampling site is composed of agricultural land, which is also in proximity
to both the urban Houston and coastal locations (Appendix C Figure C.1). This
indicates that the aerosol composition can be widely influenced by biogenic, anthro-
pogenic and inorganic (i.e., marine) constituents. The objective of this study is to
understand daily and day-and night-time variation in the aerosol composition across
the ancillary site (S3, Figure C.1) located in southwestern Houston. Specifically, we
aim to: (i) study molecular composition of SOA, particularly sulfate/nitrate enriched
species, (ii) understand the influence of meteorological factors on aerosol constituents,
and (iii) provide a possible association between sulfate/nitrate enriched species and

cloud formation events (e.g., convective).

4.2 Materials and Methods

4.2.1 Sample Collection

The filter samples were collected during TRACER field campaign at the ancillary
site (-29.328000, -95.741000) on the southwest of downtown Houston (Appendix C,
Figure C.1). The ground samples were collected using an aerosol collector on 47 mm
polytetrafluoroethylene (PTFE) filters by pulling air at 30 L/min for ~12 h. Two
samples were collected each day (day and night respectively) over the period of June
2 to June 14, 2022 (Table C.1). Samples were stored at -20 °C until analysis. Co-
located particle samples for micro-spectroscopy analysis were collected via a sioutas
cascade impactor (sioutasSKC) at 9 L/min (Model B1B-090V12AN-00, Parker Han-
nifin).[459] Particles were collected on four different stages: A, B, C & D. All the
micro-spectroscopy analyses were performed on stage D particles, which has a 50%
cut-off particle diameter 0.15 um. Stage D is chosen for its good sample loading in

comparison to stages A, B and C.[459]
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4.2.2 Nanospray Desorption ElectroSpray Ionization High-
Resolution Mass Spectrometry (Nano-DESI-HRMS)

The design and implementation of nano-DESI is based on previous work described
elsewhere.[167, 445, 460-462] All nano-DESI experiments were coupled to a high res-
olution LTQ Velos Orbitrap mass spectrometer (Thermo Scientific, Waltham) in a
negative ion mode. Samples were analyzed by MS1 (m/z 100-650) with a mass reso-
lution of 100,000 (unitless) at m/z 400 and organic solvent mixture of 7:3 ACN:Water
(HPLC-grade, Fischer Scientific > 99.9 %) at a flow rate of 0.75 pL/min. The maxi-
mum ion injection time was 500 ms to reach an automatic gain control (AGC) target
of 300,000. The MS inlet capillary was maintained at 275 °C for all analyses. While
nano-DESI-HRMS is a non-exhaustive method for particle-bound characterization of
OAs, additional attempts to pursue extraction based methods (e.g., solid-phase ex-
traction with heated electrospray ionization coupled to HRMS)[463] were found to be

unsuccessful. As such, nano-DESI-HRMS was primarily utilized for sample analysis.

4.2.3 HRMS Analysis

The nano-DESI assembly (Appendix C, Figure C.2) was scanned along the XY plane
of the substrate at 50 pum/s within a 1 cm radius of the filter center.[402| Briefly,
100 MS1 scans were collected for each sample, which were then averaged in Xcalibur
(Thermo Scientific). Centroid peak lists were subsequently processed via MFAss-
signR,[464] an open source molecular formula assignment software package. All
samples were analyzed in triplicates to ensure data quality and offer confidence in
measurements. Final MF assignments were limited in the form of C,H,O.Ny_3S¢_4
with restrictions: 0.3 < H:C < 3.0; 0.3 < O:C < 3.0; -20 < DBE-O < 20 (Double
bond equivalents minus oxygen count). Using the volatility parameters, MFs may be
classified as: volatile organic carbon (VOC), intermediate VOC (IVOC), semi VOC
(SVOC), low VOC (LVOC), or extremely low VOC (ELVOC).[54] Further details on
data processing and molecular parametrization based on aromaticity index (Al), DBE

are outlined in Appendix C, Figure C.3 and Section C.3.1.
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4.2.4 Chemical Imaging and Single-Particle Analysis

We investigated the elemental composition, morphology and size of the particles us-
ing computer controlled scanning electron microscope (CCSEM, FEI Quanta Envi-
ronmental) coupled with the energy-dispersive X-ray (EDX) spectrometer.|459, 465]
CCSEM-EDX was operated at 20 kV and 480 pA current at 293 K and under vac-
uum conditions ( 2 x 107¢ Torr), resulting in the caveats of the loss of volatile
compounds. The particles detected by the X-ray were subsequently categorized into
eight distinct groups which are illustrated in Figure C.4 (Appendix C, Section C.4.1).
The carbon (C) feature of the particles was analyzed employing scanning transmis-
sion X-ray microscopy with near-edge X-ray absorption fine structure spectroscopy
(STXM/NEXAFS) at C-K-edge at Advanced Light Source beamline 5.3.2.2.; located
at the Lawrence Berkeley National Laboratory.[466-468] STXM data can be employed
to examine particles that include inorganic substances (IN), organic carbon (OC), el-
emental carbon mixed with organic carbon (OCEC), inorganic substances infused
with organic carbon (OClIn), and mixtures of organic carbon, elemental carbon, and
inorganic inclusions (OCInEC). Additional details on particle and organic feature

classification are provided in Appendix C, Section C.4.1.

4.2.5 Remote sensing Measurements

The Department of Energy (DOE) ARM Micropulse Lidar is a ground-based active
remote-sensing system designed to capture detailed vertical profiles of atmospheric
aerosols and clouds [469]. Lidar backscattered signal intensity measurements were
acquired at the La Porte, TX campaign site (76 km away from the ancillary site).
Operating at a short wavelength of 532 nm, lidar can provide accurate detections
of clouds including shallow clouds and thin cirrus.[470] The Ka-band ARM Zenith
Radar (KAZR) is a zenith-pointing doppler radar system that operates at a millimeter
wavelength.[471] Therefore, KAZR is more sensitive to larger particles such as cloud
drops and ice crystals. Due to different sensitivities, combined doppler-lidar data

provide complementary detections of cloud vertical structures.
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4.3 Results and Discussion

4.3.1 Chemical Imaging of Individual Particles

CCSEM-EDX based size-resolved chemical composition (Figure C.5) shows that par-
ticles ranging from 0.1-2 pm in early June (i.e., June 3 and June 4) days (Figures C.5
(A) and (B)) were dominated by sulfate and carbonaceous particles (29-41%), (Table
C.2) whereas particles in June 11 and June 12 (Figures C.5 (C) and (D)) were enriched
with dust (39-64%). Figures C.5 (E)-(H) demonstrate organic volume fraction in each
day, wherein June 3 and June 4 were found to constitute 23-41% of organics in con-
trast to 0.5-0.9% in June 11 and June 12 (Table C.3). Given the organic enrichment
found in June 3 to June 4, HYSPLIT air mass trajectories (Figure C.6, Section C.5.1)
were examined. From these, June 3 and June 4 exhibited northern wind influence
with an elevated organic fraction, while southern winds dominated later June (i.e.,
June 11 to June 14) sampling periods demonstrating an increased inorganic fraction.
Figure 4.1 illustrates the carbon speciation map and STXM/NEXFAS comparison
for the organic fractions observed during June 3, June 4, June 11 and June 12. From
the carbon speciation map (Figures 4.1 (A)-(D)), it is observed that particles in each
sampling day were internally mixed but those in June 4 (Figure 4.1 (B)) showed el-
evated organic coating in contrast to particles in June 3 (Figure 4.1 (A)), June 11
(Figure 4.1 (C)) and June 12 (Figure 4.1 (D)). Additionally, particles in June 3 and
June 4 exhibited higher OCEC fraction (1-5%) (Table C.3) than those in June 11 and
June 12 (0-0.9%), which could be indicative of anthropogenic influence.[472] Thus
from these observations, it is understood that particles in June 11 and June 12 were
under the influence of inorganics and as such, subsequent analysis in Sections 4.3.2,

4.3.3 & 4.3.4 will focus on organic enriched sampling periods of June 3 and June 4.
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Figure 4.1: Carbon-speciation maps corresponding to June 3 (A), June 4 (B), June
11 (C) and June 12 (D). Color spectrum: green, cyan and red indicate: OC-rich,
EC-rich, and In-rich areas, respectively.[459] Histograms (E)-(H) show mixing state
of particles across June 3, June 4, June 11 and June 12 respectively.[473-475] Color
spectrum: blue, green, red, cyan and grey are indicative of: In, OC, OCEC, OClIn
and OCInEC respectively.

4.3.2 Composition of Atmospheric Particles Across Sampling
Periods

Figure 4.2 (A) shows a Van Krevelen (VK) diagram and Figure 4.2 (B) displays a plot
of average carbon oxidation state (OS¢ ) as a function of logarithmic saturation mass
concentration (log;oCyp) for all molecular features (MFs) in organic aerosols that were
observed across all daytime sampling periods (i.e., June 2 to June 14, Table C.1).
MFs that were found in every day across June 2 to June 14 are colored according
to their group (e.g., CHO) while MFs found in different combinations of days (e.g.,
unique to June 11, June 2 to June 11) are shaded grey. Overall, 291 MFs were found
to be common across all daytime samples accounting for 13% of total MFs, while the
rest of MFs accounted for 87% of the population, indicating high variability of MFs
within sampling days.

Within these 291 MFs commonly observed across all days, 216 were identified as
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CHO, 16 as CHNO and 59 as CHOS. This classification is represented in the pie plots,
which are scaled according to their weighted abundance (ion signal intensity) as well
as the number distribution within the total set of MFs. CHO and CHOS were most
abundant in all daytime sampling periods. The characterized common CHOS exhibit
O:Cratio > 1.0 (1.2 & 0.4). The average mass for these common MFs is less than 300
(CHO: 271 + 62, CHNO: 181 + 20, CHOS: 239 + 40) indicating lack of oligomers
which are usually found during ozonolysis of VOCs.[413, 476, 477|

Figure 4.2 (B) shows the molecular corridor classification based on volatility for
the assigned MFs. |31, 54| log;oCy is represented against OS¢ to identify the degree of
oxidation for species and is estimated as per the work of Kroll et al.[478] A positive
OS¢ is indicative of increase in oxidation of carbon which also reflects an increase in
O atoms.[478] The OS¢ values for molecular groups in common MFs are less than 0
(CHO: -0.14 £ 0.65, CHNO: -0.63 £+ 0.26, CHOS: -0.48 £ 0.55) which demonstrates
that the characterized species are likely to be saturated.[479| Interestingly from the
volatility distribution, only 2% (or 6 MFs) of the common MFs were classified as
ELVOC, while 44% (or 128 MFs) were found in LVOC, 11% (or 32 MFs) in IVOC
and 43% (or 125 MFs) in the SVOC bin. A similar description of MFs across nighttime
sampling set is provided in Section C.6.1 (Figure C.9). Briefly, similar to the daytime,
within the 223 common MFs observed across all nighttime samples, 4% of these
MFs were categorized as ELVOCs while 41-48% of MFs were considered S-LVOCs.
Furthermore, within the common MFs subset, 28% (or 62 MFs) were CHOS MFs while
5% (or 12 MFs) and 67% (or 149 MFs) were CHNO and CHO MFs; respectively. Thus,
it is worth noting that across different sampling periods (daytime and nighttime), the

classification of MFs as ELVOC may be more episodic as discussed in Section 4.3.3.
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Figure 4.2: General molecular feature representation in OA found across all day-
time sampling periods. (A) Van Krevelen diagram for MFs found across all daytime
samples is differentiated on the basis of group. MFs found to be common or unique
amongst other combinations of sampling periods are shaded grey. (B) Volatility clas-
sification of uniquely common MFs to demonstrate distribution of each group of MFs
based on their group. The pie charts represent the common MFs which are either
scaled according to their percent weighted abundance or number based distribution

amongst the total number of MFs (shaded grey).
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The common MFs classified as SVOC can influence particle-phase chemistry by
diffusing on to existing particles, thereby increasing viscosity and forming oligomers
through accretion reactions.[480, 481] Chamber studies have revealed that SVOCs can
contribute up to 10% of SOA mass under low NO, regimes[482] and as such, within
the urban environment it is possible with relatively higher NO, concentrations, MFs
in S-LVOC can contribute > 30% of SOA mass.[403, 420, 447, 482, 483] Overall, it is
possible that the episodic transport of biogenic VOC can influence the formation of
S-IVOCs in the urban atmosphere.[401]

Urban regions can be influenced by biogenic precursors and contribute to the for-
mation of particle-bound CHOS as demonstrated by the work of Bryant et al[431]
and Tao et al.[402] Similarly, in the current study, amongst the common MFs, CHOS
such as C5H;pOgS, C5H1005S, and C5HgOgS are traceable to biogenic precursors
(e.g., isoprene).[402] Another case of biogenic influence is exemplified by the ob-
servation of Cy14HsoO3 at m/z 237.1496 which is likely an aldehyde product from
NO,./B-caryophyllene reaction.[484, 485| The postulated precursor sources of addi-
tional CHOS found commonly in June 2 to June 14 are listed in Table C.5 (Sec-
tion C.7). With respect to the precursor classification of CHO compounds, anthro-
pogenic influence was observed. For instance, compounds such as C;H;oOg (m/z
221.0303), CoH1207 (m/z 231.0510), CoHy4Os (m/z 249.0615) and Ci5HagOs (m/z
369.1555) are reported in chamber studies from oxidation of 1,3,5-trimethylbenzene
(1,3,5-TMB),[486] which is emitted in the urban atmosphere from automobile ex-
hausts.[487] In general, the common features in OAs found across different sampling
periods are influenced by both biogenic and anthropogenic precursors.

To further understand the distribution of MFs, Figure 4.3 displays UpSet plot,
which shows unique features found in each sampling event and its intersection from a
daytime sampling pool. Briefly, from a total of 2192 MFs in the daytime sample pool,
MFs that were unique to June 3, unique to June 4 and common to all days account
for 65% of the total population. Thus, MFs found only in June 3, June 4 are shown in
Figure 4.3 (B), while rest of the MFs found across all other intersections (e.g., June 3
to June 4, June 2 to June 14 etc.) are labelled as “others” and shaded grey. Similarly,
Figures C.10 (A) and (B) demonstrate UpSet plot and VK diagram constructed from

nighttime sample pool. Herein, from a total of 2592 MFs, those unique to June 2 to
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June 4, unique to June 3, unique to June 4 and common to all nights account for 69%
of the total population. Thus, samples with most unique MFs are represented in VK
diagram in Figure C.9 (A) (Appendix C, Section C.6.1).

Aside from observing the distribution of MFs, organic concentration across each
sampling period of June 2022 was probed via Aerosol Chemical Speciation Moni-
tor (ACSM) characterization (Appendix C, Section C.6.3).|488| Figures C.12 (A) and
(B) illustrate the distribution of organics and CHNOs from June 1 to June 14 which
revealed that organic enrichment was centered mostly in June 1 to June 9 periods

with a consistent decline in concentration of organics in later June sampling periods.
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Figure 4.3: Distribution of MFs across all daytime samples for June. (A) Upset plot
demonstrates the number of MFs observed in each daytime sampling period. The
bars are representative of the number of MFs that are unique to that particular event
or its combination. Herein, the UpSet plot only shows intersection with unique MFs
> 43 | while the entire distribution is shown in Figure C.11 (Section C.6.2). (B)
VK diagram for MFs observed across daytime sampling periods from June 3 to June
4. Colored MFs represent events with most populated features while MFs across all
other intersections are shaded grey.
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While Figure 4.3 and Figure C.9 represent unique MFs across different intersections
of sampling periods, it is worth noting that even without interday comparisons, June
3 and June 4 were the only sampling periods which exhibited > 1000 MFs (Table
C.4, Appendix C, Section C.6.4). In contrast, later June sampling periods had <
700 MFs which is further reflected by the VK diagrams and mass spectra shown in
Figures C.13, C.14 and C.15 (Appendix C, Section C.6.5). Moreover, the mass spectra
corresponding to the daytime sampling periods of June 3 and June 4 shown in Figure
C.16 indicate significant distribution of MFs up to m/z 550, which is contrasting
to the spectral observations made for later June periods in Figure C.15. This low
abundance of organic fraction in later June sampling periods could be due to shifting
wind distributions, bringing significant sea-spray aerosol influence (i.e., inorganics
dominance) as indicated by HYSPLIT trajectory plots (Figure C.6, Section C.5.1)
and micro-spectroscopic analysis.[489] Herein, aside from land-based influence in June
3 and June 4, later sampling periods experienced consistent sea-breeze and minimal
organic concentration. Despite the lower organic features in later June periods, m/z
215.02 (C5H120+7S; suspected to be 2-methyltetrol organosulfate) showed consistent
dominance (highest peak) across all samples as exemplified by the mass spectra in
Figures C.15 and C.16. This isoprene derived CHOS has been previously reported
for similar sampling locations.|56, 411, 412, 420, 490-493|

It is noteworthy that aside from June 3 to June 4, no CHNOS were found in later
June periods, which could be either due to the lack of oxidative processing of CHNOs
during the sampling periods or their signal intensity being below the detection limit.
Thus, based on the organics dominance observed for June 3 and June 4 (Figures 4.2
and 4.3), these dates were chosen as a case study to further investigate the impact of
meteorological factors (e.g., wind direction, RH) on the formation of sulfate/nitrate

enriched species.
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4.3.3 Sample Comparison: Atmospheric Drivers to Molecular
Variations

Figure 4.4 demonstrates early June sample comparison from the daytime sample pool.
MFs that are unique to June 3 and June 4 are colored according to their molecular
group while the rest of MFs found in different intersections of each sampling period
(e.g., June 2 to June 3, June 11 to June 12) are labelled as “common” and shaded grey.
Figures 4.4 (A) and (B) illustrate the comparison of VK diagram for 512 unique MFs
in June 3 from total of 2192 MFs. Herein, 223 were CHNO MF (23% by weighted
abundance) and 278 were CHO MF (76% by weighted abundance). Very few CHOS
and CHNOS (<1% by weighted abundance) were observed. Contrasting to June 3,
June 4 exhibited some distinct CHOS/CHNOS compounds. Figure 4.4 (B) shows
a similar VK comparison for unique MFs observed in June 4 from a total of 2192
MFs. Within the 265 unique MFs in June 4, 144 MFs were CHOS (74% by weighted
abundance), 91 MFs were CHNOS (22% by weighted abundance), with very few
CHO/CHNO MFs (< 3% by weighted abundance). Based on the subset comparison
of unique MFs, the O:C ratios of CHNOs in June 3 (0.6 £+ 0.2) and June 4 (0.7 +
0.2) were > 0.5, O:N ratios (June 3: 10.8 &+ 2.7, June 4: 8.7 + 1.6) > 3 with average
mass > 300 (June 3: 433 £ 89, June 4: 318 £ 29) and DBE values (June 3: 6.2 +
1.5, June 4: 7.2 £ 2.1) > 5 which likely indicates that these species are oxygenated
and saturated.[494-496| Additionally, elevated O:C/O:N ratios is indicative of high
NO, oxidative environment for June 3 and June 4 sampling days which is further
demonstrated by our observations of increased CHNO concentrations in Figure C.12
(B) (Appendix C, Section C.6.3). A similar comparison for CHNOS revealed O:C
ratios > 0.5 (June 3: 0.7 & 0.1, June 4: 1.0 £ 0.4), O:N ratios > 3 (June 3: 14.1 +
1.5, June 4: 10.3 £ 2.1), average mass > 350 (June 3: 529 + 32, June 4: 378 + 79) and
< 5 DBE values, (June 3: 5.3 + 0.7, June 4: 3.3 + 1.5) indicating higher oxygenation
but also more saturation in contrast to < 0.5 O:C ratios for CHOs observed in June
3 and June 4.[497] The saturation degree is also reflected by average Als, which are
considerably lower for CHNOs in June 3 (0) and CHNOS in June 4 (0.4 £+ 1.4) in
comparison to the CHNO/CHNOS classification observed in urban regions such as

Shanghai, Guangzhou etc.,[498| indicating the lack of aromaticity in observed aerosol
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constituents.

Aside from using nano-DESI-HRMS to understand molecular variations, meteoro-
logical parameters (Table C.1) were probed to investigate their influence on observed
variation in CHOS/CHNOS and CHNOs. Wind rose plots were utilized to elucidate
formation sources of CHOS, CHNOS and CHNO that were unique to June 3 and
June 4. Agreeing with our findings from HYSPLIT trajectory plots (Figure C.6,
Section C.5.1), wind rose plots show dominance of marine influenced southern winds
in June 2, as well as for June 11 to June 14 (Figure C.7, Section C.5.2). Contrast-
ing wind direction was observed for early June in Figures 4.4 (C) and (D). Herein,
we observed that northwestern winds in June 4 could be a carryover for terrestrial
carbon source which is essential for the formation of CHOS unique to June 4.[499]
The impact of RH may not be explicit towards formation of CHOS, CHNOS and
CHNO as literature reported works have shown that RH can both inhibit and/or
promote the formation of these species.[411, 438, 500| This is further illustrated by
Figure C.8 (Section C.5.3) demonstrating temporal variation in RH and temperature
across June (June 1 to June 14) sampling periods. Some studies have shown that
the concentration of CHOS/CHNO can decrease with increasing RH via hydrolysis,
but this can be structure dependent.|[115, 406, 500] However, this decomposition can
be also impacted by other compounding factors (e.g., wind direction, NO, and wet
aerosol chemistry).[411] Despite minimal variation in RH across both daytimes (June
3 = 54.3%, June 4 = 60.8%), the observed CHOS unique to the daytime period of
June 4 have been previously reported in cloud water samples.|[501| This indicates that
there may be a potential association between CHOS (unique to June 4) and cloud
formation. Clouds formed with hygroscopic species such as CHOS (k = 0.6)[30, 76,
78, 440, 441] may produce strong backscattered radiation signals in contrast to dust.
Based on the doppler-lidar signal measurements acquired from La Porte campaign
site (Figure C.17, Section C.8), we observed scattered clouds for June 3 and a con-
vective cloud event for June 4. Specifically, we noticed strong signal reflectivity (—20
to 40 dBZ) for June 4 (Figures C.17 (A)) but weak (< —20 dBZ) for June 3 (Figures
C.17 (B)).[436] These measurements serve as an evidence on potential positive link

between RH influenced formation of observed CHOS and convective cloud structure.
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Figure 4.4: Comparison of VK diagrams in the negative ionization mode across day-
time sampling periods of June 3 (A) and June 4 (B) during TRACER-ARM campaign.
The features found common in both sampling periods and all other intersections (e.g.,
June 2 to June 3, June 3 to June 11, June 2 to June 14 etc.) are shaded grey while
the features found unique in June 3 and 4 are colored according to the molecular
groups. The inset pie chart shows weighted abundance distribution (%) of different
functional groups which is unique to each sampling period. (C) and (D) represent
the wind rose plots for June 3 and June 4 respectively. The circular format indicates
the direction the wind blew from towards the epicenter and the length of each spoke
shows how often wind blew from that direction. The colors of each spoke indicate the

wind speed in m.s~*.
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The prevalence of CHOS/CHNOS observed only in June 4 is further probed via
volatility set comparison. Figure 4.5 demonstrates the OS¢ variation for unique MFs
found across early June as a function of log;(Cy. Note, the MFs plotted in Figures
4.5 (A) and (B) are a subset of all daytime MFs such that only unique features
corresponding to that respective sampling period (i.e., June 3 and June 4) are colored
according to their molecular group while the rest of MFs are shaded grey. Figure 4.5
(A) shows the volatility bin distribution for unique CHO/CHNO MFs found in the
daytime June 3 sample. From a total of 512 MFs in June 3, 75% (or 382 MFs) were
classified as ELVOC, 13% (or 65 MFs) as LVOC, 5% (or 28 MFs) as IVOC and 7% (or
35 MFs) as SVOC. The average O:C ratios for compounds in CHO (278 MFs), CHNO
(223 MFs), CHOS (1 MF) and CHNO (10 MFs) groups were > 0.6 while H:C ratios
were < 1.5 (Table C.4) and DBE values between 5-7 indicating less oxidation and
less saturation, respectively.|54, 404| Figure 4.5 (B) exhibits the volatility distribution
of unique CHOS/CHNOS in daytime June 4. Here, similar to June 3, 74% (or 195
MFs) were ELVOCs, 18% (or 47 MFs) were LVOCs, 2% (or 6 MFs) were IVOCs, and
6% (or 17 MFs) were SVOCs from a total of 265 MFs. Within the unique MFs in
June 4, 109 CHOS and 78 CHNOS were found with O:C ratio > 0.7 in the ELVOC
bin. The pie charts in Figures 4.5 (A) and (B) reflect the number based percent
distribution of MFs, with colored regions of pie plot representing unique MFs found
in June 3 and June 4, while the grey shaded region indicates rest of the MFs found
across the entire pool of daytime samples. The OS¢ values corresponding to each of
the daytime periods are outlined in Table C.4 (Section C.6.4). We noticed that most
of the functional groups unique to early June sample periods exhibited < 0 OS¢ and
< 0.5 Al values (Table C.4), which is indicative that these compounds are reduced. In
fact, Wang et al have shown that CHOS and CHNOS characterized in urban aerosols
from Shanghai, Gunagzhou were also found to have lower OSc values in comparison
to the CHO and CHNO species.[498] This lower degree of oxidation (OS¢ < 0, Table

C.4) and C atoms > 7 could be characteristic of biomass burning aerosol.[502]
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Figure 4.5: Molecular corridors for classified organic species in sampling periods of
June 3 and June 4. The daytime comparison in June 3 (A) and June 4 (B) demon-
strates volatility based classification of MFs unique to each sampling period. The
features which are found either common to both days or across other intersections in
daytime sample pool (e.g., June 2 to June 4, June 11 to June 12 etc.) are shaded
grey while features unique to each day are colored according to the molecular groups.
The bottom pie plots corresponding to each volatility classification represent number
based percent distribution of features unique to June 3 (512 MFs) and June 4 (265

MFs) from a total of 2192 MFs.
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Table C.5 (Section C.7) outlines the list of CHOS, CHNOS and CHNO which were
found to be common amongst all daytime samples (June 2 to June 14), unique to June
3 and/or unique to June 4. Based on the list in Table C.5, it is perceived that the
CHOS, CHNOS and CHNO are of biogenic carbon sources, primarily VOC precursors
such as isoprene, a-pinene/terpinene and d-limonene, while a few are anthropogenic
(e.g., C19H1609S).|501| Given, the geographical location of the sampling site (Figure
C.1), it is likely that urban emission (~66 km) from northern wind carryover could
be resulting in potential increase of CHOS via reactive uptake of SO5(g) during the
daytime.|9] Aside from potential sources of CHOS/CHNOS, the photochemically in-
duced losses and/or gains of CHOS and CHNO were further elucidated by drawing
comparisons between characterized molecular formulae across daytime and nighttime

periods. The results from this comparison are discussed in the section below.
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4.3.4 Daytime and Nighttime Chemistry

Figure 4.6 illustrates the variation in OS¢y as a function of log;iCy for MFs found
unique across daytime-nighttime sample pool of June 3 and June 4. Figures 4.6 (A)
and (B) demonstrate the day to night variations in MFs for June 3. Herein, from
a total of 2193 MFs, the day to night contrast of MFs from the pool of 277 unique
MFs in daytime and 397 unique MFs in nighttime is highlighted by > 90% gain in
CHNOs, 73% increase in CHOS, 84% increase in CHNOS but 35% loss of CHOs.
Moreover, there was a noticeable increase in low volatile fraction specifically for June
3 (Figures 4.6 (A) and (B)), such that 69% increase in ELVOCs was observed from
32% (or 89 MFs) in daytime to 71% (or 283 MFs) in nighttime. Figures 4.6 (C) and
(D) demonstrate a similar OS¢ variation for MFs unique to daytime and nighttime
periods in June 4. Herein from a total of 2145 MFs, day to night transformation
from 181 unique MFs in daytime and 712 unique MFs in nighttime is observed via
97% increase in CHNOs, 90% increase in CHOs but 65% decrease in CHOS and 36%
decrease in CHNOS was observed. In contrast to June 3, there was a noticeable 67%
decrease in ELVOC fraction in June 4 from 64% (or 116 MFs) in daytime to 50% (or
356 MFs) in nighttime.

When comparing AI, the unique subset of CHNO found in June 3 and June 4
showed increase from day (June 3: 0.1 £+ 0.1, June 4: 0) to night (June 3: 0.3 £
0.2, June 4: 0.3 £ 0.3) (Table C.4). However, the overall Al and DBE values for
CHNO across day and night periods for both June 3 and June 4 were below 0.5 and
7.5 respectively. The observed CHNOs across nighttime periods of June 3 and June
4 predominantly occupy the ELVOC region with O:C ratio > 0.5 and O:N ratio >
9.0 (Table C.4). The prevalence of CHNOs across nighttime periods for both June 3
and June 4 is strongly indicative of NOj3 radical chemistry as demonstrated by Xie
at al[502] and Foulds et al.|75]

Overall, while the day-night trends for CHNOs were distinct in favoring nocturnal
formation for both June 3 and June 4,[431] no such trend was observed for CHOS/CH-
NOS. This could be due to varying monoterpene emissions, which are positively de-
pendent on solar radiation and temperature. However, based on the similar trends in

wind speed, temperature and RH parameters outlined in Table C.1, it is unlikely that
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these meteorological factors would illicit the observed variations in CHOS/CHNOS.
As such, it is possible that aerosol acidity, oxidant concentrations (e.g., NO,) and
gaseous uptake of SO, might explain the likely increase and decrease of CHOS/CH-
NOS from day to night in June 3 and June 4 respectively.[411, 503, 504|
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Figure 4.6: Photochemical and oxidative processing of organic features observed
across June 3 and June 4. The daytime and nighttime chemistry is shown for June 3
in (A) and (B) respectively while for June 4 in (C) and (D) respectively. Note, MFs
that are unique within the day-night sample sets of June 3 and June 4, are colored
according to their molecular groups while the features which are common in day and
night sample sets are shaded grey. The current comparison of MFs is drawn from set
of features which are not only exclusive to the June 3 and June 4 but could be found

across other sampling periods.
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Within the subset of MFs observed between day and night comparisons of June
3 and June 4, CHNO and CHOS were found to be of biogenic carbon source (Ta-
ble C.5). For instance, amongst the unique CHNO compounds observed in June 4,
CoH15NO; (m/z = 248.0776, daytime), CyoHoNO13 (m/z = 490.1562, nighttime)
and Ci5Ho5NOg (m/z = 346.1505, day and night) were reportedly originating from
biogenic precursors such as [-caryophyllene, d-limonene and anthropogenic precur-
sors such as 1,3,5-trimethylbenzene (TMB).[485, 486, 505] This also included CHNOS
such as C1pH17NO7S (m/z 294.0653) which is common amongst both daytimes. This
CHNOS compound has been previously reported in the chamber studies of Surratt et
al,[56] Huang et al[506] and various sampling locations including metropolitan cen-
tral region of Delhi[507] and Belgian forests which are heavily influenced by urban
pollution.[413] In terms of CHO classification, we have observed MF consistent with
terpenoic acids such as CoHy40, (cis-pinic acid, m/z 185.0819), C;H;,04 (terebic acid,
m/z 157.0508),CsH1204 (terpenylic acid, m/z 171.0664)[413] across both daytimes.
However, there were noticeable CHO compounds found common across the nighttime
periods of June 3 and June 4 such as C1gH5011 (m/z 419.1557), CisHo6O11 (m/z
417.1402),C18H2801¢ (m/z 403.1609) that were also reported in the work of Wang et
al and originate from the ozonolysis of 1,3,5-TMB.[486|
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4.4 Atmospheric Implications

This study provides molecular level daily and day-and night-time variation on the
occurrence of CHOS, CHNOS and CHNO. Interestingly, the emergence of CHOS,
CHNOS and CHNO is observed to be episodic in consecutive day and night sampling
periods (i.e., June 3 to June 4). Meteorological conditions such as wind direction
revealed that the formation of these particle-bound species in early June sampling
periods is under the influence of land based sources. In contrast, later June sam-
pling periods consistently lacked organic MFs (< 700 MFs) due to marine influenced
airmass and dominance of inorganic fraction (i.e. salts). Nocturnal formation was
observed for CHNOs across June 3 and June 4, but S-containing compounds deviated
from nighttime favored trend. Remote sensing measurements revealed potential as-
sociation between cloud formation events and the emergence of CHOS/CHNOS and
CHNOs.

CHOS/CHNOS and CHNO classified under ELVOC region are often highly viscous
(10'% Pa s)[508-510] influencing hygroscopic growth, altering physicochemical prop-
erties[187, 409, 440, 511]and initiating particle ice-nucleation.[512] In the recent work
of Wolf et al, isoprene derived CHOS (e.g., C5H1207S) was found to influence cirrus
type of cloud formation.[513| To further understand if there is a potential link be-
tween CHOS/CHNOS/CHNO and cloud formation events, we probed doppler-lidar
signal measurements. It is understood that doppler-lidar signal attenuation can oc-
cur as hygroscopic particles grow.|514, 515] In the recent work of Maloney et al,[516]
cloud formation is probed via CAM5/CRMA. Therein, the authors found that high
ice clouds in the middle troposphere can be influenced by CHOS and CHNO. |78,
516] In current study, June 4 represented an interesting event which coincided with
a convective cloud structure. All the other sampling periods were observed to have
shallow or scattered clouds. These observations suggest that acidic sulfate particles
such as CHOS may play an important role in influencing cloud formation events
such as convective clouds. Future studies could probe how meteorological conditions
and boundary layer structure would influence vertical profile of aerosols by under-
standing variations in molecular composition of aerosols before and after convective

cloud events to determine the association between CHOS, CHNOS/CHNO and cloud
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formation.
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4.6 Appendix C

Additional experimental details, including topographical map, meterelogical parame-
ters, predicted parameters, mass spectra, van krevelen diagrams and remote sensing

measurements.

147



CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

References

9]

[30]

[31]

[44]

[49]

[54]

[56]

|63]

73]

[75]

H. Deng et al., “Daytime SO, chemistry on ubiquitous urban surfaces as a
source of organic sulfur compounds in ambient air,” en, Science Advances,
vol. 8, no. 39, eabq6830, Sep. 2022, 1SSN: 2375-2548. DOI: 10.1126 /sciadv.
abq6830.

M. D. Petters and S. M. Kreidenweis, “A single parameter representation of
hygroscopic growth and cloud condensation nucleus activity,” en, Atmospheric
Chemistry and Physics, vol. 7, no. 8, pp. 1961-1971, Apr. 2007, 1SSN: 1680-
7324. DOI: 10.5194 /acp-7-1961-2007.

N. M. Donahue, S. A. Epstein, S. N. Pandis, and A. L. Robinson, “A two-
dimensional volatility basis set: 1. organic-aerosol mixing thermodynamics,”
en, Atmospheric Chemistry and Physics, vol. 11, no. 7, pp. 3303-3318, Apr.
2011, 1SSN: 1680-7324. DOI: 10.5194 /acp-11-3303-2011. [Online|. Available:
https:/ /acp.copernicus.org/articles/11/3303/2011/.

M. Hallquist et al., “The formation, properties and impact of secondary organic
aerosol: Current and emerging issues,” en, Atmospheric Chemistry and Physics,
vol. 9, no. 14, pp. 5155-5236, Jul. 2009, 1SSN: 1680-7324. DOI: 10.5194 /acp-9-
5155-2009. (visited on 01,/29/2024).

A. D. Estillore et al., “Water Uptake and Hygroscopic Growth of Organosulfate
Aerosol,” en, Environmental Science & Technology, vol. 50, no. 8, pp. 4259—
4268, Apr. 2016, 1sSSN: 0013-936X, 1520-5851. DOI: 10.1021/acs.est.5b05014.

Y. Li, U. Poschl, and M. Shiraiwa, “Molecular corridors and parameterizations
of volatility in the chemical evolution of organic aerosols,” en, Atmospheric
Chemistry and Physics, vol. 16, no. 5, pp. 3327-3344, Mar. 2016, 1SSN: 1680-
7324. DOI: 10.5194 /acp-16-3327-2016.

J. D. Surratt et al., “Organosulfate Formation in Biogenic Secondary Organic
Aerosol,” en, The Journal of Physical Chemistry A, vol. 112, no. 36, pp. 8345—
8378, Sep. 2008, 1SSN: 1089-5639, 1520-5215. por: 10.1021/jp802310p.

J. Schindelka, Y. linuma, D. Hoffmann, and H. Herrmann, “Sulfate radical-
initiated formation of isoprene-derived organosulfates in atmospheric aerosols,”
en, Faraday Discussions, vol. 165, p. 237, 2013, 1SSN: 1359-6640, 1364-5498.
DOI: 10.1039/¢3fd00042g.

S. Wang et al., “Organic Peroxides and Sulfur Dioxide in Aerosol: Source of
Particulate Sulfate,” en, Environmental Science € Technology, vol. 53, no. 18,
pp. 10695-10 704, Sep. 2019, 1sSN: 0013-936X, 1520-5851. DOI: 10.1021 /acs.
est.9b02591.

A. Foulds, M. A. H. Khan, T. J. Bannan, C. J. Percival, M. H. Lowenberg,
and D. E. Shallcross, “Abundance of NO3 Derived Organo-Nitrates and Their
Importance in the Atmosphere,” en, Atmosphere, vol. 12, no. 11, p. 1381, Oct.
2021, 18SN: 2073-4433. DOI: 10.3390/atmos12111381. [Online|. Available: https:
//www.mdpi.com/2073-4433/12/11/1381.

148


https://doi.org/10.1126/sciadv.abq6830
https://doi.org/10.1126/sciadv.abq6830
https://doi.org/10.5194/acp-7-1961-2007
https://doi.org/10.5194/acp-11-3303-2011
https://acp.copernicus.org/articles/11/3303/2011/
https://doi.org/10.5194/acp-9-5155-2009
https://doi.org/10.5194/acp-9-5155-2009
https://doi.org/10.1021/acs.est.5b05014
https://doi.org/10.5194/acp-16-3327-2016
https://doi.org/10.1021/jp802310p
https://doi.org/10.1039/c3fd00042g
https://doi.org/10.1021/acs.est.9b02591
https://doi.org/10.1021/acs.est.9b02591
https://doi.org/10.3390/atmos12111381
https://www.mdpi.com/2073-4433/12/11/1381
https://www.mdpi.com/2073-4433/12/11/1381

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

|76]

78]

[115]

[167]

[187]

1387]

388

389]

[390]

[391]

392

C. Peng et al., “Interactions of organosulfates with water vapor under sub- and
supersaturated conditions,” en, Atmospheric Chemistry and Physics, vol. 21,
no. 9, pp. 7135-7148, May 2021, 1SSN: 1680-7324. DOI: 10.5194 /acp-21-7135-
2021.

A. M. K. Hansen et al., “Hygroscopic properties and cloud condensation nu-
clei activation of limonene-derived organosulfates and their mixtures with am-
monium sulfate,” en, Atmospheric Chemistry and Physics, vol. 15, no. 24,
pp. 1407114089, Dec. 2015, 1SSN: 1680-7324. DOI: 10.5194 /acp-15-14071-
2015.

M. Bruggemann et al., “Organosulfates in Ambient Aerosol State of Knowledge
and Future Research Directions on Formation, Abundance, Fate, and Impor-
tance,” en, Environmental Science & Technology, vol. 54, no. 7, pp. 3767-3782,
Apr. 2020, 1sSN: 0013-936X, 1520-5851. DOI: 10.1021 /acs.est.9b06751.

P. J. Roach, J. Laskin, and A. Laskin, “Molecular Characterization of Organic
Aerosols Using Nanospray-Desorption/Electrospray Ionization-Mass Spec-
trometry,” en, Analytical Chemistry, vol. 82, no. 19, pp. 7979-7986, Oct. 2010,
ISSN: 0003-2700, 1520-6882. DOI: 10.1021 /ac101449p. [Online]. Available:
https:/ /pubs.acs.org/doi/10.1021 /ac101449p.

W. Fan, T. Chen, Z. Zhu, H. Zhang, Y. Qiu, and D. Yin, “A review of secondary
organic aerosols formation focusing on organosulfates and organic nitrates,” en,
Journal of Hazardous Materials, vol. 430, p. 128 406, May 2022, 1SSN: 03043894.
DOI: 10.1016/j.jhazmat.2022.128406. (visited on 01,/29/2024).

K.-H. Kim, E. Kabir, and S. Kabir, “A review on the human health impact of
airborne particulate matter,” Environment international, vol. 74, pp. 136143,
2015.

J. Wu et al., “ Aerosol-photolysis interaction reduces particulate matter during
wintertime haze events,” Proceedings of the National Academy of Sciences,
vol. 117, no. 18, pp. 9755-9761, 2020.

U. Poschl, “Atmospheric Aerosols: Composition, Transformation, Climate and
Health Effects,” Angewandte Chemie International Edition, vol. 44, no. 46,
pp. 7520-7540, Nov. 2005, 1SSN: 1433-7851. DOI: 10.1002/anie.200501122.

E. J. Boone et al., “Aqueous Processing of Atmospheric Organic Particles in
Cloud Water Collected via Aircraft Sampling,” en, Environmental Science €
Technology, vol. 49, no. 14, pp. 8523-8530, Jul. 2015, 1SSN: 0013-936X, 1520-
5851. DOIL: 10.1021/acs.est.5b01639. [Online|. Available: https://pubs.acs.org/
doi/10.1021 /acs.est.5b01639 (visited on 09/17/2023).

Y. Huang et al., “Quantification of global primary emissions of pm2. 5, pm10,
and tsp from combustion and industrial process sources,” Environmental sci-
ence € technology, vol. 48, no. 23, pp. 13834-13 843, 2014.

J. L. Jimenez et al., “Evolution of organic aerosols in the atmosphere,” science,
vol. 326, no. 5959, pp. 1525-1529, 20009.

149


https://doi.org/10.5194/acp-21-7135-2021
https://doi.org/10.5194/acp-21-7135-2021
https://doi.org/10.5194/acp-15-14071-2015
https://doi.org/10.5194/acp-15-14071-2015
https://doi.org/10.1021/acs.est.9b06751
https://doi.org/10.1021/ac101449p
https://pubs.acs.org/doi/10.1021/ac101449p
https://doi.org/10.1016/j.jhazmat.2022.128406
https://doi.org/10.1002/anie.200501122
https://doi.org/10.1021/acs.est.5b01639
https://pubs.acs.org/doi/10.1021/acs.est.5b01639
https://pubs.acs.org/doi/10.1021/acs.est.5b01639

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

393]

394]

395]

[396]

397]

398

399]

400]

[401]

[402]

M. Bilde et al., “Saturation Vapor Pressures and Transition Enthalpies of Low-
Volatility Organic Molecules of Atmospheric Relevance: From Dicarboxylic
Acids to Complex Mixtures,” en, Chemical Reviews, vol. 115, no. 10, pp. 4115
4156, May 2015, 1SSN: 0009-2665, 1520-6890. DOT: 10.1021/cr5005502. [Online|.
Available: https://pubs.acs.org/doi/10.1021/cr5005502.

M Kanakidou et al., “Organic aerosol and global climate modelling: A review,”
en, Atmos. Chem. Phys., p. 71, 2005.

J. Duplissy et al., “Relating hygroscopicity and composition of organic aerosol
particulate matter,” en, Atmospheric Chemistry and Physics, vol. 11, no. 3,
pp. 1155-1165, Feb. 2011, 1sSN: 1680-7324. DOI: 10.5194 /acp-11-1155-2011.
[Online|. Available: https://acp.copernicus.org/articles/11/1155/2011/.

X. Liu and J. Wang, “How important is organic aerosol hygroscopicity to
aerosol indirect forcing?” FEnvironmental Research Letters, vol. 5, no. 4,
p- 044010, 2010.

A Asa-Awuku, G. Engelhart, B. Lee, S. N. Pandis, and A. Nenes, “Relating ccn
activity, volatility, and droplet growth kinetics of S-caryophyllene secondary

organic aerosol,” Atmospheric Chemistry and Physics, vol. 9, no. 3, pp. 795—
812, 2009.

T. Han et al., “Role of secondary aerosols in haze formation in summer in the
megacity beijing,” Journal of environmental sciences, vol. 31, pp. 51-60, 2015.

M. Camredon, B. Aumont, J. Lee-Taylor, and S. Madronich, “The soa/voc/no,
system: An explicit model of secondary organic aerosol formation,” en, Atmo-
spheric Chemustry and Physics, vol. 7, no. 21, pp. 5599-5610, Nov. 2007, ISSN:
1680-7324. pOI: 10.5194 /acp-7-5599-2007.

E. U. Emanuelsson et al., “Formation of anthropogenic secondary organic
aerosol (SOA) and its influence on biogenic SOA properties,” en, Atmospheric
Chemistry and Physics, vol. 13, no. 5, pp. 2837-2855, Mar. 2013, 1SSN: 1680-
7324. DOI: 10.5194 /acp-13-2837-2013.

L. Wu, X. Wang, S. Lu, M. Shao, and Z. Ling, “Emission inventory of semi-
volatile and intermediate-volatility organic compounds and their effects on
secondary organic aerosol over the Pearl River Delta region,” en, Atmospheric
Chemistry and Physics, vol. 19, no. 12, pp. 8141-8161, Jun. 2019, 1SSN: 1680-
7324. DOL: 10.5194 /acp-19-8141-2019. [Online|. Available: https:/ /acp.
copernicus.org/articles/19/8141/2019/ (visited on 09/17/2023).

S. Tao et al., “Molecular Characterization of Organosulfates in Organic
Aerosols from Shanghai and Los Angeles Urban Areas by Nanospray-
Desorption Electrospray Ionization High-Resolution Mass Spectrometry,”
en, Environmental Science & Technology, vol. 48, no. 18, pp. 10993-11 001,
Sep. 2014, 18SN: 0013-936X, 1520-5851. DOIL: 10.1021 /es5024674. (visited on
09/17/2023).

150


https://doi.org/10.1021/cr5005502
https://pubs.acs.org/doi/10.1021/cr5005502
https://doi.org/10.5194/acp-11-1155-2011
https://acp.copernicus.org/articles/11/1155/2011/
https://doi.org/10.5194/acp-7-5599-2007
https://doi.org/10.5194/acp-13-2837-2013
https://doi.org/10.5194/acp-19-8141-2019
https://acp.copernicus.org/articles/19/8141/2019/
https://acp.copernicus.org/articles/19/8141/2019/
https://doi.org/10.1021/es5024674

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

403

1404]

405

[406]

407]

[408]

409

[410]

[411]

Y. Wang, R. Tong, and J. Z. Yu, “Chemical Synthesis of Multifunctional Air
Pollutants: Terpene-Derived Nitrooxy Organosulfates,” en, Environmental Sci-
ence € Technology, vol. 55, no. 13, pp. 8573-8582, Jul. 2021, 1sSN: 0013-936X,
1520-5851. DOI: 10.1021 /acs.est.1c00348. [Online|. Available: https://pubs.
acs.org/doi/10.1021 /acs.est.1c00348 (visited on 09/17/2023).

Y. Zhao, A. G. Hallar, and L. R. Mazzoleni, “Atmospheric organic mat-
ter in clouds: Exact masses and molecular formula identification using
ultrahigh-resolution FT-ICR mass spectrometry,” en, Atmospheric Chem-
istry and Physics, vol. 13, no. 24, pp. 12343-12362, Dec. 2013, ISSN:
1680-7324. poOI: 10.5194 /acp- 13-12343-2013. [Online|. Available: https:
//acp.copernicus.org/articles/13/12343/2013/.

C. Ning et al., “Molecular characterization of dissolved organic matters in
winter atmospheric fine particulate matters (PM2.5) from a coastal city of
northeast China,” en, Science of The Total Environment, vol. 689, pp. 312—
321, Nov. 2019, 1SSN: 00489697. DOI: 10.1016/j.scitotenv.2019.06.418.

K. S. Hu, A. I. Darer, and M. J. Elrod, “Thermodynamics and kinetics of
the hydrolysis of atmospherically relevant organonitrates and organosulfates,”
en, Atmospheric Chemistry and Physics, vol. 11, no. 16, pp. 8307-8320, Aug.
2011, 18SN: 1680-7324. DOI: 10.5194 /acp-11-8307-2011. [Online|. Available:
https://acp.copernicus.org/articles/11/8307,/2011/ (visited on 09/17/2023).

B. H. Lee et al., “Highly functionalized organic nitrates in the southeast
united states: Contribution to secondary organic aerosol and reactive nitrogen
budgets,” Proceedings of the National Academy of Sciences, vol. 113, no. 6,
pp. 1516-1521, 2016.

M. Thoma, F. Bachmeier, F. L. Gottwald, M. Simon, and A. L. Vogel, “Mass
spectrometry-based aerosolomics: A new approach to resolve sources, composi-

tion, and partitioning of secondary organic aerosol,” Atmospheric Measurement
Techniques, vol. 15, no. 23, pp. 7137-7154, 2022.

K. A. Pratt, M. N. Fiddler, P. B. Shepson, A. G. Carlton, and J. D. Surratt,
“Organosulfates in cloud water above the Ozarks’ isoprene source region,” en,
Atmospheric Environment, vol. 77, pp. 231-238, Oct. 2013, 1SSN: 13522310.
DOI: 10.1016/j.atmosenv.2013.05.011. (visited on 10/01/2023).

D. A. Day, S. Liu, L. M. Russell, and P. J. Ziemann, “Organonitrate group
concentrations in submicron particles with high nitrate and organic fractions
in coastal southern California,” en, Atmospheric Environment, vol. 44, no. 16,
pp. 1970-1979, May 2010, 1sSN: 13522310. pOI1: 10.1016/j.atmosenv.2010.02.
045. (visited on 10/01/2023).

Q. T. Nguyen et al., “Understanding the anthropogenic influence on formation
of biogenic secondary organic aerosols in Denmark via analysis of organosul-
fates and related oxidation products,” en, Atmospheric Chemistry and Physics,
vol. 14, no. 17, pp. 8961-8981, Sep. 2014, 1SSN: 1680-7324. DOI: 10.5194 /acp-
14-8961-2014.

151


https://doi.org/10.1021/acs.est.1c00348
https://pubs.acs.org/doi/10.1021/acs.est.1c00348
https://pubs.acs.org/doi/10.1021/acs.est.1c00348
https://doi.org/10.5194/acp-13-12343-2013
https://acp.copernicus.org/articles/13/12343/2013/
https://acp.copernicus.org/articles/13/12343/2013/
https://doi.org/10.1016/j.scitotenv.2019.06.418
https://doi.org/10.5194/acp-11-8307-2011
https://acp.copernicus.org/articles/11/8307/2011/
https://doi.org/10.1016/j.atmosenv.2013.05.011
https://doi.org/10.1016/j.atmosenv.2010.02.045
https://doi.org/10.1016/j.atmosenv.2010.02.045
https://doi.org/10.5194/acp-14-8961-2014
https://doi.org/10.5194/acp-14-8961-2014

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[412]

[413]

[414]

[415]

[416]

[417]

[418]

[419]

[420]

J. D. Surratt et al., “Evidence for Organosulfates in Secondary Organic
Aerosol,” en, Environmental Science € Technology, vol. 41, no. 2, pp. 517—
527, Jan. 2007, 1SSN: 0013-936X, 1520-5851. pOI: 10.1021 /es062081q. [On-
line|. Available: https://pubs.acs.org/doi/10.1021 /es062081q (visited on
09/17/2023).

Y. Gomez-Gonzalez et al., “Chemical characterisation of atmospheric aerosols
during a 2007 summer field campaign at Brasschaat, Belgium: Sources
and source processes of biogenic secondary organic aerosol,” en, Atmospheric
Chemistry and Physics, vol. 12, no. 1, pp. 125-138, Jan. 2012, 1SSN: 1680-7324.
DOI: 10.5194 /acp-12-125-2012. (visited on 10/01/2023).

K. Kristensen and M. Glasius, “Organosulfates and oxidation products from
biogenic hydrocarbons in fine aerosols from a forest in North West Europe
during spring,” en, Atmospheric Environment, vol. 45, no. 27, pp. 4546-4556,
Sep. 2011, 1sSN: 13522310. DOIL: 10.1016/j.atmosenv.2011.05.063. [Online].
Available: https://linkinghub.elsevier.com /retrieve/pii/S1352231011005802.

D. R. Worton et al., “Origins and composition of fine atmospheric carbona-
ceous aerosol in the Sierra Nevada Mountains, California,” en, Atmospheric
Chemistry and Physics, vol. 11, no. 19, pp. 10219-10241, Oct. 2011, ISSN:
1680-7324. pOI1: 10.5194 /acp-11-10219-2011. (visited on 11,/26/2023).

H. Lukacs, A. Gelencser, A. Hoffer, G. Kiss, K. Horvath, and Z. Hartyani,
“Quantitative assessment of organosulfates in size-segregated rural fine

aerosol,” en, Atmospheric Chemistry and Physics, vol. 9, no. 1, pp. 231-238,
Jan. 2009, 1SSN: 1680-7324. DOI: 10.5194 /acp-9-231-20009.

M. P. Tolocka and B. Turpin, “Contribution of Organosulfur Compounds to
Organic Aerosol Mass,” en, Environmental Science € Technology, vol. 46,
no. 15, pp. 7978-7983, Aug. 2012, 1ssN: 0013-936X, 1520-5851. por: 10.1021/
es300651v. [Online]. Available: https://pubs.acs.org/doi/10.1021/es300651v.

B. R. Ayres et al., “Organic nitrate aerosol formation via NOs + biogenic
volatile organic compounds in the southeastern United States,” en, Atmo-
spheric Chemistry and Physics, vol. 15, no. 23, pp. 13377-13 392, Dec. 2015,
ISSN: 1680-7324. DOI: 10.5194 /acp-15-13377-2015.

L. Xu, S. Suresh, H. Guo, R. J. Weber, and N. L. Ng, “Aerosol characterization
over the southeastern United States using high-resolution aerosol mass spec-
trometry: Spatial and seasonal variation of aerosol composition and sources
with a focus on organic nitrates,” en, Atmospheric Chemistry and Physics,
vol. 15, no. 13, pp. 7307-7336, Jul. 2015, 1SSN: 1680-7324. DOI: 10.5194/acp-
15-7307-2015.

Y. Wang et al., “Organosulfates in atmospheric aerosols in Shanghai, China:
Seasonal and interannual variability, origin, and formation mechanisms,” en,
Atmospheric Chemistry and Physics, vol. 21, no. 4, pp. 2959-2980, Feb. 2021,
ISSN: 1680-7324. DOI: 10.5194 /acp-21-2959-2021. |Online|. Available: https:
//acp.copernicus.org/articles/21,/2959 /2021/.

152


https://doi.org/10.1021/es062081q
https://pubs.acs.org/doi/10.1021/es062081q
https://doi.org/10.5194/acp-12-125-2012
https://doi.org/10.1016/j.atmosenv.2011.05.063
https://linkinghub.elsevier.com/retrieve/pii/S1352231011005802
https://doi.org/10.5194/acp-11-10219-2011
https://doi.org/10.5194/acp-9-231-2009
https://doi.org/10.1021/es300651v
https://doi.org/10.1021/es300651v
https://pubs.acs.org/doi/10.1021/es300651v
https://doi.org/10.5194/acp-15-13377-2015
https://doi.org/10.5194/acp-15-7307-2015
https://doi.org/10.5194/acp-15-7307-2015
https://doi.org/10.5194/acp-21-2959-2021
https://acp.copernicus.org/articles/21/2959/2021/
https://acp.copernicus.org/articles/21/2959/2021/

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[421]

422]

[423]

[424]

[425]

[426]

[427]

428

J. C. Ditto, T. Joo, J. H. Slade, P. B. Shepson, N. L. Ng, and D. R. Gen-
tner, “Nontargeted Tandem Mass Spectrometry Analysis Reveals Diversity
and Variability in Aerosol Functional Groups across Multiple Sites, Seasons,
and Times of Day,” en, Environmental Science & Technology Letters, vol. 7,
no. 2, pp. 60-69, Feb. 2020, 1SSN: 2328-8930, 2328-8930. DOI: 10.1021 /acs.
estlett.9b00702. [Online|. Available: https://pubs.acs.org/doi/10.1021 /acs.
estlett.9b00702 (visited on 11/26/2023).

Y. Ma, X. Xu, W. Song, F. Geng, and L. Wang, “Seasonal and diurnal vari-
ations of particulate organosulfates in urban Shanghai, China,” en, Atmo-
spheric Environment, vol. 85, pp. 152-160, Mar. 2014, 1SSN: 13522310. DOI:
10.1016/j.atmosenv.2013.12.017.

S. Kundu, T. A. Quraishi, G. Yu, C. Suarez, F. N. Keutsch, and E. A. Stone,
“Evidence and quantitation of aromatic organosulfates in ambient aerosols in
Lahore, Pakistan,” en, Atmospheric Chemistry and Physics, vol. 13, no. 9,
pp. 4865-4875, May 2013, 1SSN: 1680-7324. DOI: 10.5194 /acp-13-4865-2013.
[Online|. Available: https:/ /acp.copernicus.org / articles / 13 /4865 / 2013/
(visited on 09/17/2023).

E. A. Stone, L. Yang, L. E. Yu, and M. Rupakheti, “Characterization of
organosulfates in atmospheric aerosols at Four Asian locations,” en, Atmo-
spheric Environment, vol. 47, pp. 323-329, Feb. 2012, 1sSN: 13522310. DOI:
10.1016 /j.atmosenv.2011.10.058. [Online|. Available: https://linkinghub.
elsevier.com /retrieve/pii/S1352231011011514 (visited on 09/17,/2023).

A. 1. Darer, N. C. Cole-Filipiak, A. E. O Connor, and M. J. Elrod, “Forma-
tion and Stability of Atmospherically Relevant Isoprene Derived Organosul-
fates and Organonitrates,” en, Environmental Science & Technology, vol. 45,
no. 5, pp. 1895-1902, Mar. 2011, 1SSN: 0013-936X, 1520-5851. por: 10.1021/
es103797z.

M. Riva, T. Da Silva Barbosa, Y.-H. Lin, E. A. Stone, A. Gold, and J. D. Sur-
ratt, “Chemical characterization of organosulfates in secondary organic aerosol-
derived from the photooxidation of alkanes,” en, Atmospheric Chemistry and
Physics, vol. 16, no. 17, pp. 11001-11 018, Sep. 2016, 1SSN: 1680-7324. DOI:
10.5194 /acp-16-11001-2016. (visited on 11/26/2023).

M. Le Breton et al., “Online gas- and particle-phase measurements of
organosulfates, organosulfonates and nitrooxy organosulfates in Beijing utiliz-
ing a FIGAERO ToF-CIMS,” en, Atmospheric Chemistry and Physics, vol. 18,
no. 14, pp. 10355-10371, Jul. 2018, 1SsN: 1680-7324. DOI: 10.5194 /acp- 18-
10355-2018. [Online|. Available: https://acp.copernicus.org /articles /18 /
10355/2018/.

J. Shang et al., “SO, Uptake on Oleic Acid: A New Formation Pathway of
Organosulfur Compounds in the Atmosphere,” en, Environmental Science &
Technology Letters, vol. 3, no. 2, pp. 67-72, Feb. 2016, 1SSN: 2328-8930, 2328-
8930. DOIL: 10.1021 /acs.estlett.6b00006. [Online|. Available: https://pubs.acs.
org/doi/10.1021 /acs.estlett.6b00006.

153


https://doi.org/10.1021/acs.estlett.9b00702
https://doi.org/10.1021/acs.estlett.9b00702
https://pubs.acs.org/doi/10.1021/acs.estlett.9b00702
https://pubs.acs.org/doi/10.1021/acs.estlett.9b00702
https://doi.org/10.1016/j.atmosenv.2013.12.017
https://doi.org/10.5194/acp-13-4865-2013
https://acp.copernicus.org/articles/13/4865/2013/
https://doi.org/10.1016/j.atmosenv.2011.10.058
https://linkinghub.elsevier.com/retrieve/pii/S1352231011011514
https://linkinghub.elsevier.com/retrieve/pii/S1352231011011514
https://doi.org/10.1021/es103797z
https://doi.org/10.1021/es103797z
https://doi.org/10.5194/acp-16-11001-2016
https://doi.org/10.5194/acp-18-10355-2018
https://doi.org/10.5194/acp-18-10355-2018
https://acp.copernicus.org/articles/18/10355/2018/
https://acp.copernicus.org/articles/18/10355/2018/
https://doi.org/10.1021/acs.estlett.6b00006
https://pubs.acs.org/doi/10.1021/acs.estlett.6b00006
https://pubs.acs.org/doi/10.1021/acs.estlett.6b00006

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[429]

[430]

[431]

1432

[433)

[434]

435

[436]

437

M. Passananti et al., “Organosulfate Formation through the Heterogeneous
Reaction of SOy with Unsaturated Fatty Acids and Long Chain Alkenes,” en,
Angewandte Chemie International Edition, vol. 55, no. 35, pp. 10336-10 339,
Aug. 2016, 18SN: 1433-7851, 1521-3773. DOI: 10.1002/anie.201605266.

M. Zhu et al., “Organosulfur Compounds Formed from Heterogeneous Reac-
tion between SO, and Particulate Bound Unsaturated Fatty Acids in Ambient
Air,” en, Environmental Science & Technology Letters, vol. 6, no. 6, pp. 318—
322, Jun. 2019, 1sSN: 2328-8930, 2328-8930. DOI: 10.1021/acs.estlett.9b00218.

D. J. Bryant et al., “Importance of Oxidants and Temperature in the Formation
of Biogenic Organosulfates and Nitrooxy Organosulfates,” en, ACS FEarth and
Space Chemistry, vol. 5, no. 9, pp. 2291-2306, Sep. 2021, ISSN: 2472-3452, 2472-
3452. por: 10.1021 / acsearthspacechem . 1¢00204. [Online|. Available: https:
//pubs.acs.org/doi/10.1021 /acsearthspacechem.1c00204.

C. Ning, Y. Gao, H. Zhang, H. Yu, R. Cao, and J. Chen, “Urban particulate
water-soluble organic matter in winter: Size-resolved molecular characteriza-
tion, role of the S-containing compounds on haze formation,” en, Science of
The Total Environment, vol. 875, p. 162657, Jun. 2023, 1SSN: 00489697. DOI:
10.1016/j.scitotenv.2023.162657.

B. Friedman, P. Brophy, W. H. Brune, and D. K. Farmer, “Anthropogenic
Sulfur Perturbations on Biogenic Oxidation: SO, Additions Impact Gas Phase
OH Oxidation Products of a- and [-Pinene,” en, Environmental Science &
Technology, vol. 50, no. 3, pp. 1269-1279, Feb. 2016, 1SSN: 0013-936X, 1520-
5851. DOI: 10.1021 /acs.est.5b05010.

W. Huang et al., “Exploring the inorganic and organic nitrate aerosol formation
regimes at a suburban site on the North China Plain,” en, Science of The Total
Environment, vol. 768, p. 144 538, May 2021, 1SSN: 00489697. pOI: 10.1016/].
scitotenv.2020.144538.

W. Huang et al., “Size Dependent Nighttime Formation of Particulate Sec-
ondary Organic Nitrates in Urban Air,” en, Journal of Geophysical Research:
Atmospheres, vol. 128, no. 18, €2022JD038189, Sep. 2023, 1SSN: 2169-897X,
2169-8996. DoI: 10.1029,/2022JD038189.

B. Ervens, “Modeling the processing of aerosol and trace gases in clouds and
fogs,” Chemical reviews, vol. 115, no. 10, pp. 4157-4198, 2015.

J. Liao et al., “Airborne measurements of organosulfates over the conti-
nental U.S..)” en, Journal of Geophysical Research: Atmospheres, vol. 120,
no. 7, pp. 2990-3005, Apr. 2015, 1SSN: 2169-897X, 2169-8996. DOI: 10.1002/
2014JD022378. |Online|. Available: https://agupubs.onlinelibrary.wiley.com /
doi/10.1002/2014JD022378 (visited on 09/17/2023).

154


https://doi.org/10.1002/anie.201605266
https://doi.org/10.1021/acs.estlett.9b00218
https://doi.org/10.1021/acsearthspacechem.1c00204
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00204
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00204
https://doi.org/10.1016/j.scitotenv.2023.162657
https://doi.org/10.1021/acs.est.5b05010
https://doi.org/10.1016/j.scitotenv.2020.144538
https://doi.org/10.1016/j.scitotenv.2020.144538
https://doi.org/10.1029/2022JD038189
https://doi.org/10.1002/2014JD022378
https://doi.org/10.1002/2014JD022378
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014JD022378
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014JD022378

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

438

439

[440]

[441]

442

[443]

444]

[445]

[446]

G. Duporte et al., “Experimental Study of the Formation of Organosulfates
from a-Pinene Oxidation. Part I: Product Identification, Formation Mecha-
nisms and Effect of Relative Humidity,” en, The Journal of Physical Chemistry
A, vol. 120, no. 40, pp. 7909-7923, Oct. 2016, 1SSN: 1089-5639, 1520-5215. DOT:
10.1021 /acs.jpca.6b08504.

L. Xu, N. T. Tsona, and L. Du, “Relative Humidity Changes the Role of
SO in Biogenic Secondary Organic Aerosol Formation,” en, The Journal of
Physical Chemistry Letters, vol. 12, no. 30, pp. 7365-7372, Aug. 2021, ISSN:
1948-7185, 1948-7185. DOI: 10.1021 /acs.jpclett.1c01550. [Online|. Available:
https:/ /pubs.acs.org/doi/10.1021 /acs.jpclett.1c01550.

A. L. Vogel et al., “Aerosol Chemistry Resolved by Mass Spectrometry:
Linking Field Measurements of Cloud Condensation Nuclei Activity to
Organic Aerosol Composition,” en, FEnvironmental Science € Technology,
vol. 50, no. 20, pp. 10823-10832, Oct. 2016, 1sSN: 0013-936X, 1520-5851. DOTI:
10.1021 /acs.est.6b01675. [Online|. Available: https://pubs.acs.org/doi/10.
1021 /acs.est.6b01675.

L. Guo et al., “Comprehensive characterization of hygroscopic properties of
methanesulfonates,” Atmospheric Environment, vol. 224, p. 117 349, 2020.

B. H. Lee et al., “Highly functionalized organic nitrates in the southeast
United States: Contribution to secondary organic aerosol and reactive nitro-
gen budgets,” Proceedings of the National Academy of Sciences, vol. 113, no. 6,
pp- 1516-1521, 2016, Publisher: National Acad Sciences.

J. G. Slowik et al., “Characterization of a large biogenic secondary organic
aerosol event from eastern Canadian forests,” en, Atmospheric Chemistry and
Physics, vol. 10, no. 6, pp. 2825-2845, Mar. 2010, 1SSN: 1680-7324. DOI: 10.
5194 / acp- 10-2825-2010. [Online|. Available: https://acp.copernicus.org /
articles/10,/2825/2010/.

E. Freney et al., “Aerosol composition and the contribution of SOA formation
over Mediterranean forests,” en, Atmospheric Chemistry and Physics, vol. 18,
no. 10, pp. 7041-7056, May 2018, 1SSN: 1680-7324. DOI: 10.5194 /acp-18-7041-
2018. [Online|. Available: https://acp.copernicus.org/articles/18,/7041/2018/.

G. W. Vandergrift, A. S. M. Shawon, D. N. Dexheimer, M. A. Zawadowicz, F.
Mei, and S. China, “Molecular Characterization of Organosulfate-Dominated
Aerosols over Agricultural Fields from the Southern Great Plains by High-
Resolution Mass Spectrometry,” en, ACS FEarth and Space Chemistry, vol. 6,
no. 7, pp. 1733-1741, Jul. 2022, 1SSN: 2472-3452, 2472-3452. por: 10.1021 /
acsearthspacechem.2c00043. [Online|. Available: https://pubs.acs.org/doi/10.
1021/ acsearthspacechem.2c00043.

N. H. Robinson et al., “Evidence for a significant proportion of Secondary
Organic Aerosol from isoprene above a maritime tropical forest,” en, Atmo-
spheric Chemistry and Physics, vol. 11, no. 3, pp. 1039-1050, Feb. 2011, 1SSN:

155


https://doi.org/10.1021/acs.jpca.6b08504
https://doi.org/10.1021/acs.jpclett.1c01550
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01550
https://doi.org/10.1021/acs.est.6b01675
https://pubs.acs.org/doi/10.1021/acs.est.6b01675
https://pubs.acs.org/doi/10.1021/acs.est.6b01675
https://doi.org/10.5194/acp-10-2825-2010
https://doi.org/10.5194/acp-10-2825-2010
https://acp.copernicus.org/articles/10/2825/2010/
https://acp.copernicus.org/articles/10/2825/2010/
https://doi.org/10.5194/acp-18-7041-2018
https://doi.org/10.5194/acp-18-7041-2018
https://acp.copernicus.org/articles/18/7041/2018/
https://doi.org/10.1021/acsearthspacechem.2c00043
https://doi.org/10.1021/acsearthspacechem.2c00043
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00043
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00043

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[447]

[448]

(449

[450]

[451]

[452]

453

[454]

1680-7324. DOI: 10.5194 /acp-11-1039-2011. [Online|. Available: https://acp.
copernicus.org/articles/11/1039,/2011/.

R. Bahreini et al., “Organic aerosol formation in urban and industrial plumes
near Houston and Dallas, Texas,” en, Journal of Geophysical Research,
vol. 114, DOOF16, Aug. 2009, 1SSN: 0148-0227. Do1: 10.1029/2008JD011493.
[Online|. Available: http://doi.wiley.com/10.1029,/2008JD011493 (visited on
09/17/2023).

M. Leuchner and B. Rappengluck, “VOC source receptor relationships in Hous-
ton during Texas I1,” en, Atmospheric Environment, vol. 44, no. 33, pp. 4056—
4067, Oct. 2010, 1sSN: 13522310. DOT: 10.1016/j.atmosenv.2009.02.029. (visited
on 11/26/2023).

T. Bates et al., “Boundary layer aerosol chemistry during texas/gomaccs 2006:
Insights into aerosol sources and transformation processes,” Journal of Geo-
physical Research: Atmospheres, vol. 113, no. D7, 2008.

M. P. Jensen et al., “A succession of cloud, precipitation, aerosol, and air
quality field experiments in the coastal urban environment,” Bulletin of the
American Meteorological Society, vol. 103, no. 2, pp. 103-105, 2022.

S. McKeen et al., “An evaluation of real time air quality forecasts and their
urban emissions over eastern Texas during the summer of 2006 Second Texas
Air Quality Study field study,” en, Journal of Geophysical Research: Atmo-
spheres, vol. 114, no. D7, 2008JD011697, Apr. 2009, 1SSN: 0148-0227. DOI:
10.1029/2008JD011697. [Online|. Available: https://agupubs.onlinelibrary.
wiley.com/doi/10.1029/2008JD011697.

D. D. Parrish et al., “Overview of the Second Texas Air Quality Study (Texas
IT) and the Gulf of Mexico Atmospheric Composition and Climate Study (Go-
MACCS),” en, Journal of Geophysical Research: Atmospheres, vol. 114, no. D7,
2009JD011842, Apr. 2009, 1SSN: 0148-0227. DOT: 10.1029/2009JD011842. [On-
line|. Available: https:/ /agupubs.onlinelibrary. wiley.com /doi/10.1029 /
2009JD011842.

M. Webster, J. Nam, Y. Kimura, H. Jeffries, W. Vizuete, and D. T. Allen,
“The effect of variability in industrial emissions on ozone formation in Hous-
ton, Texas,” en, Atmospheric Environment, vol. 41, no. 40, pp. 9580-9593,
Dec. 2007, 1SSN: 13522310. DOI: 10.1016/j.atmosenv.2007.08.052. [Online].
Available: https://linkinghub.elsevier.com /retrieve/pii/S1352231007007546.

M. Russell and D. T. Allen, “Seasonal and spatial trends in primary and sec-
ondary organic carbon concentrations in southeast Texas,” en, Atmospheric
Environment, vol. 38, no. 20, pp. 3225-3239, Jun. 2004, 1SSN: 13522310. DOIL:
10.1016 /j.atmosenv.2004.03.013. [Online|. Available: https:/ /linkinghub.
elsevier.com /retrieve/pii/S1352231004002018.

156


https://doi.org/10.5194/acp-11-1039-2011
https://acp.copernicus.org/articles/11/1039/2011/
https://acp.copernicus.org/articles/11/1039/2011/
https://doi.org/10.1029/2008JD011493
http://doi.wiley.com/10.1029/2008JD011493
https://doi.org/10.1016/j.atmosenv.2009.02.029
https://doi.org/10.1029/2008JD011697
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2008JD011697
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2008JD011697
https://doi.org/10.1029/2009JD011842
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JD011842
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JD011842
https://doi.org/10.1016/j.atmosenv.2007.08.052
https://linkinghub.elsevier.com/retrieve/pii/S1352231007007546
https://doi.org/10.1016/j.atmosenv.2004.03.013
https://linkinghub.elsevier.com/retrieve/pii/S1352231004002018
https://linkinghub.elsevier.com/retrieve/pii/S1352231004002018

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[455]

(456

457

[458]

459

460

[461]

1462]

[463)

L. A. Garnes and D. T. Allen, “Size Distributions of Organonitrates in Ambient
Aerosol Collected in Houston, Texas,” en, Aerosol Science and Technology,
vol. 36, no. 10, pp. 983-992, Oct. 2002, 1SSN: 0278-6826, 1521-7388. DOI: 10.
1080,/02786820290092186. |Online|. Available: http://www.tandfonline.com/
doi/abs/10.1080,/02786820290092186 (visited on 10/01/2023).

Q. Dai et al., “Seasonal differences in formation processes of oxidized organic
aerosol near Houston, TX,” en, Atmospheric Chemistry and Physics, vol. 19,
no. 14, pp. 9641-9661, Jul. 2019, 1SSN: 1680-7324. DOI: 10.5194 /acp-19-9641-
2019. [Online|. Available: https://acp.copernicus.org/articles/19,/9641/2019/
(visited on 10/01/2023).

I. M. Al-Naiema et al., “Source apportionment of fine particulate matter
in Houston, Texas: Insights to secondary organic aerosols,” en, Atmospheric
Chemustry and Physics, vol. 18, no. 21, pp. 15601-15622, Oct. 2018, 1SSN:
1680-7324. poIL: 10.5194 /acp-18-15601-2018. [Online|. Available: https://acp.
copernicus.org/articles/18/15601/2018/.

H. Zhang and Q. Ying, “Secondary organic aerosol formation and source appor-
tionment in Southeast Texas,” en, Atmospheric Environment, vol. 45, no. 19,
pp. 3217-3227, Jun. 2011, 18SN: 13522310. DOI: 10.1016/j.atmosenv.2011.
03.046. [Online|. Available: https://linkinghub.elsevier.com /retrieve / pii /
S1352231011003177 (visited on 10/01/2023).

N. N. Lata, Z. Cheng, D. Dexheimer, D. Zhang, F. Mei, and S. China, “Vertical
Gradient of Size-Resolved Aerosol Compositions over the Arctic Reveals Cloud
Processed Aerosol in-Cloud and above Cloud,” en, Environmental Science €
Technology, vol. 57, no. 14, pp. 5821-5830, Apr. 2023, 1SSN: 0013-936X, 1520-
5851. DOI: 10.1021 /acs.est.2c09498. [Online|. Available: https://pubs.acs.org/
doi/10.1021 /acs.est.2c09498.

J. Laskin et al., “High-Resolution Desorption Electrospray lIonization Mass
Spectrometry for Chemical Characterization of Organic Aerosols,” en, Ana-
lytical Chemistry, vol. 82, no. 5, pp. 2048-2058, Mar. 2010, 1SsSN: 0003-2700,
1520-6882. pot: 10.1021/ac902801f.

P. J. Roach, J. Laskin, and A. Laskin, “Nanospray desorption electrospray
ionization: An ambient method for liquid-extraction surface sampling in mass
spectrometry,” en, The Analyst, vol. 135, no. 9, p. 2233, 2010, 1SSN: 0003-2654,
1364-5528. DOI: 10.1039/c0an00312c.

A. Laskin, J. Laskin, and S. A. Nizkorodov, “Mass spectrometric approaches
for chemical characterisation of atmospheric aerosols: Critical review of the
most recent advances,” en, FEnvironmental Chemistry, vol. 9, no. 3, p. 163,
2012, 1sSN: 1448-2517. pot: 10.1071/EN12052.

A. Tjaz, W. Kew, S. China, S. K. Schum, and L. R. Mazzoleni, “Molecular
Characterization of Organophosphorus Compounds in Wildfire Smoke Using
21-T Fourier Transform-Ion Cyclotron Resonance Mass Spectrometry,” en,

157


https://doi.org/10.1080/02786820290092186
https://doi.org/10.1080/02786820290092186
http://www.tandfonline.com/doi/abs/10.1080/02786820290092186
http://www.tandfonline.com/doi/abs/10.1080/02786820290092186
https://doi.org/10.5194/acp-19-9641-2019
https://doi.org/10.5194/acp-19-9641-2019
https://acp.copernicus.org/articles/19/9641/2019/
https://doi.org/10.5194/acp-18-15601-2018
https://acp.copernicus.org/articles/18/15601/2018/
https://acp.copernicus.org/articles/18/15601/2018/
https://doi.org/10.1016/j.atmosenv.2011.03.046
https://doi.org/10.1016/j.atmosenv.2011.03.046
https://linkinghub.elsevier.com/retrieve/pii/S1352231011003177
https://linkinghub.elsevier.com/retrieve/pii/S1352231011003177
https://doi.org/10.1021/acs.est.2c09498
https://pubs.acs.org/doi/10.1021/acs.est.2c09498
https://pubs.acs.org/doi/10.1021/acs.est.2c09498
https://doi.org/10.1021/ac902801f
https://doi.org/10.1039/c0an00312c
https://doi.org/10.1071/EN12052

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[464]

[465]

466

[467]

[468]

[469)

[470]

Analytical Chemistry, vol. 94, no. 42, pp. 14 537-14 545, Oct. 2022, 1SSN: 0003-
2700, 1520-6882. DOI: 10.1021 /acs.analchem.2c00916. [Online]. Available:
https://pubs.acs.org/doi/10.1021 /acs.analchem.2c¢00916.

S. K. Schum, L. E. Brown, and L. R. Mazzoleni, “MFAssignR: Molecular
formula assignment software for ultrahigh resolution mass spectrometry
analysis of environmental complex mixtures,” en, Fnuvironmental Research,
vol. 191, p. 110114, Dec. 2020, 1ssN: 00139351. por: 10.1016/j.envres.2020.
110114. |Online]. Available: https://linkinghub.elsevier.com /retrieve / pii /
S0013935120310112.

Z. Cheng et al., “Cloud condensation nuclei activity of internally mixed particle
populations at a remote marine free troposphere site in the North Atlantic
Ocean,” en, Science of The Total Environment, vol. 904, p. 166 865, Dec. 2023,
I1SSN: 00489697. DOI: 10.1016 /j.scitotenv.2023.166865. [Online|. Available:
https://linkinghub.elsevier.com /retrieve /pii/S0048969723054906.

R. C. Moffet, T. Henn, A. Laskin, and M. K. Gilles, “Automated Chemical
Analysis of Internally Mixed Aerosol Particles Using X-ray Spectromicroscopy
at the Carbon K-Edge,” en, Analytical Chemistry, vol. 82, no. 19, pp. 7906—
7914, Oct. 2010, 1SSN: 0003-2700, 1520-6882. DOI: 10.1021 /ac1012909. [Online].
Available: https://pubs.acs.org/doi/10.1021/ac10129009.

M. Fraund, T. Park, L. Yao, D. Bonanno, D. Q. Pham, and R. C. Moffet,
“Quantitative capabilities of STXM to measure spatially resolved organic vol-
ume fractions of mixed organic inorganic particles,” en, Atmospheric Measure-
ment Techniques, vol. 12, no. 3, pp. 1619-1633, Mar. 2019, 1SSN: 1867-8548.
DOI: 10.5194 /amt-12-1619-2019.

D. A. Knopf et al., “Microspectroscopic imaging and characterization of indi-
vidually identified ice nucleating particles from a case field study,” en, Jour-
nal of Geophysical Research: Atmospheres, vol. 119, no. 17, Sep. 2014, 1SSN:
2169-897X, 2169-8996. DOI: 10.1002/2014JD021866. [Online|. Available: https:
/ /agupubs.onlinelibrary.wiley.com/doi/10.1002/2014JD021866.

C. J. Flynn, A. Mendoza, Y. Zheng, and S. Mathur, “Novel polarization-
sensitive micropulse lidar measurement technique,” en, Optics Express, vol. 15,
no. 6, p. 2785, 2007, 1SSN: 1094-4087. poI: 10.1364/OE.15.002785. [Online|.
Available: https://opg.optica.org/oe/abstract.cfm?uri=oe-15-6-2785.

Z. Wang and K. Sassen, “Cloud Type and Macrophysical Property Retrieval
Using Multiple Remote Sensors,” en, Journal of Applied Meteorology, vol. 40,
no. 10, pp. 1665-1682, Oct. 2001, 1SSN: 0894-8763, 1520-0450. pO1: 10.1175/
1520-0450(2001)040<1665: CTAMPR >2.0.CO;2. [Online|. Available: http:
/ /journals.ametsoc.org/doi/10.1175/1520-0450(2001)040<1665: CTAMPR >
2.0.CO;2.

158


https://doi.org/10.1021/acs.analchem.2c00916
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00916
https://doi.org/10.1016/j.envres.2020.110114
https://doi.org/10.1016/j.envres.2020.110114
https://linkinghub.elsevier.com/retrieve/pii/S0013935120310112
https://linkinghub.elsevier.com/retrieve/pii/S0013935120310112
https://doi.org/10.1016/j.scitotenv.2023.166865
https://linkinghub.elsevier.com/retrieve/pii/S0048969723054906
https://doi.org/10.1021/ac1012909
https://pubs.acs.org/doi/10.1021/ac1012909
https://doi.org/10.5194/amt-12-1619-2019
https://doi.org/10.1002/2014JD021866
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014JD021866
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014JD021866
https://doi.org/10.1364/OE.15.002785
https://opg.optica.org/oe/abstract.cfm?uri=oe-15-6-2785
https://doi.org/10.1175/1520-0450(2001)040<1665:CTAMPR>2.0.CO;2
https://doi.org/10.1175/1520-0450(2001)040<1665:CTAMPR>2.0.CO;2
http://journals.ametsoc.org/doi/10.1175/1520-0450(2001)040<1665:CTAMPR>2.0.CO;2
http://journals.ametsoc.org/doi/10.1175/1520-0450(2001)040<1665:CTAMPR>2.0.CO;2
http://journals.ametsoc.org/doi/10.1175/1520-0450(2001)040<1665:CTAMPR>2.0.CO;2

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

|471]

[472]

[473)

474]

[475)

[476]

1477]

1478

479

“The ARM Radar Network: At the Leading Edge of Cloud and Precipitation
Observations,” vol. 101, 18SN: 0003-0007, 1520-0477. pot: 10.1175/BAMS-D-
18-0288.1. |Online|. Available: https://journals.ametsoc.org/view /journals/
bams/101/5/bams-d-18-0288.1.xml.

N. N. Lata et al., “Aerosol Composition, Mixing State, and Phase State of Free
Tropospheric Particles and Their Role in Ice Cloud Formation,” en, ACS FEarth
and Space Chemistry, vol. 5, no. 12, pp. 3499-3510, Dec. 2021, 1SSN: 2472-
3452, 2472-3452. DOI: 10.1021 /acsearthspacechem.1c00315. [Online|. Available:
https:/ /pubs.acs.org/doi/10.1021 / acsearthspacechem.1c00315 (visited on
09/17/2023).

J. M. Tomlin et al., “Chemical imaging of fine mode atmospheric particles
collected from a research aircraft over agricultural fields,” ACS FEarth and
Space Chemustry, vol. 4, no. 11, pp. 2171-2184, 2020.

J. M. Tomlin et al., “Impact of dry intrusion events on the composition and
mixing state of particles during the winter aerosol and cloud experiment in the
eastern north atlantic (ace-ena),” Atmospheric Chemistry and Physics, vol. 21,
no. 24, pp. 18 123-18 146, 2021.

D. Knopf et al., “Aerosol-ice formation closure: A southern great plains field

campaign,” Bulletin of the American Meteorological Society, vol. 102, no. 10,
E1952-E1971, 2021.

A. Wisthaler and C. J. Weschler, “Reactions of ozone with human skin lipids:
Sources of carbonyls, dicarbonyls, and hydroxycarbonyls in indoor air,” en,
Proceedings of the National Academy of Sciences, vol. 107, no. 15, pp. 6568—
6575, Apr. 2010, 1SSN: 0027-8424, 1091-6490. DO1: 10.1073/pnas.0904498106.

K. Dzepina et al., “Molecular characterization of free tropospheric aerosol col-
lected at the Pico Mountain Observatory: A case study with a long-range
transported biomass burning plume,” en, Atmospheric Chemistry and Physics,
vol. 15, no. 9, pp. 5047-5068, May 2015, 1SSN: 1680-7324. DOI: 10.5194 /acp-
15-5047-2015. [Online|. Available: https://acp.copernicus.org/articles/15/
5047/2015/.

“Carbon oxidation state as a metric for describing the chemistry of atmospheric
organic aerosol,” vol. 3, pp. 133-139, Feb. 2011, 1SSN: 1755-4349. DOI: 10.1038/
nchem.948. [Online|. Available: http://www.nature.com /articles/nchem.948.

J. H. Kroll, C. Y. Lim, S. H. Kessler, and K. R. Wilson, “Heterogeneous Ox-
idation of Atmospheric Organic Aerosol: Kinetics of Changes to the Amount
and Oxidation State of Particle-Phase Organic Carbon,” en, The Journal of
Physical Chemistry A, vol. 119, no. 44, pp. 10767-10783, Nov. 2015, ISSN:
1089-5639, 1520-5215. DOI: 10.1021 /acs.jpca.5b06946. [Online|. Available:
https://pubs.acs.org/doi/10.1021/acs.jpca.5b06946.

159


https://doi.org/10.1175/BAMS-D-18-0288.1
https://doi.org/10.1175/BAMS-D-18-0288.1
https://journals.ametsoc.org/view/journals/bams/101/5/bams-d-18-0288.1.xml
https://journals.ametsoc.org/view/journals/bams/101/5/bams-d-18-0288.1.xml
https://doi.org/10.1021/acsearthspacechem.1c00315
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00315
https://doi.org/10.1073/pnas.0904498106
https://doi.org/10.5194/acp-15-5047-2015
https://doi.org/10.5194/acp-15-5047-2015
https://acp.copernicus.org/articles/15/5047/2015/
https://acp.copernicus.org/articles/15/5047/2015/
https://doi.org/10.1038/nchem.948
https://doi.org/10.1038/nchem.948
http://www.nature.com/articles/nchem.948
https://doi.org/10.1021/acs.jpca.5b06946
https://pubs.acs.org/doi/10.1021/acs.jpca.5b06946

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

480

1481]

[482]

483

[484]

485

[486]

[487]

488

M. J. Apsokardu and M. V. Johnston, “Nanoparticle growth by particle-phase
chemistry,” en, Atmospheric Chemistry and Physics, vol. 18, no. 3, pp. 1895—
1907, Feb. 2018, 1SsN: 1680-7324. DOIL: 10.5194 /acp-18-1895-2018. [Online].
Available: https://acp.copernicus.org/articles/18/1895/2018/.

R. A. Zaveri et al., “Particle-Phase Diffusion Modulates Partitioning of
Semivolatile Organic Compounds to Aged Secondary Organic Aerosol,” en,
Environmental Science & Technology, vol. 54, no. 5, pp. 2595-2605, Mar.
2020, 18SN: 0013-936X, 1520-5851. DOI: 10.1021 /acs.est.9b05514. [Online|.
Available: https://pubs.acs.org/doi/10.1021 /acs.est.9b05514.

W. Hu et al., “Oxidation Flow Reactor Results in a Chinese Megacity Empha-
size the Important Contribution of S/IVOCs to Ambient SOA Formation,”
en, Environmental Science & Technology, vol. 56, no. 11, pp. 6880-6893, Jun.
2022, 15SN: 0013-936X, 1520-5851. DOI: 10.1021 /acs.est.1c03155. [Online|.
Available: https://pubs.acs.org/doi/10.1021 /acs.est.1c03155.

Y. Chen et al., “Nonequilibrium Behavior in Isoprene Secondary Organic
Aerosol,” en, Environmental Science € Technology, vol. 57, no. 38, pp. 14 182—
14193, Sep. 2023, 1ssN: 0013-936X, 1520-5851. DOIL: 10.1021 /acs.est.3c¢03532.
[Online|. Available: https://pubs.acs.org/doi/10.1021 /acs.est.3c03532.

A. Goldstein, L. Yee, and N. Kreisberg, “Investigating secondary aerosol pro-
cesses in the amazon through molecular-level characterization of semi-volatile
organics,” Tech. Rep., 2020. DOI: 10.2172/1673764.

M. N. Chan et al., “Influence of aerosol acidity on the chemical composition of
secondary organic aerosol from [S-caryophyllene,” en, Atmospheric Chemistry
and Physics, vol. 11, no. 4, pp. 1735-1751, Feb. 2011, 1SSN: 1680-7324. DOI:
10.5194 /acp-11-1735-2011.

Y. Wang et al., “Secondary reactions of aromatics-derived oxygenated organic
molecules lead to plentiful highly oxygenated organic molecules within an
intraday OH exposure,” Gases/Laboratory Studies/Troposphere/Chemistry
(chemical composition and reactions), preprint, Aug. 2023. DOI: 10.5194 /
egusphere-2023-1702. |Online|. Available: https:/ /egusphere.copernicus.org/
preprints/2023 /egusphere-2023-1702/ (visited on 09/17/2023).

S. Ponnusamy, L. Sandhiya, and K. Senthilkumar, “The atmospheric oxidation
mechanism and kinetics of 1,3,5 trimethylbenzene initiated by OH radicals a
theoretical study,” en, New Journal of Chemistry, vol. 41, no. 18, pp. 10259—
10271, 2017, 1SSN: 1144-0546, 1369-9261. DOT: 10.1039/C7NJ01285C.

C. Parworth et al., “Long-term measurements of submicrometer aerosol chem-
istry at the Southern Great Plains (SGP) using an Aerosol Chemical Speci-
ation Monitor (ACSM),” en, Atmospheric Environment, vol. 106, pp. 43-55,
Apr. 2015, 1SSN: 13522310. DOT: 10.1016/j.atmosenv.2015.01.060. (visited on
10/01,/2023).

160


https://doi.org/10.5194/acp-18-1895-2018
https://acp.copernicus.org/articles/18/1895/2018/
https://doi.org/10.1021/acs.est.9b05514
https://pubs.acs.org/doi/10.1021/acs.est.9b05514
https://doi.org/10.1021/acs.est.1c03155
https://pubs.acs.org/doi/10.1021/acs.est.1c03155
https://doi.org/10.1021/acs.est.3c03532
https://pubs.acs.org/doi/10.1021/acs.est.3c03532
https://doi.org/10.2172/1673764
https://doi.org/10.5194/acp-11-1735-2011
https://doi.org/10.5194/egusphere-2023-1702
https://doi.org/10.5194/egusphere-2023-1702
https://egusphere.copernicus.org/preprints/2023/egusphere-2023-1702/
https://egusphere.copernicus.org/preprints/2023/egusphere-2023-1702/
https://doi.org/10.1039/C7NJ01285C
https://doi.org/10.1016/j.atmosenv.2015.01.060

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

489

[490]

[491]

[492]

493

[494]

[495)

496

M. C. Facchini et al., “Important Source of Marine Secondary Organic Aerosol
from Biogenic Amines,” en, Environmental Science € Technology, vol. 42,
no. 24, pp. 9116-9121, Dec. 2008, 1SSN: 0013-936X, 1520-5851. po1: 10.1021/
es8018385. [Online|. Available: https://pubs.acs.org/doi/10.1021/es8018385.

S. S. Petters et al., “Organosulfates from Dark Aqueous Reactions of Isoprene-
Derived Epoxydiols Under Cloud and Fog Conditions: Kinetics, Mechanism,
and Effect of Reaction Environment on Regioselectivity of Sulfate Addition,”
en, ACS Earth and Space Chemistry, vol. 5, no. 3, pp. 474-486, Mar. 2021, ISSN:
2472-3452, 2472-3452. pOIL: 10.1021 / acsearthspacechem . 0c00293. [Online|.
Available: https://pubs.acs.org/doi/10.1021 /acsearthspacechem.0c00293.

H. Zhang, J. D. Surratt, Y. H. Lin, J. Bapat, and R. M. Kamens, “Effect of
relative humidity on SOA formation from isoprene/NO photooxidation: En-
hancement of 2-methylglyceric acid and its corresponding oligoesters under dry
conditions,” en, Atmospheric Chemistry and Physics, vol. 11, no. 13, pp. 6411—
6424, Jul. 2011, 1sSN: 1680-7324. DOIL: 10.5194 /acp-11-6411-2011. [Online|.
Available: https://acp.copernicus.org/articles/11/6411,/2011/.

Y. Gomez Gonzalez et al., “Characterization of organosulfates from the pho-
tooxidation of isoprene and unsaturated fatty acids in ambient aerosol using
liquid chromatography/ electrospray ionization mass spectrometry,” en, Jour-
nal of Mass Spectrometry, vol. 43, no. 3, pp. 371-382, Mar. 2008, 1SSN: 1076-
5174, 1096-9888. DOI: 10.1002/jms.1329.

Y. Chen et al., “Seasonal contribution of isoprene-derived organosulfates to
total water-soluble fine particulate organic sulfur in the united states,” ACS
Earth and Space Chemistry, vol. 5, no. 9, pp. 2419-2432, 2021.

T. B. Nguyen, J. Laskin, A. Laskin, and S. A. Nizkorodov, “Nitrogen-
Containing Organic Compounds and Oligomers in Secondary Organic Aerosol
Formed by Photooxidation of Isoprene,” en, Environmental Science € Tech-
nology, vol. 45, no. 16, pp. 6908-6918, Aug. 2011, 1ssN: 0013-936X, 1520-5851.
DOIL: 10.1021/es201611n.

S. Su et al., “High Molecular Diversity of Organic Nitrogen in Urban Snow
in North China,” en, Environmental Science & Technology, vol. 55, no. 8,
pp. 4344-4356, Apr. 2021, 1SSN: 0013-936X, 1520-5851. DOI: 10.1021/acs.est.
0c06851. [Online|. Available: https://pubs.acs.org/doi/10.1021 /acs.est.
0c06851.

T. Reemtsma et al., “Identification of Fulvic Acids and Sulfated and Nitrated
Analogues in Atmospheric Aerosol by Electrospray Ionization Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometry,” en, Analytical Chemistry,
vol. 78, no. 24, pp. 8299-8304, Dec. 2006, 1ssN: 0003-2700, 1520-6882. DOI:
10.1021 /ac061320p. [Online|. Available: https://pubs.acs.org/doi/10.1021/
ac061320p.

161


https://doi.org/10.1021/es8018385
https://doi.org/10.1021/es8018385
https://pubs.acs.org/doi/10.1021/es8018385
https://doi.org/10.1021/acsearthspacechem.0c00293
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00293
https://doi.org/10.5194/acp-11-6411-2011
https://acp.copernicus.org/articles/11/6411/2011/
https://doi.org/10.1002/jms.1329
https://doi.org/10.1021/es201611n
https://doi.org/10.1021/acs.est.0c06851
https://doi.org/10.1021/acs.est.0c06851
https://pubs.acs.org/doi/10.1021/acs.est.0c06851
https://pubs.acs.org/doi/10.1021/acs.est.0c06851
https://doi.org/10.1021/ac061320p
https://pubs.acs.org/doi/10.1021/ac061320p
https://pubs.acs.org/doi/10.1021/ac061320p

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

1497]

498

499

[500]

[501]

502

503

[504]

Y. Ye, H. Zhan, X. Yu, J. Li, X. Wang, and Z. Xie, “Detection of organosulfates
and nitrooxy-organosulfates in Arctic and Antarctic atmospheric aerosols, us-
ing ultra-high resolution FT-ICR mass spectrometry,” en, Science of The Total
Environment, vol. 767, p. 144 339, May 2021, 1SSN: 00489697. por: 10.1016/
j.scitotenv.2020.144339. |Online|. Available: https://linkinghub.elsevier.com /
retrieve /pii/S0048969720378700.

K. Wang et al., “Urban organic aerosol composition in eastern China differs
from north to south: Molecular insight from a liquid chromatography mass
spectrometry orbitrap study,” en, Atmospheric Chemistry and Physics, vol. 21,
no. 11, pp. 9089-9104, Jun. 2021, 1sSN: 1680-7324. DOIL: 10.5194 /acp-21-9089-
2021. [Online|. Available: https://acp.copernicus.org/articles/21/9089,/2021/.

S. L. Lewis, G. Saliba, L. M. Russell, P. K. Quinn, T. S. Bates, and M. J.
Behrenfeld, “Seasonal Differences in Submicron Marine Aerosol Particle Or-
ganic Composition in the North Atlantic,” Frontiers in Marine Science, vol. 8,
p. 720208, Sep. 2021, 1SSN: 2296-7745. DOIL: 10.3389/fmars.2021.720208.

S. Liu, J. E. Shilling, C. Song, N. Hiranuma, R. A. Zaveri, and L. M. Rus-
sell, “Hydrolysis of Organonitrate Functional Groups in Aerosol Particles,” en,
Aerosol Science and Technology, vol. 46, no. 12, pp. 1359-1369, Dec. 2012, ISSN:
0278-6826, 1521-7388. DOI: 10.1080/02786826.2012.716175. [Online|. Available:
http://www.tandfonline.com/doi/abs/10.1080/02786826.2012.716175.

R. D. Cook et al., “Biogenic, urban, and wildfire influences on the molecular
composition of dissolved organic compounds in cloud water,” en, Atmospheric
Chemistry and Physics, vol. 17, no. 24, pp. 1516715180, Dec. 2017, 1SSN:
1680-7324. DOI: 10.5194 /acp-17-15167-2017. [Online|. Available: https://acp.
copernicus.org/articles/17/15167,/2017/.

Q. Xie et al., “Molecular characterization of firework-related urban aerosols
using Fourier transform ion cyclotron resonance mass spectrometry,” en, At-
mospheric Chemistry and Physics, vol. 20, no. 11, pp. 6803—6820, Jun. 2020,
ISSN: 1680-7324. DOI: 10.5194 /acp-20-6803-2020. |Online|. Available: https:
/ Jacp.copernicus.org/articles/20,/6803/2020/ (visited on 10/01/2023).

Q.-F. He et al., “Organosulfates from Pinene and Isoprene over the Pearl River
Delta, South China: Seasonal Variation and Implication in Formation Mech-
anisms,” en, Environmental Science & Technology, vol. 48, no. 16, pp. 9236—
9245, Aug. 2014, 1ssN: 0013-936X, 1520-5851. DOI: 10.1021 /es501299v. [On-
line]. Available: https://pubs.acs.org/doi/10.1021 /es501299v (visited on
09/17/2023).

Y. Wang et al., “Comparative Study of Particulate Organosulfates in Contrast-
ing Atmospheric Environments: Field Evidence for the Significant Influence of
Anthropogenic Sulfate and NO,,” en, Environmental Science & Technology
Letters, vol. 7, no. 11, pp. 787794, Nov. 2020, 1SSN: 2328-8930, 2328-8930.
DOI: 10.1021 /acs.estlett.0c00550.

162


https://doi.org/10.1016/j.scitotenv.2020.144339
https://doi.org/10.1016/j.scitotenv.2020.144339
https://linkinghub.elsevier.com/retrieve/pii/S0048969720378700
https://linkinghub.elsevier.com/retrieve/pii/S0048969720378700
https://doi.org/10.5194/acp-21-9089-2021
https://doi.org/10.5194/acp-21-9089-2021
https://acp.copernicus.org/articles/21/9089/2021/
https://doi.org/10.3389/fmars.2021.720208
https://doi.org/10.1080/02786826.2012.716175
http://www.tandfonline.com/doi/abs/10.1080/02786826.2012.716175
https://doi.org/10.5194/acp-17-15167-2017
https://acp.copernicus.org/articles/17/15167/2017/
https://acp.copernicus.org/articles/17/15167/2017/
https://doi.org/10.5194/acp-20-6803-2020
https://acp.copernicus.org/articles/20/6803/2020/
https://acp.copernicus.org/articles/20/6803/2020/
https://doi.org/10.1021/es501299v
https://pubs.acs.org/doi/10.1021/es501299v
https://doi.org/10.1021/acs.estlett.0c00550

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

[505]

[506]

507]

[508]

[509]

[510]

[511]

[512]

C. Faxon, J. Hammes, M. Le Breton, R. K. Pathak, and M. Hallquist,
“Characterization of organic nitrate constituents of secondary organic
aerosol (SOA) from nitrate-radical-initiated oxidation of limonene using
high-resolution chemical ionization mass spectrometry,” en, Atmospheric
Chemistry and Physics, vol. 18, no. 8, pp. 5467-5481, Apr. 2018, ISSN:
1680-7324. por: 10.5194 /acp - 18- 5467 - 2018. [Online|. Available: https:
//acp.copernicus.org/articles/18 /5467/2018/ (visited on 09/17/2023).

L. Huang et al., “Biogenic and Anthropogenic Contributions to Atmospheric
Organosulfates in a Typical Megacity in Eastern China,” en, Journal of Geo-
physical Research: Atmospheres, vol. 128, no. 17, €2023JD038848, Sep. 2023,
ISSN: 2169-897X, 2169-8996. DOT: 10.1029/2023JD038848. |Online|. Available:
https://agupubs.onlinelibrary.wiley.com /doi/10.1029,/2023JD038848 (visited
on 09/17/2023).

D. J. Bryant et al., “Biogenic and anthropogenic sources of isoprene and
monoterpenes and their secondary organic aerosol in Delhi, India,” en, At-
mospheric Chemistry and Physics, vol. 23, no. 1, pp. 61-83, Jan. 2023, ISSN:
1680-7324. poI: 10.5194 /acp-23-61-2023. [Online|. Available: https:/ /acp.
copernicus.org/articles/23/61/2023/.

R. Schmedding et al., “Predicting secondary organic aerosol phase state and
viscosity and its effect on multiphase chemistry in a regional-scale air quality
model,” Atmospheric chemistry and physics, vol. 20, no. 13, pp. 8201-8225,
2020.

M. Riva et al., “Increasing isoprene epoxydiol-to-inorganic sulfate aerosol ra-
tio results in extensive conversion of inorganic sulfate to organosulfur forms:
Implications for aerosol physicochemical properties,” Environmental science &
technology, vol. 53, no. 15, pp. 8682-8694, 2019.

N. E. Rothfuss and M. D. Petters, “Influence of functional groups on the
viscosity of organic aerosol,” Environmental science € technology, vol. 51, no. 1,
pp. 271-279, 2017.

P. E. Ohno et al., “Gas-Particle Uptake and Hygroscopic Growth by
Organosulfate Particles,” en, ACS FEarth and Space Chemistry, vol. 6,
no. 10, pp. 2481-2490, Oct. 2022, 1SSN: 2472-3452, 2472-3452. pO1: 10.1021/
acsearthspacechem.2c00195. [Online|. Available: https://pubs.acs.org/doi/10.
1021 /acsearthspacechem.2c00195.

D. A. Knopf, P. A. Alpert, and B. Wang, “The Role of Organic Aerosol in
Atmospheric Ice Nucleation: A Review,” en, ACS Earth and Space Chemistry,
vol. 2, no. 3, pp. 168-202, Mar. 2018, 1SSN: 2472-3452, 2472-3452. DOL: 10.
1021 /acsearthspacechem.7b00120. [Online|. Available: https://pubs.acs.org/
doi/10.1021 /acsearthspacechem.7b00120.

163


https://doi.org/10.5194/acp-18-5467-2018
https://acp.copernicus.org/articles/18/5467/2018/
https://acp.copernicus.org/articles/18/5467/2018/
https://doi.org/10.1029/2023JD038848
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038848
https://doi.org/10.5194/acp-23-61-2023
https://acp.copernicus.org/articles/23/61/2023/
https://acp.copernicus.org/articles/23/61/2023/
https://doi.org/10.1021/acsearthspacechem.2c00195
https://doi.org/10.1021/acsearthspacechem.2c00195
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00195
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00195
https://doi.org/10.1021/acsearthspacechem.7b00120
https://doi.org/10.1021/acsearthspacechem.7b00120
https://pubs.acs.org/doi/10.1021/acsearthspacechem.7b00120
https://pubs.acs.org/doi/10.1021/acsearthspacechem.7b00120

CHAPTER 4 — CHEMICAL INSIGHTS INTO MOLECULAR COMPOSITION OF
ORGANIC AEROSOLS IN THE URBAN REGION OF HOUSTON, TEXAS

513

[514]

[515]

[516]

M. J. Wolf et al., “A biogenic secondary organic aerosol source of cirrus ice
nucleating particles,” en, Nature Communications, vol. 11, no. 1, p. 4834, Oct.
2020, 1SSN: 2041-1723. DOI: 10.1038 /s41467-020-18424-6. [Online|. Available:
https://www.nature.com/articles/s41467-020-18424-6.

W. Schimmel et al., “Identifying cloud droplets beyond lidar attenuation from
vertically-pointing cloud radar observations using artificial neural networks,”
Clouds/Remote Sensing/Data Processing and Information Retrieval, preprint,
May 2022. pOI: 10.5194 /amt-2022-149. |Online|. Available: https://amt.
copernicus.org/preprints/amt-2022-149 /amt-2022-149.pdf.

C. M. Fajardo-Zambrano et al., “Lidar and radar signal simulation: Stability
assessment of the aerosol-cloud interaction index,” Remote Sensing, vol. 14,
no. 6, p. 1333, 2022.

C. Maloney et al., “The Balance Between Heterogeneous and Homogeneous
Nucleation of Ice Clouds Using CAM5/CARMA” en, Journal of Geophysical
Research: Atmospheres, vol. 127, no. 6, €2021JD035540, Mar. 2022, ISSN: 2169-
897X, 2169-8996. poI: 10.1029/2021JD035540. [Online]. Available: https://
agupubs . onlinelibrary . wiley. com / doi / 10.1029 / 2021JD035540 (visited on
09/17/2023).

164


https://doi.org/10.1038/s41467-020-18424-6
https://www.nature.com/articles/s41467-020-18424-6
https://doi.org/10.5194/amt-2022-149
https://amt.copernicus.org/preprints/amt-2022-149/amt-2022-149.pdf
https://amt.copernicus.org/preprints/amt-2022-149/amt-2022-149.pdf
https://doi.org/10.1029/2021JD035540
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JD035540
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JD035540

Chapter 5

Conclusion and Future Work

Contributions: The introduction was written by Tania Gautam with review and

feedback by Dr. Ran Zhao.

165
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5.1 Thesis Summary

The goals of this thesis are firstly to resolve molecular ambiguity of aqueous ROOHs
and elucidate their novel formation processes by applying the reactive LC technique,
secondly, to determine the extent to which the conventional approach to the chemical
derivatization technique can be compromised under the deliberate introduction of ar-
tifacts during quantification of peroxides, and lastly, to apply a robust and versatile
advanced HRMS technique to characterize a wide range of particle-bound organics
(i.e., ROS, OS, ON) in ambient aerosol samples and elucidate the impact of me-
teorological parameters. Starting with Chapter 2, I investigated the emergence of
bulk-phase aqueous ROOHs during photooxidation of a wide range of WSOCs. More
specifically, a straight chain unsaturated OAc was photooxidized to allow structural
prediction of newly formed HOMs with multiple OOH groups. This unique strategy
combined with a reactive LC approach has assisted in the selective determination
of ROOHs in an aqueous mixture of other compounds such as carbonyls, carboxylic
acids etc. Through this study, we have attempted to raise the question if autoxidation
can be an important reaction pathway to facilitate the formation of aqueous-phase
ROOHs. However, despite our strategic experimental approach, it is evident that the
lack of online measurements has made it difficult to conclusively rely on autoxidation
as a major reaction pathway for aqueous-phase ROOHs. However, the experimental
parameters (e.g., concentration, wavelength) studied may have broader implications
regarding the conditions favourable to the formation of aqueous ROOHs in future lab-
oratory investigations. Throughout Chapter 3, I have investigated the experimental
limits of the conventional iodometry method, which is known to undergo interfer-
ences from reducing agents such as OEs. This halogen chemistry has been widely
used in food chemistry to determine the degree of unsaturation.[517, 518] Up until
the application of iodometry in atmospheric matrices,[170] there has never been any
systematic investigation to determine if olefinic compounds can cause interference
to underestimate total peroxide content. With this study, I have examined a wide
variety of unsaturated organic compounds including aromatics, straight-chain unsat-
urated acids and aliphatics. Our results show that linear unsaturated compounds can

react with halogen species such as I - a key intermediate in iodometry. However, this
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underestimation in peroxide content will occur during extended periods of bench re-
action and relatively higher concentrations (>500 uM) of olefinic compounds. I have
determined that in the case of atmospheric samples including complex mixtures of
SOA, it is unlikely that olefinic concentrations will reach the level of causing interfer-
ence with the conventional iodometry approach. Thus, this study showed that while
atmospheric samples would largely be safe from the bias caused during iodometric
reduction of peroxides, indoor surfaces, food and lipids need further careful evalua-
tion when peroxide content is being determined with this method. In Chapter 4, I
have adopted a broader approach to understanding the role of ROS and sulfate/ni-
trate enriched particle-bound species in ambient aerosol samples. Complementary,
to separation-based techniques that have been utilized in Chapters 2 and 3, here I
have adopted a far more robust analytical approach, i.e., nano-DESI-HRMS which
bypasses any sample preparation steps and allows analysis of a wide range of organic
compounds with ESI-a soft ionization source,[519] thereby minimizing potential losses
of labile compounds. Through this study, I have determined that sulfate/nitrate en-
riched species are more episodic during day-to-day comparisons, with meteorological
factors such as wind direction playing a determining role in the emergence of OSs.
Furthermore, photochemical processing may be alluding to the dominance of ONs.
There could likely be potential CHO compounds with peroxy functionality, however,
the application of chemical derivatization techniques (e.g., iodometry) to resolve the

molecular ambiguity is difficult in complex matrices with high salt concentrations.

5.2 Challenges Ahead

5.2.1 Research on ROS and OS/ON

Climate change exacerbates the adverse effects of air pollutants by influencing re-
gional pollutant concentrations through various mechanisms such as increased wild-
fires,[520| changes in precipitation patterns,[521] and T induced photochemical re-
actions of VOCs.[522] Peroxides, which regulate atmospheric oxidative capacity, and
OS/ON, which significantly contribute to secondary organic aerosol (SOA) formation,
are key drivers of air pollution.[523, 524] While fundamental laboratory studies have

advanced our understanding of the molecular complexity of particle-bound ROS like
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peroxides,[170, 525| considerable ambiguity remains regarding their formation mech-
anisms in atmospheric aqueous media, such as cloud water. Specifically, challenges
associated with sensitive determination of peroxides, OS/ON remain due to: (i) chem-
ical diversity i.e., complex formation pathways with multiple precursors,|526] (ii) lack
of quantitative analysis because of low concentrations,[527] (iii) chemical instability
during sampling and analysis,|71, 425] and (iv) matrix interferences by inorganic con-
stituents.[184, 185| In general, offline chemical derivatization techniques (utilized in
Chapters 2 and 3) offer unparalleled insights into reactive constituents (e.g., perox-
ides, 0S),[528, 529| while direct MS techniques such as nano-DESI-HRMS provide

bulk analysis of most organic constituents with minimal degradation losses.|530|

5.2.2 Aqueous Formation Mechanisms

Atmospheric aqueous media (e.g., cloud water, fog droplets) is home to a diverse ar-
ray of constituents including oxidants (OH, HyOs, 1O, 3C*),[101] antioxidants (O™,
Fe?"),[212, 531] and anthropogenic gaseous components (e.g., SOz, NO,)|532, 533]
In general, these constituents can influence reaction pathways including autoxida-
tion to yield HOMs such as peroxides.[534] Throughout our discussion in Chapter
2, we raised the question if the rapid formation of HOMs (e.g., ROOHs) could be
attributed to a never-before elucidated autoxidation mechanism, which may be in-
hibited or promoted by these aqueous constituents, adding complex radical pathways
(e.g., RO2/OH).[535, 536] We considered specific roles that the majority of aqueous
species can play in facilitating ROOH formation. For instance, TMIs, O,~. can inad-
vertently facilitate catalytic recycling of HO, radicals, 'Os can selectively react with
electron-rich compounds, suppressing OH oxidation pathways, 3C* - an important
aqueous-phase oxidant with its relatively comparable concentration than OH radi-
cals,[99, 109, 537, 538| is the most likely candidate to inhibit autoxidation through
H-abstraction of target compounds. Gaseous components such as NO, have low water
solubility (Ky = 1.2 x 1072 M atm™') and are less likely to interfere with autoxi-
dation, however SO, with high water solubility (Kg = 2.3 x10? M~! atm)[532, 539,
540] can be a sink for autoxidation-initiated peroxides which can facilitate oxidation
of inorganic sulfur leading to aqueous OSs.[66, 73, 541, 542] In all scenarios, it is

clear that while autoxidation can be a dominant reaction pathway to initiate per-
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oxide formation in bulk aqueous media, this cannot be determined indiscriminately
from offline derivatization assisted LC-MS techniques adopted in our study. In partic-
ular, radical intermediates such as RO, formed via intramolecular H-abstraction|536,
543] are the key to examine the reaction pathways yielding peroxides. To exclusively
measure these intermediates, electron paramagnetic resonance (EPR) spectroscopy
can be used to allow direct detection of free radicals such as OH, ROy in complex
systems. We have shared some preliminary results on applying EPR to detect free

radicals in Section 5.3.2.

5.3 Proposed Research Venues

5.3.1 HOMs Formation in Photochemical Oxidation of Fires
Emission

Fires occurring at the urban-wildland interface (UWI) can be fueled by both an-
thropogenic (e.g., plastic) and biogenic (e.g., biomass) materials, further depreciating
air quality and imposing a burden on public health.[544, 545] OAs emitted during
these fires are known to be composed of a wide range of organic compounds including
aromatics (e.g., benzene, toluene), polyaromatics, alkanes, plasticizers, sugars and
many more.[546, 547| Despite extensive research into the characterization of organic
compounds emerging from biomass-burning fires, UWI fires are highly complex and
challenging when discerning the formation pathways and physico-chemical properties
of HOMs. In particular, determining reaction mechanisms and kinetics regarding the
formation of HOMs is challenging due to: (i) the chemical complexity of the matrix,
making it difficult to isolate and characterize specific formation pathways,|548](ii)
the transient nature of combustion, leading to rapid transformation in composition
and concentration of emitted species,[549| (iii) limited experimental data for control
combustion analysis of HOMs,[550] (iv) low concentrations and shorter lifetimes of
crucial intermediates (e.g., 5-or 6-membered RO, cyclic state),[551] and (v) ambient
conditions such as T, RH and solar radiation, influencing the formation of oxygenated
derivative during oxidation of aromatics.[552| Thus, the atmospheric burden of HOMs
emerging from photochemical oxidation during UWTI fires can be better understood.

Currently, the magnitude and mechanism of HOM formation from fire emissions re-
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main unclear. In particular, the formation of peroxides from aqueous-phase autoxida-
tion of aromatic precursors is lacking. From our work in Chapter 2, the aqueous-phase
formation of ROOHs from various OAcs inspired us to investigate their formation
from complex precursors such as aromatic compounds. Recent evidence on gas-phase
oxidation of aromatic hydrocarbons indicate the formation ROOHs,[156] with some
pointing towards ROs/HO, radical chemistry as major facilitator for generation of
HOMs.[553, 554] A future study can be conducted with an aim to systematically
study the evolution of oxygenated derivatives by using simpler aromatics as model
compounds by pursuing their oxidation in the aqueous-phase. In the past decade there
has been a perception that the formation of HOMs from aromatic precursors would
not undergo autoxidation,[555] however recently we have seen a shift in this percep-
tion evidencing autoxidation as facilitator for the formation of HOMs.|555, 556] While
there are numerous studies evidencing gas-phase autoxidation-initiated formation of
HOMs from aromatic precursors,|529, 553, 554, 557, 558| there is no such evidence in
aqueous-phase. We hypothesize that photochemical oxidation of aromatics may yield
aqueous ROOHs whose formation mechanisms will be vastly contrasting to simpler
OAcs. Moreover, the iodometry-assisted LC-MS method applied in Chapter 2 may
be advantageous to selectively identify the aqueous ROOHs emerging from aromatic
precursors.

Benzoic acid (BNA, CgH;COOH) is a simple aromatic acid found in vehicle exhausts
with its aqueous concentration reaching 0.3 ng.m ™ in the Indo-Gangetic Plain.[559,
560] BNA is a known catalyst enhancing nucleation of sulfuric acid contributing to
new particle formation.[559, 561| Given that aromatic compounds tend to undergo
different H-abstraction mechanisms during autoxidation,|562| we explored the forma-
tion of aqueous ROOHs emerging during photooxidation of BNA via application of
iodometry-assisted LC-MS method. Figure 5.1 shows the preliminary data for a first-
generation ROOH (m/z 153, C;HgO4). This data opens new avenues for exploring
autoxidation in water-soluble aromatic compounds. Future studies should further
incorporate field campaigns with targeted analysis of HOMs in atmospheric aqueous

media via the application of advanced analytical techniques.
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Figure 5.1: Extracted Ion Chromatogram (EIC) of ROOH from aromatic precursor
(i.e., benzoic acid). First-generation ROOH observed at m/z 153 (|C;HgO4)-H| 7).
lodometry control (ID-C) indicated oxidized sample aliquot without addition of KI
while iodometry treatment (ID-T) indicated a sample with KI.

5.3.2 Crucial Radical Intermediates

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique used to
study paramagnetic species including free radicals in various systems.[563| In atmo-
spheric chemistry, understanding the fate, transformation and formation of RO, rad-
icals is critical in determining their role in atmospheric oxidation processes.[210] ROq
radicals propagate the formation of crucial oxidative derivatives during the autoxida-
tion of VOCs, thus playing a significant role in the creation of SOA and influencing
both climate and health outcomes.[367] Conventional MS-based approaches provide
valuable information in assessing products of RO chemistry but are often limited
in allowing direct detection and quantification of free radicals.[564] In Chapter 2, we
observed the formation of aqueous ROOHs, but the lack of radical measurements
hindered our assertion on differentiating between autoxidation and ROy/OH radical

chemistry. The application of EPR spectroscopy offers a unique opportunity to over-
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come these limitations and pursue sensitive determination of RO, radicals, especially
in real-time atmospheric conditions. We propose a future study based on an EPR
approach to sensitively determine oxy-radical species and their reaction mechanisms
during the photochemical oxidation of water-soluble species. Specific objectives of
this research are: (i) development of an EPR technique to detect and quantify RO,
radicals in the aqueous-phase, (ii) determine the lifetime of RO, radicals under vary-
ing oxidant and precursor concentrations, (iii) qualitatively determine RO, radicals
originating from simple organic acids and complex aromatics, i.e., comparative anal-
ysis of biogenic and anthropogenic sources, and (iv) translate experimental results
to field campaigns. Currently, two EPR approaches are adopted for free radical de-
termination in particulate matter, i.e., direct determination and solvent extraction
method.[565] As a case study, we have applied EPR for determination of varying
radicals emerging from combustion of polymeric precursor such as plastic. Figure 5.2
demonstrates OH and RO,/RO radical profiles acquired via 5-diethoxyphosphoryl-
5-methyl-1-pyrroline N-oxide (DEPMPO) as a spin trap. This technique opens new
avenues for in-situ radical determination to understand the formation mechanisms
behind HOMs. Future studies should assess the applicability of EPR-based method-
ologies for sensitive radical determination and acquire kinetics/reaction mechanisms

pertaining to the aqueous formation of oxygenated derivatives such as peroxides.
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Figure 5.2: EPR profile for radicals found in the combustion of the anthropogenic
source. (A) OH radical profile is compared with a blank air sample. (B) RO5/RO
radical mixture from plastic emission PM is characterized by ACN as a trapping
solvent.
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5.3.3 Halogen Chemistry

OEs or alkenes are a class of unsaturated hydrocarbons which are widely used in in-
dustrial processes including polymer production and fuel synthesis.[566, 567| Indoor
environments serve as reservoirs for VOCs including OEs, originating from sources
such as cooking, heating, and cleaning products.|[568| Indoor surfaces such as car-
pets, and hard floors represent interesting matrices with >20% olefinic content by
mass.[569] Indoor OEs can undergo oxidation by oxidants such as Oz, ROS, thereby
propagating the formation of indoor ROOHs.[570] As such, understanding the preva-
lence and distribution of indoor OEs is crucial for assessing indoor air quality and
its impact on human health.[571] Currently, there is a scarcity of data on the long-
term fate and transport of OEs within indoor environments.|572] Additionally, there
is limited knowledge of the mechanisms governing their adsorption, desorption and
reactions on indoor surfaces, which impedes accurate modelling and prediction of
indoor air pollutants.|573| Therefore, developing a sensitive analytical method for
the determination of indoor OEs can aid in mitigating indoor air pollution and pub-
lic health management.[574] Through our detailed observations in Chapter 3, we
affirmed that halogens such as I, can selectively react with aliphatic unsaturated
organic compounds while aromatic compounds exhibit slow decay over 24 hours of
reaction time.|575| Interestingly, this reaction can be utilized as a possible method
to determine the olefinic content in indoor matrices, especially since these olefinic
precursors can be a source for ROOHs.[576] Furthermore, halogen specificity can be
probed with molecular bromine (Bry), but due to its environmental toxicity, Iy may
prove to be a safe agent. Thus, a research project designed for targeted analysis of
indoor OEs can assist in understanding the dynamic transformation of these pollu-
tants. Moreover, exploring halogenating agents or derivatization reactions can offer
enhanced sensitivity and specificity for OE detection methods, thereby opening new

avenues for analytical chemistry.

5.3.4 Role of Viscosity and Altitude

Ambient aerosols are complex mixtures of solid or liquid suspended particles, with a

diverse array of organic and inorganic compounds.[577] Amongst the organic com-
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pounds, peroxides, OSs and ONs play crucial roles in altering aerosol properties
such as viscosity, hygroscopicity.[49, 578-580] Chemical derivatization assisted LC-MS
techniques have provided molecular specificity with regards to speciation of peroxides,
however for characterization of OS/ON, these methods are often time-consuming,
prone to artifacts/matrix effects and physico-chemical analyte losses.[187] In Chap-
ter 4, to maintain sample integrity, nano-DESI-HRMS was utilized to deconvolute
molecular speciation of particle-bound organics in ambient aerosol samples. Details
on molecular composition indicated a mixture of organic acids, OS, ON and perhaps
peroxides. While molecular characterization assists in determining the volatility of
identified species, the information acquired in Chapter 4 can be further disseminated
to predict viscosity trends. In particular, diurnal trends in OA composition can influ-
ence phase state.[508] The Viscosity of OA is essential to determining and predicting
their atmospheric impact.|581] Glass transition temperature (Tg) is a known param-
eter that can be used to determine the viscosity of OAs. Specifically, if the ambient
temperature is less than Tg, particles are more likely to exhibit a solid glass-like
phase state and liquid if Tg is below ambient temperature.[582| From the data pro-
vided in Chapter 4, we can further determine the viscosity of OAs in each day and
night. Lastly, we can further characterize OA composition as a function of altitude.
In particular, the TRACER-ARM campaign utilizes a tethered balloon system 1.5
km above ground level and below clouds in clear air. Determining OA composition
above and below the boundary layer can be important to consider the development
of the convective boundary layer|583] and understand the contribution of hygroscopic

species such as OS/ON in leading to convective cloud formation.
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Appendix A: Chapter 2

Supplementary information for Chapter 2

A.1 Synthesis of Limononic Acid (LMA)

Limononic acid was synthesized as per the procedure outlined by Witkowski et
al.[222]. Briefly, 10 mM aqueous solution of CPA was irradiated with UVB light for
90 min using a photoreactor. The irradiated solution was analyzed using Agilent
HPLC-UV (G1312A). A Kinetex column (2.6 pm particle size, 100A, 150 x 4.1
mm) was utilized for optimum separation. The gradient elution constituting 0.1%
formic acid (FA) in Acetonitrile (B) and 0.1% FA in water (A) with 500 uL injection
volume was as follows: 0-0.5 min 15% B, 0.5-17 min linear gradient to 40% B, 17-18
min linear gradient to 90% B, 18-19 min isocratic 90%, 19.5 min 15% B, 19.5-25
min 15% B and 25.0-29.0 min 1% B. VWD detector was set at a wavelength of 283
nm and chromatographically separated aliquots were manually collected in a glass
vial and freeze-dried overnight. The purified white powder was stored in the fridge
before analysis. The structure of LMA was confirmed with 'H NMR as presented
in Figure A.1 (S1.1). Although we observed complexity in lower chemical shifts to
assign methyl (-CHy and -CHj) protons, the doublet at 4.8 ppm represented the
allylic protons unique to LMA. An online predictor tool (NMRdb) was utilized to
rank the proton shifts as shown in Figure A.1 (S1.2). Similar chemical shifts are also

observed in the work of Witkowski and Lignell et al.[222, 584|
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Figure A.1: Determination of the purity of LMA using HPLC-UV and 'H NMR.
(S1.1) Chromatogram of CPA, irradiated CPA solution and purified LMA at 283 nm.
(S1.2) '"H NMR of the synthesized and purified LMA in CDCl;.

A.2 Experimental Conditions for Photooxidation of
Organic Acids

Table A.1 is a brief summary of the conditions applied during the photooxidation of

organic acids (OAcs).
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Table A.1: Experimental conditions used for photooxidation of OAcs.

[OAcs]*  [Hy0,]" e :
Compounds UV (nm) Irradiation time (min)
(iM)  (mM)
179 d UVB 0-15
1 0-25
358 5 UvB 0-15
10 0-15
7-OE
) [AY@; 0-5
358
150 UVA 0-33
700 0-15
) UvVB
1000 0-25
1-OA 358
LMA 150 5 UVB 0-15
PNA 100

@ refers to final concentrations in the quartz vial prior to irradiation;

A.3 Sample Analysis

A.3.1 Method Controls

The experimental conditions in the iodometry protocol and to examine possible in-
terfering reactions are outlined in Table A.2. First, we examined the suppression
caused by iodide ion (I7) in the ion signal intensity of our internal standards. This
was achieved by reducing the concentration of I~ from 60 mM to 6 mM in the ID-T
treated sample while keeping all other conditions identical. The results from this
experiment are discussed in Section A.3.2. Second, to eliminate the possibility that
newly formed ROOHs would experience matrix effects due to side reactions between
olefins and molecular iodine (I),[183] we investigated the reactivity of newly formed
ROOHs with I,. Briefly, the oxidized aqueous solution of OAc and HyO5 was treated

under I,-C and I,-T conditions. The concentration estimation of aqueous I is de-
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scribed elsewhere.[183] The results on these investigations are provided in Section

A.3.2.
Table A.2: Controls for iodometry protocols.

Reagent ID-C* ID-T® I,-C°¢ I,-T¢
Sample (mL) 0.840  0.840  0.500 0.500
KI (mM) : 60 ; ;
Acetic acid (mM) 30 30 30 30

12 (uM) ; . ; 620
Internal standard (uM) 15 15 30 30

¢ jodometry-control;

b jodometry-treated;
¢ iodine-control;
4 jodine-treated;

To illustrate that the formation of expected ROOHs is solely due to OH reaction,
we performed additional control experiments as outlined in Table A.3. The aliquots
from each control condition were treated as per the iodometry protocol. From these
control experiments, we inferred that the formation of products did not occur without
OH radical initiation and respective precursor in the aqueous mixture.

Table A.3: Experimental controls for photooxidation.

Precursors
Controls UV lamp
H202 OAc
H,0O5 control No Yes Yes
Method blank  Yes No Yes

Instrumental Parameters:
For optimum separation of products from varying OAcs, gradient elution was carried
out using 0.1% FA in water (A) and 0.1% FA in ACN (B). The gradient applied was
as follows: initial 1% B for 1 min, linear gradient from 1% to 95% B for 5 min, hold

1 min for 95% B and decrease to 1% B at 0.5 min. (-)ESI polarity was used based on
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the following conditions: capillary voltage, 3200V; fragmentor voltage, 125 V; drying
gas, 9.0 L min~—! at 325 °C; and nebulizer pressure, 20 psi. Experimental analysis for
interference with molecular iodine (I;) was performed on the waters QTOF HPLC-
MS instrument. A C18 (Kinetex 2.6 um particle size, 100A, 50 x 2.1 mm) column
was used. The gradient elution program with 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B) was as follows: 0.0-0.5 min 1% B, increase to 25% B
for 2.0 min, 35% B for 4.0 min, increase to 55% B at 6.0 min, hold for 95% B at
7.0-7.5 min and decrease to 1% B at 8.0-12.0 min. 2 uL sample was injected using
Agilent 1200 series autosampler (G1312B).

A.3.2 Potential Interferences

Figure A.2 compares the (-)ESI-EIC for specific mass-to-charge ratios (m/z) in the
deprotonated forms. Figure A.2 (5S2.1) shows a comparison of EIC for AZA at m/z
187 between ID-C and ID-T samples. These experiments were performed with 10
times reduced concentration of I7. We observed a negligible change in the ion signal
intensity, thereby confirming the non-reactivity of AZA. This result also shows that
ion suppression induced by I~ is negligible. Figure A.2 (52.2) compares EIC for the
first-generation hydroperoxide from 7-OE at m/z 191 between I,-C and I,-T samples.
Based on Figure A.2 (S2.2), we observed no change in the signal intensity, indicating
that the newly formed hydroperoxides does not contain any C=C bonds and hence

would not experience I, interference.[183]
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Figure A.2: Examination of Extracted Ion Chromatograms (EICs) for possible inter-

ferences due to ionization suppression and side reactions. The EICs are represented
in [M-H|~ format for specific m/z. (S2.1) EIC for AZA at m/z 187; (S2.2) EIC cor-
responds to m/z 191.

A.4 Photox Flux and Wavelength Distribution Spec-
trum

Quantification of photon flux is necessary for each type of lamp and an essential pre-
requisite for photooxidation experiments.|585] Photon flux measurements estimate
the number of light molecules reaching the aqueous solution inside the photoreac-
tor. Flux was estimated by calculating the parameters listed in eq-Al. To evalu-
ate I(\), we performed direct measurements using a spectroradiometer (Ocean, Op-
tics USB2000+ER) and chemical actinometry with 2-nitrobenzaldehyde (2-NB). The
spectroradiometer allowed for the recording of emission spectra of UVA-UVC lamps,
while actinometry with 2-NB allowed for the quantification of the first-order photoly-
sis rate of 2-NB (J B).|586] Briefly, the direct photolysis rate of 2-NB was monitored
using the HPLC-UV system as described in the work of Galbavy et al.[586] To deter-

mine the photon flux (I(\)), the recorded spectra were linearly scaled until it matched
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the observed Jy B value.

B 2.303 x 103 [Hmax
o 571) = 2 [ 000 0(0) A (eq-AL)
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Figure A.3: Photon flux spectrum ranging from 240 nm to 400 nm is expressed as
em™2 s7! nm™!, for distinct ultraviolet (UV) lamps used in photo reactor during

photooxidation of OAcs.
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A.5 Mechanism for Peroxide Formation

To understand the formation of ROOHs from different OAcs, 7-OE and PNA are
utilized to exemplify the product formation as shown in Figure A.4 and A.5, re-
spectively. 7-OE represents the formation of photooxidation initiated ROOHs for an
unsaturated OAc. The first step of the process is the formation of peroxy radical
(RO2) (P-1) which typically proceeds via the attack of an OH radical on the allylic
m-electrons.[55] The newly formed P-1 radical could either undergo intramolecular
H-abstraction (A-1)[587, 588] or follow bimolecular termination reactions.[589] In our
discussions here, we only focused on the termination reactions by hydroperoxy (HOs
) radicals, which led to the formation of first-generation ROOH (III) at m/z 191.
Due to the lack of radical measurements, it is likely that the formation of second-
generation RO, radical could be via HO, termination of P-2 radical or OH/RO radical
facilitated HO, termination. In any case, the formation of second-generation ROOH
(IV) would occur.

Following the autoxidation pathway, a 1,5 H-shift from P—1 radical would yield a
short-lived carbon-centred radical (A—1), which is highly likely to react with a dis-
solved Oy molecule to form another RO, radical (P—2), subsequently undergoing
another intramolecular H-shift. Usually, such H-shifts could depend on the strength
of the C-H bond at the potential H-abstraction site and the steric restraint for the
RO, radical to reach that site.[590, 591| In our case, a successful 1,5 H—shift is fol-
lowed by the formation of P—2,[592] such that two more oxygen atoms are now added
to the precursor. The second-generation P—2 radical eventually undergoes termina-
tion by HO, radicals, thereby successfully generating a second-generation peroxide
(IV) at m/z 223. It is important to note that for each of the peroxy radicals (P—1
and P—2) we also expect the formation of either a short-lived tetroxide intermediate
(e.g., I—1),[247] or subsequent intramolecular H—shifts to form compounds with more

ROOH functional groups. The tetroxide intermediate can decompose to a variety of
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products including carbonyl, alcohol and ROOR species, which we did not focus on
in this study.[247, 271] Products arising from subsequent oxidation steps will likely
have too small of a signal intensity to be detected by our LC/ESI-MS technique. The
product formation in a saturated OAc is demonstrated by showing the mechanism

for PNA in Figure A.5.
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Figure A.4: A proposed photooxidation mechanism for the formation of products
from 7-OE.[243, 247, 271, 535, 593]
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Figure A.5: Proposed mechanism for photooxidation of PNA.[224]

A.6 Estimation of Peroxide Yield

In this section, we provide a detailed discussion of kinetic investigations to acquire

yields of newly formed ROOH:s.

A.6.1 Yield

Experimental conditions for photooxidationproducts are outlined in Table A.1. The

yield (v) for the photooxidation product from 7-OE is calculated as per eq-A2. The

calculations pertaining to steady-state OH concentrations ([OH|ss) are outlined in

A.6.2.

_ PAprod,t _ PAprod,t
1T aT0E T PA - PA
’ PA,

(eq-A2)

where PA,,.q¢ represents the peak area of the ROOH product at time ¢, while PA,

and PA; represent the peak areas of the precursor (7-OE) at time 0 and ¢, respectively.

C; is the initial concentration of 7-OE used in the experiment.
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Table A.4: Comparison of 7y (cps.uM™!) across varying wavelengths.

[7-OE] [H20,] Wavelength Type ~* x 10 v x 103

(rM)  (mM) (m/z 223) (m/z 191)
358 D uvC NaN NaN
358 d UVB 4.59+£1.29 3.00+0.862
358 150 UVA 31.0+£7.03  15.7£3.47

@ ~ of m/z 223 and m/z 191 was obtained when 7-OE was almost 56% consumed;

Table A.5: Comparison of v (cps.uM™!) across oxidant and precursor concentrations.

[7-OE] [OH] x 10~ o 7* x 103

(M) (M) (m/z 223) (m/z 191)
179 16.3+2.41 78.0£22.6  5.09%+1.65
358 8.25£1.09 56.8+27.8  2.74£0.624
700 4.3940.647 51.2£3.67  3.5940.891
1000 4.00£0.581 11.84+3.02  4.41£0.984
358 3.54+0.433 72.8£23.8  3.67£1.20
358 8.25+1.09 56.8£27.8  3.00%0.862
358 35.3£4.90 45.6£10.2  2.82+0.613

@ ~ of m/z 223 was obtained when 7-OE was almost excessively consumed;
b ~ of m/z 191 was obtained when 7-OE was almost ~50-60% consumed;

A.6.2 Kinetic Investigation

A kinetic investigation was pursued to determine the rate coefficient of 7-OE with
OH and estimate [OH]|ss. A relative rate kinetic method|231] was adopted with PMA
as the reference compound and 7-OE as the target compound. For this, an aqueous
solution of 4 mL 7-OE (716 pM) mixed with 4 mL HyOy (10 mM) and 15 uL of

PMA (60 M) was irradiated for 13 min and aliquots were periodically taken at 1
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min intervals.

k][
) = 7 ln(
kAT

) (eq-A3)

Here, [S| and [R] correspond to the concentrations of 7-OE and PMA, respectively,
before turning on lamps (time = 0) and during the experiment (time = t).

Figure A.6 reflects the kinetic observations for 7-OE. Figure A.6.1 demonstrates
the relative rate plot between the natural logarithmic ratio of the peak area of 7-OE
with respect to the natural logarithmic ratio of PMA. The curve was found to be
linear with a high R? (0.998). Using eq-A4, the rate coefficient for the loss of 7-OE
with OH was acquired (Table A.6).[270] Figure A.6 (S4.2) shows the first-order rate
of decay in 7-OE under three different HoO5 concentrations (Table A.7). This decay
showed linearity with a high R? (>0.95) for all concentrations. Figure A.6 (S4.3) is
evidence of the first-order decay rate for 7-OE under constant H,O, concentration. We
observed good linearity with high R? (>0.95) for varying 7-OE concentrations (Table
A.7). Utilizing the rate coefficient obtained from eq-A3, [OH]|ss was estimated using
eq-A4. The estimated OH concentrations and observed first-order rate coefficients

are listed in Table A.7.

k' = ko [*OH] (eq-A4)
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Figure A.6: Kinetic observations to acquire rate coefficient and estimate |[OH]ss.
(S4.1) Relative rate method for second-order rate coefficient determination of 7-OE.
PMA is chosen as a reference compound and 7-OE is the target compound. (54.2)
Estimation of observed first-order decay in 7-OE under varying concentrations of
Hy0,. (S4.3) First-order decay in different concentrations of 7-OE under constant

H,0O4 concentration.

Table A.6: Experimentally determined rate coefficients.

Precursors k% (s7') x 1073 k! (M~!s7!) x 10°
7-OE + OH 1.7940.01¢ 21.61+2.50*
PMA + OH - 3.540.4°

@ This study;
b Reference value from literature;[253]
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Table A.7: Rate Coefficients under Varying oxidant and precursor concentrations.

Precursors
[7-OE] [H,0,] k°s (s7') x 107 [OH]sg (M) x 107"
(xM)  (mM)

358 1 0.767£0.0308 3.54+0.433

358 5t 1.79£0.113 8.25+1.09

358 10 7.64+0.587 35.3+4.90

179 d 3.53+0.327 16.3£2.41

358 > 1.79£0.113 8.25+1.09

700 D 0.950£0.0870 4.39+0.647
1000 5 0.865+0.0763 4.00+£0.581

A.7 Identification of Photooxidation Products

A.7.1 Photooxidation Products in 1-OA and PNA
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Figure A.7: EIC for second-generation ROOHs from 1-OA and PNA. Signal responses
have been normalized with respect to AZA. Each EIC is shown in [M-H|~ format for
respective ions. The inset windows are EICs corresponding to the alcohols from the
iodometry reduction of ROOHs. (S5.1) Average EIC for ROOH from PNA at m/z
249 ([(C9H140g)-H| ) and the alcohol from this ROOH at m/z 217 ([(CoH1406)-H]| 7).
(S5.2) Average triplicate EIC for ROOH from 1-OA at m/z 207 (|(CsH1406)-H| ) and
alcohol at m/z 175 ([(CsHy604)-H| 7).

A.7.2 Hydroperoxide from LMA

LMA was photooxidized under similar conditions as that of other OAcs. Figure A.8
represents the EIC of first-generation hydroperoxide ion at m/z 233 from a purified
extract of LMA. The signal response in the [M-H]- format has been normalized with
respect to the internal standard (AZA). Here, the peroxide ion showed more than
90% signal reduction as evidenced by the comparison between the ID-C and ID-T
samples. The inset window provides a comparison of m/z 217 between ID-C and
ID-T samples. Unlike other OAcs, we did not observe an enhancement in the signal
response of alcohol (m/z 217) from its corresponding peroxide precursor. However,
upon examination of the mass spectra at m/z 217, the chemical formula matching
the alcohol ([(C19H1505)-H|™) was only found in the ID-T sample and not in ID-C.

This observation provides additional validation for the detection of first-generation
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ROOH in LMA.
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Figure A.8: EIC of first-generation peroxide ion at m/z 233. The inset window is the
MS spectra for alcohol ion at m/z 217.
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A.8 Factors Affecting Photooxidation

A.8.1 Impact of Wavelength
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Figure A.9: Effects of wavelength on the formation of ROOHs from 7-OE. (S7.1) The
switch experiment from UVB to UVC, demonstrated with the EIC of peroxide ion at
m/z 223. Comparisons are drawn between 0 min and 5 min of photooxidation time
under UVC exposure. Signal response is normalized with AZA. (S7.2) ~ for peroxide
ion at m/z 191 under exposure to UVC, UVB and UVA wavelengths. The inset
window reflects the absorption spectra under each wavelength. Error bars represent
lo of triplicate measurements.
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A.8.2 Concentration:Periodic Monitoring

Figure A.10 illustrates the sequential monitoring of the photooxidized solution of 7-

OE at 358 uM concentration. To demonstrate the evolution of second-generation

peroxide on the same graph, we have scaled the v of m/z 223 by a factor of 30. Note,

m/z 191 shows a peaked response in its v at 50-65 % consumption of 7-OE, whereas

in this range the v of m/z 223 has yet to peak. Hence, for equivalent comparison,

we chose 50-65 % and >90 % consumption of 7-OE to estimate the yield of m/z 191

and m/z 223 respectively. These comparisons were used to understand the effects of

concentration.
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Figure A.10: Comparison of yields for first- and second-generated ROOHs from 7-
OE. The left axis is representing the yield for m/z 191 and 223, while the right
axis is showing the fractional 7-OE consumption over periodic monitoring during

photooxidation.
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Appendix B: Chapter 3

Supplementary information for Chapter 3

B.1 Quantitative estimation on dissolved I, in water

In this section, details in the assessment of Iy quantification are provided. A UV-Vis
spectrophotometer (Agilent 8453) is used to scan between 190 and 1100 nm. The
concentration for I, in water was estimated at 460 nm (e = 746 M~ cm™!). This
wavelength is prone to interference from Iy (¢ = 975 M~! ecm™1),[352] and thus, to

correct for absorption interference the equation eq-B1 was applied:

A A
[B] = (22 #10°) — (— « 10°) (eq-B1)
€1, 6[;
where, A;, = absorbance at 460 nm; AI:; = absorbance at 351 nm; €7, = (molar

absorptivity of I at 460 nm) 746 M~! cm™1; €y = (molar absorptivity of I at 351
nm) 26,400 M~ ecm™1;
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Figure B.1: Quantification of Iy aqueous solution using UV-Vis measurements. (S1.1)
Pure I, solution absorbance at 460 nm. (S1.2) Beer's Law agreement in I solution
for concentration estimation. (S1.3) Absorbance profile for excess Iy aqueous solution
for pseudo order experiments.
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B.2 Analysis of method blanks for experimented or-
ganic acid in iodometry.
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Figure B.2: Method blanks to account for background response of Os. (S2.1) Average
absorbance at A = 351 nm for conventional iodometry method blank (CMBK) and
3-OE dosed iodometry method blank (OMBK) with a variety of 3-OE concentrations
added. (52.2) Comparison of OMBK between purged and non-purged samples with
Ns. Absorbance response recorded for 3-OE method blank at maximum concentration
(1020 1M).
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B.3 Quantitative assessment on the observed inter-
ference of 3-OE-dosed iodometry.

20 — 1h
-o 6h
10 —
>
| N L <O
o0
= e ---- 2
2 t b \
£ N
(m) -10 — \
\
\
\
\
-20 — } -
-30 —
| | | | | | |
0 200 400 600 800 1000 1200

Concentration (pM)

Figure B.3: Percentage difference observed for low (100 M) to high (1020 M) range
of 3-OE concentrations in the OE-dosed iodometry at 1 h and 6 h of reaction times.
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B.4 Mechanism and product characterization
B.4.1 Product characterization

We investigated the product(s) arising for I reaction with 7-OE and 3-OE using 'H
NMR and HR-LC-MS analysis. To provide insights into the structure of the product,
the acquired 'H NMR spectra for 7-OE, with and without the addition of I, are shown
in Figure 3.8 (B) and (C) in the main document respectively. The interpretation of
NMR spectra below is based on general chemical shifts of organic compounds and an
NMR simulation tool (NMRdb). Since DMSO is used as an internal standard, the
responses in each spectra are normalized to the response of DMSO to allow direct
comparison of signal intensities. The DMSO chemical shift is identified at 2.7 ppm
for both samples. The singlet peak at 4.8 ppm is attributed to HoO impurity present
in D,0. Observing (B) and (C), signature peaks of 7-OE i.e. the vinyl (H7(g)) and
Hg(r) at 5.9 and 5.0 ppm) and methyl protons (Hy at 2.2 ppm) were identified. Upon
adding Iy to the 7-OE solution, a few peaks appeared in the chemical shift (§) region
of 3.0-3.4 ppm, which are attributable to the product. A decrease in the reactant
signal (e.g, Hz(r) and Hg(g)) is also observed. Particularly, 6 — 3.3 ppm is attributed
to Hy(py while § = 3.4 ppm is due to Hgpy. The higher chemical shift is assigned for
Hg proton due to deshielding effects of the OH functional group. Another possible
scenario to consider is, if OH were to be attached at C; position. As per the online
simulator tool, we believe that the OH bond formation at C; position would cause
an appearance of a new multiplet at 6 = 4.0 ppm. This deshielded chemical shift
is absent in Figure 3.8 (C) (main document), which leads to a conclusion that the
bonds for OH and I are indeed formed at Cg and C; positions, respectively.

Figure B.4 (S4.1) shows the ESI(-)EIC comparison between control and addition
of 3-OE-I, samples, where the emergence of the product is marked by a new peak
at retention time (RT) = 3.4 min and detected as [2M-H|~ at m/z 571.001 with a

mass difference of 2.59 ppm. This mass is an expected dimer of m/z 285.001. The
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product analysis for 3-OE is a little more complex than 7-OE. There is a possibility
that two mono hydroxy iodo substituted compounds are formed for 3-OE in aqueous
solution. Due to the location of m-electrons in the middle position, it is believed that
the addition of halogen (I) can either occur at C3 or C4 position. The understanding
on specific bond formation is provided by 'H NMR analysis. Figure B.4 (S4.2) and
B.4.3 show 'H NMR spectra for 3-OFE in case of with and without the addition of I,
respectively. Both spectra have been normalised with respect to the DMSO response
which is identified at 6 = 2.7 ppm. The singlet peak observed at 4.8 ppm is attributed
to HyO impurity. Comparing Figure B.4 (S4.2) and B.4 (S4.3), we first identified the
double bond protons (Hs(g)) and Hy(g)) in 3-OE as a multiplet at § = 5.6 ppm. These
reactant protons show a decrease in their signal response upon addition of I to the
3-OE sample (Figure B.4 (S4.3)). The methyl protons (Hs) were found at § = 2.9
ppm as a doublet (d). As mentioned earlier, the product for 3-OE could be observed
as a mixture of two products: P1 and P2. The distinction between P1 and P2 is made
on the basis of deshielding effects observed by the protons: Hs and Hy. In the case of
P1, we consider the addition of OH and I at positions C3 and Cj respectively. Such
an arrangement of the halogen (I) and nucleophile (OH) exhibits distinct chemical
shifts for protons: Hspi) and Hypry in 0 = 3.0-4.6 ppm. The evident proton shift
at 3.0 ppm is characteristic of Hy(p1) experiencing deshielding effects caused by Cj-I
bond formation. On the other hand, Hsp1) appears more deshielded than Hypy) at
0 = 4.4 ppm, as a result of C3-OH bond formation and proximity of the carboxylic
acid functional group. Arguably, if the reverse scenario is considered such that the
addition of I occurs at C3 but OH at C4, we would then observe the formation of P2.
The Cs-I bond formation causes a deshielded chemical shift for Hspoy at 3.0 ppm.
Meanwhile, § = 3.4 ppm is attributed to Hy(py) due to C4-OH bond formation and
proximity of alkyl groups. Thus, it is fair to conclude that the addition of I, to 3-OE

could yield two mono iodo substituted products.
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Figure B.4: ESI(-)Extracted Ton Chromatogram (EIC) and 'H NMR spectra for 3-
OE-I, reaction. Subscripts (R), (P1) and (P2) in 'H NMR spectra represent reactant

and product(s) protons respectively.
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B.4.2 Proposed Mechanism for OE-I,

Substitution reactions of diatomic halogens e.g., Bry have been previously investigated
on OEs with a varying degree of unsaturation.[323, 594, 595| The OE-I, reactivity
in our study is expected to follow a similar reaction mechanism. Outlined in Figure
B.5, the first interaction between diatomic iodine and m-electrons is known to occur
through a m-complex formation.[182, 336, 596, 597| Recalling reaction (2) in Figure
1, it is noticed that an interfering reaction between OE and I, deters Iy to form
I;. Considering the mildly acidic conditions employed in our study, we believe that
the polarization of Iy occurs, which allows the formation of cyclic intermediate or
haliranium ion.[327, 597] This intermediate is the least stable and easily susceptible
to an attack by nucleophiles, such as HoO and I7. The most abundant nucleophile,
H50, is attracted to the haliranium ion by a shift in the electron density towards
I, which renders the addition of HyO on the least sterically hindered site.[598] This
creates a final product with a hydroxy iodo substitution through the process of anti-
Markovnikov addition, where the halogen (I) is attached on a sterically hindered site
in comparison to OH.[598| Another likely candidate is the di-iodo hydroxy product,
which is formed via the attack of I7; however, no evidence of this product was found
by the analysis of HR-LC-MS and 'H NMR (Figure 3.8). We believe that only a
mono iodo substituted product is being formed. However in case of 3-OE, there is a

possibility of two mono iodo substituted products based on our discussion in Section

B.4.1.
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Figure B.5: Reaction mechanism of reaction between 7-OFE and I,.

B.5 Kinetics for OE-I; reaction under pseudo order
conditions.

The investigation behind the kinetics of 3-OE was studied under two of the excess
I, concentrations. Figure B.6 shows a linear decay profile in the monitored reactant
(3-OE and 1), when the other reactant is maintained under excess concentration.
Figure B.6 (S5.1) is a plot of 3-OE under excess Iy concentration (702 pM). This
plot is linear as observed with high R? (0.99). From this plot, the acquired first
order rate coefficient (k!) is relatively agreeable with rate coefficient obtained from
another concentration of I as shown in the main document. Table B.1 shows a
good agreement between the second order rate coefficient (k') for 3-OE under both
conditions.

Figure B.6 (S5.2) is evident of I, following pseudo-first order kinetics when 3-OE

is maintained in excess. The measurement of decrease in Iy absorbance is marked at
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460 nm, which is then converted into the concentration of I, via Beer's Law using

equation eq-B1 (Section B.1). These results stipulate that the observed rate order is

indeed 1 with respect to each reactant.

Table B.1: Rate coefficients for pseudo first order experiments.

[3-OE] (uM) Excess [Io] (uM) kI x 1073 (s71) kI (Mt s71)
52 620 0.52 £+ 0.01 0.84 £ 0.02
52 702 0.61 £+ 0.02 0.87 4+ 0.03
(S5.1) L OF (S5.2)
1 Intercept =-0.16 £ 0.07 1.0 o b
Slope =- (367 £1.1) x 10° Intercept = - (0.09 +0.03) 5
2 _ Slope =-(453+£1.7)x10
0 -E;]'” R = 0.9947 0.5 R2 ~09916
e .B“'
g ., S
E 29 Dl~'§ E-0.5- G'."
Q‘:— D'~,~ 5 bl.'*:
a 34 ks, O’~,.
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Figure B.6: Pseudo first order decay for 3-OE and I,. (S5.1) Decreasing natural
logarithmic profile for 3-OE (52 pM) measured as a function of reaction time with LC-
MS. (S5.2) UV-Vis measured decrease in natural logarithmic ratio of Iy concentration
as a function of reaction time under excess 3-OE (1.87 mM).
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B.6 Estimation on second order rate constant for
tert-butyl hydroperoxide.

To acquire a second order rate constant (k’!) for modelling t-BP concentration profile,
we used an exponential fit on our experimental data as described by equation eq-B2.
The reaction is assumed to proceed under pseudo-first order conditions due to excess
concentration of I~ (60 mM). As such, the first order rate constant (k?) obtained from
fitted data leads to the calculation of second order rate constant as per equations eq-

B3 and eq-B4.

y =10+ A7) (eq-B2)
7 1

k™ = ; (eq_BB)

k!t L B4

- []_} (eq— )
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B.7 Scenarios considered for simple box model.

In the following section, details on the scenarios considered for the kinetic model
are described. Table B.2 outlines the scenarios applied with initial conditions of com-
pounds and Table B.3 describes reactions and rate coefficients used in each applicable
scenario. We approached kinetics using two model scenarios. For our first scenario,
the goal was to reproduce experimental observations in H,O5 and t-BP based conven-
tional iodometry systems. While the second scenario takes into account the deviation
observed during OE-dosed iodometry reaction for both peroxides. We are aware that
I; can undergo complex equilibria in the aqueous phase, forming different species e.g.,
HOI, I,OH.[599] However, the formation of such species is pH dependent and many
of them are considered relatively unimportant in the current conditions employed for
our model.

Table B.2: Initial concentrations of compounds for model scenarios.

Initial concentrations

Scenarios
H,O, / t-BP 3-OE I~ I, I
(nM) (uM) (M) (uM)  (uM)
Conventional iodometry 47 0 60 0 0
OE-dosed iodometry 47 711 60 0 0

Acronyms: t-BP: tert-butyl hydroperoxide, 3-OE: 3-octenoic acid, P: product.
a: From this study
b: Reaction considered for conventional iodometry

c: Reaction considered for OE-dosed iodometry
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Table B.3: Reactions and rate coefficients used in box model for aqueous phase chem-
istry.

kII
Reaction Ref Footnote
(M~! s7! unless noted otherwise)
H,O, + H + 17 — H,O + I, 0.013 [181, 238] b,C
t-BP + Ht + I~ - t-B-OH + I, 3.2x10* - a,b,c
I+ L =1 6.2x10° [599] b,c
=1 +1, 8.5x10°% (s71) [599] b,c
I, + 3-OE — P 0.84 - c

B.7.1 Simulated I; concentration profile at varying concen-
trations of OE.

The scenarios listed in Table B.2 were re-examined under low (100 pM) and high
(1020 M) concentrations of 3-OE. Figure B.8 shows HyO5 and t-BP based iodometry
systems for comparison between the simulated and experimentally observed concen-
tration profiles of I;. Figure B.8.1 is for HyOg, wherein the concentration profiles of
I; show good agreement between simulated and experimental results. Figure B.8.2
shows the generated profile of I3 for t-BP and herein, we also observe relatively good
agreement between experimental and simulated profiles. Although for low concentra-
tion of 3-OE (100 pM), our model overestimates the deviation in concentration of I3
in t-BP, this difference is non-existent when we compare the concentration profiles
for higher concentration 3-OE (1020 ¢M). We also notice that significant deviations
appear at longer reaction times (6 h for HyOs and 24 h for t-BP). In reality, Iy and
[~ establish multiple equilibria in the aqueous phase, which is also highly dependent
on pH and other constituents in the solution.[599, 600] The simplified model built
in this work likely won't be able to capture all of those detailed chemistry. Overall,
these results attest to the functionality of our simple model to consider the impact of

range of OE concentrations on the observed interference.
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B.8 Summarized calculations for iodometry biases.

In this section, we have described calculations used to estimate the bias originating
from OE concentrations in different matrices as discussed in Section 3.4 in the main
document.

Firstly, based on the work of Deming and Ziemann|323], we examined C=C content
in indoor surfaces and converted their reported values into respective mM equivalents.
For instance, ~10 pmol m2 C=C content in films obtained from floors would be
equivalent to 4 mM in a concentrated extract of 1 mL and 0.40 m? sampling surface
area. Using a factor of 2 dilution during iodometry, the final C=C content in an
iodometry sample would be then equivalent to 2 mM. On the other hand, C=C content
in films obtained from vertical surfaces (3.9 ymol m™ from a 0.16 m? sampling area)
would be equivalent to ~624 M in a diluted extract of the film or 312 M in an
iodometry applied sample. Based on these figures, we can estimate that during longer
iodometric reaction times (>4 h), ~3% bias can originate from C=C concentration
in vertical films, while floor samples would increase this bias to ~20%.

Secondly, edible oils can contain a wide range of unsaturated fatty acids as demon-
strated in the work of Guarrasi et al.[374] From this work, we first quantified linoleic
acid in an oil extract and then in a PV diluted sample. Considering the matrix of
soybean oil, using the relative w/w % of linoleic acid, following the 40 fold dilution
on a 5 g oil sample and final extraction of sample in 4 mL solution as per the proce-
dure in the work of Guarrasi et al.[374], we would observe linoleic acid between 53-64
mM. This sample of soybean oil would be further diluted by a factor of 5 as per the
modified PV test,[315] which would then result in final linoleic acid concentration at
11-13 mM.

Thirdly, we examined milimolar equivalents of polyunsaturated fatty acids (PU-
FAs) in lipids from different animals. There are many methods applied for lipid

extraction,|601, 602] however for the sake of our study, we would follow the extrac-
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tion procedure as outlined by Folch et al.|603] Based on this method, 1 g of fat would
be extracted and concentrated in a 1 mL solvent. Following this analogy, the relative
w/w % of PUFAs (with respect to total fat content) in lipids from different ani-
mal parts e.g., brain, rump and leg were converted into their mM equivalent values.
For instance, brain extracts of Atlantic Herring can contain ~34% of PUFAs.[375]
Similarly, lipid content in leg muscle of goat and rump of sheep have been found
to contain ~13% and ~3.8% PUFAs respectively.[343] Based on an average PUFA
molecular weight of 334.6 g/mol,|604] we could observe up to 51 mM of unsaturated
content from lipids. A factor of 5 dilution associated with the PV test would then
result in final PUFA content at 10 mM.[315] Similar dilutions of lipid extracts from
sheep and goat would also yield 3.9 mM and 1.1 mM in sample diluted for PV test.

From our discussion above, we showed that both edible oils and lipid extracts from
animal issue can contain up to 10 mM of OEs in the final solutions used for the PV
test. Given that this concentration of OE is beyond the experiment conditions that
we employed in this work, we have used our kinetic box model to roughly estimate
the extent of deviation expected for such OE contents. It is our within our knowledge
that conventional PV tests do not quantify peroxide content based on I; measure-
ments,|307] however recent PV tests also used spectroscopy.|315] The consumption of
I, by OEs will result in the same magnitude of deviation for iodometry monitored by
both spectroscopic and titration methods. In other words, the deviation of I3 in our
model can be directly interpreted as deviation expected in the PV test.

Figure B.9 is demonstrating the simulated concentration of I3 at 1 mM H,0O,,
which is within the observed peroxide content range in non-oxidized edible oils.[605]
Further, OE representation is based on 10 mM of 3-OE, which is equivalent to OE
content in the matrix of oil and animal extracts as mentioned above. We observed
that the deviation between the convential and OE-dosed iodometry test scaled with
the increasing reaction time. The bias is within 14%-40% for <1 h of reaction time,

applied in many studies.[307, 315, 606] Based on our model results, we would expect
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that the deviation induced by OE contents in edible oil and animal lipids would fall
within this range.

We understand that our model for PV test here is a rough estimate for a number
of reasons. It must be noticed that real oil samples can constitute wide variety of
unsaturated fatty acids with multiple C=C bonds and|[337| as such, the potential
deviation against PV measurements would be further accentuated. The OE concen-
tration used in this case (10 mM) is much higher than we experimented (1.02 mM);
thus, the model result is an extrapolation of our experimental observations. In the
future, deviation induced in high OE concentration (10 mM) must be experimentally

confirmed.
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Figure B.9: Predicted bias against I; at representative concentrations of OE and
H,0O, in edible oils and animal fats.
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Appendix C: Chapter 4

Supplementary information for Chapter 4

C.1 TRACER field campaign topological map

Sample collection map

CoastallRegion

9

Figure C.1: Location of ancillary (S3) site (Arm user facility) for TRACER field
campaign over rural southwestern Houston, TX. Distance to Houston urban region is
66 km, coastal distance is 74 km and distance between ancillary and main site is 76
km.
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Table C.1: Meteorological conditions for day and night sampling periods during col-
lection of samples in TRACER-ARM campaign.

Date Time Temperature (T) Relative Humidity Wind Speed Wind direction
mm/dd/2022 (CDT) (UTC) (°C) (RH, %) (m.s™1) (°)
15: :
06/02-Day " ,O‘; ?25022 0 %{; ‘?25022 31+ 1 53.5 + 8.1 3.841.3
/00~/" ”13;’0r 183 + 112
06,/02-Night Y 2o 2442 85.6 & 6.4 1.6£0.8
06/03/2022  06/03,/2022
13: 21:4
06/03-Day 0 /0‘{; ‘7’5022 06,03 ;022 2942 54.3 £8.1 42+ 13
/22 /09 /13 /16 199 & 127
06,/03-Night ' o 2544 74.8 £ 16.4 2.1+1.4
06/03/2022  06/04,/2022
06/04-Day 0 /21:4‘5022 o /%?:922022 2042 60.8 + 8.9 2.64+1.3
/01 /10 /1;55 197 = 107
06,/04-Night b oo 23+1 91.5 £ 4.85 1.1£0.5
06/05/2022  06/05,2022
QR .
06/11-Day 0 /115;?,’;022 o /,0212'112022 32,42 55.6 & 12.0 44416
/22 /51 / 1353 197 = 54
06,/11-Night - - 2743 84.6+11.6 2.741.6
/ 06/11/2022  06/12/2022
14:03 22:09
06/12-Day 0612/90%5 06 )12/902 33+ 2 53.6+ 9.7 6.5+1.6
/22 /21 /11 /58 186 %23
06,/12-Night o b 3043 81.7415.3 22414
/ 06/12/2022  06/13,/2022
, 12: 20:1
06/13-Day 0 /1395022 0 ,1(;) ,;)022 3143 50.8+18.4 5.342.4
/20 '/16 /11 /:50 167 %29
06,/13-Night - - 2843 77.1£16.8 2.941.9
06/13/2022  06/14,/2022
) 12:05 20:
06/14-Day 0 /14(;’022 06 ,13 ?;022 3042 61.8415.3 4.6%1.9
/20 /12 /12/51 160 %23
06,/14-Night ' ' 2843 75.54£15.0 42421

06/14/2022  06/15/2022
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C.2 nano-DESI Design

The nano-DESI/sample interface was mounted to the MS source. Two fused silica
capillaries (150 gm O.D., 50 pum I.D.; Polymicro Technologies, Phoenix, USA) were
aligned at ~90° using micro- 5 positioners (Quater Research & Development, model
XYZ 500 MIM (inline); Bend, USA), and the secondary capillary tip was positioned
~1 mm from the MS inlet. A 7/3 acetonitrile:water v/v solvent mixture (Optima
LC-MS grade; Fisher Chemical, Hampton USA) was flowed at 0.75 pL/min via a
syringe pump through the primary capillary, such that a solvent junction between
the primary and secondary capillaries and sample surface was established when the
nano-DESI assembly was positioned sufficiently close to the sample surface (Figure
C.2).[445]

Solvent compositions (i.e. polarities) are known to influence the extraction of or-
ganic compounds in complex atmospheric matrices (e.g., SOA). However, the solvent
composition used in the current work has been previously shown to be effective for a
broad range of SOA compounds.[167] -3.5 kV was applied to the solvent at the syringe
needle. Once the liquid junction was established, the sample substrate was scanned
along the XY plane at 50 ym/s within a 1 cm radius of the filter center. The position
of the sample relative to the nano-DESI assembly was manually adjusted via an XYZ

stage and custom LabVIEW software (National Instruments, Austin, USA).
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Figure C.2: nano-DESI analysis design of TRACER field samples from downtown
rural region in Houston, TX (ancillary site).

C.3 MfAssignR Data Processing

A detailed protocol for MfAssignR data processing is outlined in Figure C.3.
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Figure C.3: Data processing methodology adopted for all of the sampling periods
across June. To ensure data quality, samples were analyzed in triplicate measure-

ments.
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C.3.1 Parametrization of Molecular Assignments

The calculations of predicted parameters were performed as outlined in the work of
Donahue et al.[31, 54, 445, 607] Average carbon oxidation states (OS¢ ) and volatil-
ities (logyoCop; logarithmic saturation mass concentration (ug.m=3)) were calculated
according to models developed by Kroll et al., respectively.[54, 478, 607] Based on the
calculated parameters, we were able to classify individual formulae in five different
volatility bins: volatile organic carbon (VOC: log;oCo)> 6.47 pg.m™3), intermediate
VOC (IVOC: 2.47 < log1oCy) < pug.m™3), semi VOC (SVOC: -0.52 < log;oCy) <
247 pg.m=3), low VOC (LVOC: -3.52 < log;Cp) < -0.52 ug.m—3) and extremely low
VOC (ELVOC: log;oCp) < -3.52 pug.m=3).[31, 54, 550, 608] Using modified aromatic-
ity index (AI) and carbon number, individual molecular formulae may be classified
as “condensed aromatic”, “aromatic”, “high O unsaturated”, “low O unsaturated” or
“aliphatic”. The Elemental ratios and predicted parameters corresponding to each

sampling period are described in Table C.4 (Section C.6.4). Across all samples,; 22-

76% of mass spectral features were unambiguously assigned a molecular formula.

289



C.4 Micro-Spectroscopic Analysis: CCSEM-EDX
and STXM

C.4.1 Chemical Imaging and Single Particle Analysis

The individual atmospheric particles were probed with a computer-controlled envi-
ronmental scanning electron microscope (CCSEM FEI, Quanta 3D) coupled with an
energy-dispersive X-ray (EDX) spectrometer with a Si (Li) detector having an active
surface area of 10 mm?. A 0.48 nA beam current and a 20 kV accelerating voltage
were used to get the X-ray spectra. The EDAX software automatically detects par-
ticles’ chemical composition and derives their morphological characteristics such as
projected diameter, area, and aspect ratio. The spectrum obtained from each single
particle was quantified to get the relative atomic fraction of the element of interest
which includes C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, Zn and Cu. Cu
signals in EDX spectra are mostly caused by copper TEM grids and the beryllium-
copper alloy mounting plate that holds the sample. The atomic percentage data
obtained from CCSEM-EDX were then classified following the particle classification
shown in Figure C.4.[459] We classified the particles into ten categories based on their
elemental compositions (atomic %): 1) Biological, 2) Na-rich, 3) Na-rich/sulfate, 4)
sulfate, 5) carbonaceous, 6) dust, 7) carbonaceous coated dust and 8) others. At
first, the particles were segregated into two categories based on the atomic percent-
age of K and P present in the particles. The particles abundant with [K] > 0.2 and
[P] > 0.2 are categorized as ’'biological’ class. The rest of the particles were then
divided into two sub-categories based on the percentage of Na they contained. The
aerosol particles can be classified as either sodium-rich or sodium-deficient. The Na-
rich particles were categorized into two categories based on the combined abundance
of aluminum, silicon, iron, and calcium, which represents the overall abundance of
mineral components. Particles with a high sodium content, referred to as "Na-rich"

particles, were characterized by a greater abundance of sodium compared to other
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mineral elements such as aluminum, silicon, iron, and calcium. The classification
of the "Na-rich/Sulfates" class was based on the relative concentrations of sodium
and sulfur elements. Specifically, if the concentration of sodium ([Na]) was greater
than or equal to the concentration of sulfur ([S]), it fell into the "Na-rich/Sulfates"
category. Conversely, if the concentration of sodium was less than the concentration
of sulfur, it was classified as "Na-rich/Sulfates." Particles with a sodium deficiency
(|[Na] < 1 atomic %) were categorized into four distinct classes. Particles mostly com-
posed of carbon, nitrogen, and oxygen elements, accounting for about 99% of their
atomic composition, were classified as "Carbonaceous particles." Particles with a sul-
fur concentration exceeding a threshold level of 0.5 atomic percent were categorized
as "sulfate" when the principal constituent elements, namely carbon (C), nitrogen
(N), oxygen (O), and sulfur (S), were determined to collectively account for more
than 99 atomic percent. Particles containing [Al, Si, Fe, Cal percent above 4% were
classed as dust. Particles with [Al, Si, Fe, Ca| concentrations of less than 4% were
divided into two categories. Particles with an atomic percentage of Al, Si, Fe, and
Ca greater than 0.8% and |C, N, O] percentages greater than 85% were categorized
as carbonaceous coated dust, while the remaining particles were classified as ’other’
category.

The carbon characteristics shown by the aerosol population were examined by the
utilization of STXM /NEXAFS technique.|466, 609, 610] The investigation of chemical
bonding between elements can be conducted by utilizing synchrotron light beams
emitted from a synchrotron light source. These beams are directed through raster-
scanned samples, allowing for the analysis of chemical bonding at specific photon
energies. X-ray absorption spectra of the carbon K-edge were obtained by scanning
particles with energy levels ranging from 278 to 320 eV. To acquire an optical density

(ODg), the initial step involves applying the Beer-Lambert Law to convert the X-ray

291



generated by the particles at various energies and positions.

I(E)

= p(E)pt (eq-C1)

Here, I is the intensity at a given energy, I° is the background intensity, is the mass
absorption coefficient at X-ray energy E, is the mass density and t is the particle
thickness2. For this study both spectral "stacks" were acquired at 111 energy levels
of the carbon K-edge and "maps" were taken at 11 distinct energies at the carbon
K-edge.[466] Carbon compositions and mixing states of individual particles were mea-
sured using spatially resolved spectra. STXM imaging was performed using a 25 nm
zone plate.

The utilization of scanning transmission X-ray microscopy (STXM) data enables
the evaluation of various categories of internally mixed particles.[466, 609-611| For
instance, it allows for the assessment of organic carbon (OC) particles, where the
distribution of organic mass is uniform throughout the entire particle. Additionally,
STXM data can be used to analyze particles that consist of a combination of ele-
mental carbon and organic carbon (EC+OC), characterized by the presence of higher
C=C, sps hybridized bonds alongside organic functionalities. Furthermore, STXM
data can be employed to examine particles that involve the infusion of inorganic sub-
stances with organic carbon (IN+OC). Lastly, STXM data can also be utilized to
investigate particles that contain mixtures of organic carbon, elemental carbon, and
inorganic inclusions (OC+EC+IN). The utilization of carbon K-edge images can help
facilitate the determination of the organic volume fraction (OVF).[467] The optical
density at energy levels of 278 eV (pre-edge) and 320 eV (post-edge) was utilized to
determine the thickness of both organic and inorganic components. In this study,
sodium chloride (NaCl) with a density of 2.16 g cm™3 and adipic acid with a density
of 1.36 g cm™3 are employed as representative substances for inorganic and organic

ingredients, respectively.
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Aerosol Samples
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[Na] > [AL Si, Fe, Ca] | [Na] < [Al, Si, Fe, Ca] G, N, O, Sol IC, N, O]
only @99%) 1\ > 99%)
[Na] <[Al, Si, Fe, Cal{[S] > 0.5% T
[Na]= [S] [Na]< [S]
[AlL Si, Fe, Ca] 24% | [Al, Si, Fe, Ca] <4%
|Al, Si, Fe, Ca]>0.8% I[Al, Si, Fe, Ca]<0.8%
Na-rich || Na-rich/Sulfates Dust Sulfates ||Carbonaceous
|C, N, O] >85%
Carbonaceous Other

coated dust

Figure C.4: Classification scheme used to identify the types of particles analyzed by
CCSEM-EDX.[459]

C.4.2 CCSEM-STXM Analysis

We probed the size-resolved chemical composition and organic volume fraction (OVF)
using CCSEM-EDX and STXM /NEXAFS respectively. These measurements assist in
understanding characteristic organic fractions for respective sampling periods compli-
mentary to the mass spectrometric analysis. Tables C.2 and C.3 outline the number
of particles and classification of each particle. Figure C.5 demonstrates the size re-
solved chemical speciation and organic volume fraction of particles collected from
daytime June sampling periods. The CCSEM-EDX results shown in Figures C.5 (A)-
(D) demonstrate that early June (i.e., June 3 and June 4) sampling periods exhibited
29-41% of sulfate enriched particles whereas June 11 and June 12 samples were ob-
served to constitute a large fraction of dust particles (39-64%) and very low (< 10%)
sulfate/carbonaceous particles. Despite sample collection being 1 m above ground,
it is possible that the occurrence of a dust storm could have likely implicated our

observations with respect to June 11 and June 12 sampling periods shown in (C) and
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(D).

Figures C.5 (E)-(H) demonstrate that smaller size particles (< 2 pm) are found
to be organic rich across June 3, June 4, June 11 and June 12 respectively.[472]
Estimated OVF demonstrated that a significant fraction (60-80%) of particles was
enriched with organics. In contrast, particles on June 11 (Figure C.5 (G)) June 12
(Figure C.5 (H) devoid of organic matter. In fact, < 20% of particles are found to
constitute organics. STXM/NEXFAS and carbon-speciation maps for June 3, June

4, June 11 and June 12 sampling periods are discussed in main document.

(A) June 3 - Day (B) June 4 - Day (C) June 11 -Day (D)  June 12 - Day I Na-rich
] Na-rich Sulfate

Normalized Particle (%) Normalized Particle (%) Normalized Particle (%) Normalized Particle (%)
20 a0 6 80 100 o 40 60 80

'y Ty [ sulfate

I Carbonaceous

[ ] Dust

I carbonaceous+Dust
[ ] Biological

| I ] T T mD
i
[ Other
0 2 4 6

©) (H)
o) ool 05|
04 0.4} 0.4
0.2 0.2 0.2]
o 1 2 3 4 ° 1 2 3 4 o 1 2 3 4

Area Equivalent Diameter (um)

Organic Volume Fraction (OVF)

(E) (F)

Normalized dN/dlogD,

M <20%
I 20-40%
I 40-60%
[ 60-80%
7 80-100%

Figure C.5: Size-resolved elemental classification of particles using CCSEM-EDX is
shown in (A)-(D). The bar plot represent size-resolved classification for particles on
June 3, June 4, June 11 and June 12 daytime samples. The bar at the top of each
panel shows the number fraction of particle classes. N.P. stands for number of parti-
cles analyzed. Histograms (E)-(H) show size-resolved organic fraction observed across
June 3, June 4, June 11 and June 12 respectively. Darker shade indicates particles
with lower organic volume fraction while lighter shade indicates higher organic frac-
tion.
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Table C.2: Microscopic classification of particles.

Total particle analyzed Na-rich Na-rich sulfate Sulfate Carbonaceous Dust Carbonaceous+Dust Biological

Sample

per sample (%) (%) (%) (%) (%) (%) (%)
06/02/22 Day 3367 29.6 10.8 15.9 1.4 22.5 8.9 6.8
06,/02/22 Night 955 124 5.6 18.3 6.6 36.7 13.9 5.1
06/03/22 Day 850 5.2 2.6 41.3 23.1 11.2 12.1 1.4
06/04/22 Day 3011 12.8 11.9 28.8 4.7 24.8 7.7 4.6
06/04/22 Night 2134 0.5 0.3 16.2 41.1 27.8 12.7 0.9
06/11/22 Day 1099 33.0 4.2 7.5 6.1 38.8 0.5 9.3
06/11/22 Night 1365 14.1 7.3 15.7 3.2 48.3 0.6 10.2
06/12/22 Day 934 12.2 3.4 9.7 3.2 64.2 0.9 5.6
06,/12/22 Night 1157 9.2 0.6 5.1 9.3 58.1 44 12,5

Table C.3: Particle classification according to STXM/NEXFAS.

In OC' OCEC® OCIn’ OCInEC*
(%) (%) (%) (%) (%)

Sample # of Particles

06/03/22 Day 264 0.76 11.36 4.55 79.17 4.17
06/04/22 Day 241 0.78 8.14 2.71 80.23 8.14
06/04/22 Night 285 1.05  5.26 1.05 81.05 11.58
06/11/22 Day 329 213 547 0.00 90.88 1.52
06/11/22 Night 182 1.82  6.69 0.30 85.71 0.47
06/12/22 Day 230 3.10  2.79 0.31 91.33 2.48
06/12/22 Night 207 3.67  3.06 0.92 80.12 12.23

¢ combination of organic carbon and elemental carbon ¢

¢ combination of organic carbon, elemental

@ Inorganic carbon ® organic carbon
infusion of inorganic substances with organic carbon
carbon and inorganic substances
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C.5 Meterelogical Plots

C.5.1 Variation in HYSPLIT Tracjectories
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Figure C.6: 48 hour back trajectories associated
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C.5.2 Wind Rose Plots
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Figure C.7: Wind rose map for each sampling period shows the general wind direction
and wind speed. The circular format indicates the direction the wind blew from
towards the epicentre and the length of each spoke shows how often wind blew from

that direction. The colors of each spoke indicate the wind speed in m.s™*.
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C.5.3 Relative Humidity and Temperature Plots
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Figure C.8: Variation in relative humidity and temperature across sampling periods

of June during TRACER-ARM campaign.
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C.6 Intersections of Molecular Features Across Sam-
pling Periods

C.6.1 Characterization of Molecular Groups

Figure C.9 shows Van Krevelen diagram and OS¢ as a function of log;gCy. From a
total of 2592 molecular features (MFs), 223 were found to be common in all nighttime
periods accounting for ~9% of the total population. The common MFs are colored
according to their groups whereas the MFs found in varying combinations of the
nighttime sample set (e.g., June 11, June 2 to June 4) are shaded grey. Within
these common MFs, 149 were of CHO class, 12 of CHNO and 62 of CHOS. The
average O:C ratio for CHOs (0.61 £ 0.24) and CHNOs (0.59 £ 0.19) was < 0.5
while those of CHOSs (1.16 £ 0.37) was > 1. This likely indicates higher degree of
oxygenation for CHOS than CHO/CHNO but overall MFs are saturated due to low
(2-5) DBE values.[404] The inset pie plots show the distribution of MFs which is either
scaled according to their number within total population or weighted abundance (ion
signal intensity) demonstrating the prevalence of CHOS. Figure C.9 (B) shows the
variability in volatility classification of these common MFs as a function of oxidation
state of carbon (OS¢). Given that the OS¢ value for each molecular group in subset
of common MFs is less than 0 (CHO: -0.08 + 0.63, CHNO: -0.68 + 0.31, CHOS: -0.36
+ 0.57), this indicates that the observed MFs are less likely to be oxidized.[478| From
the volatility classification of common MFs, 4% (or 9 MFs) MFs were categorized in
ELVOC bin, 48% (or 106 MFs) in LVOC bin, 7% (or 16 MFs) in IVOC bin, 41% (or
92 MFs) in SVOC bin.

The observed CHNO were not as abundant as other groups as demonstrated by
the pie plots. Interestingly, no CHNOS were observed amongst the nighttime com-
mon features. Some of the CHNO e.g., C;HgNOj5 were reported to have biogenic
VOC precursor i.e., d-limonene. [505] Some literature reported CHO compounds e.g.,
C14H004 (m/z 251.1290) originate from biogenic sources (e.g., S-caryophyllene) [612]
while a majority e.g., C;HgO7 (m/z 203.0197), C;H1207 (m/z 205.0354), CsH;o0O~
(m/z 217.0354), C;HgOs (m/z 219.0146), CyH1207 (m/z 231.0511) are of anthro-
pogenic sources (i.e., 1,3,5,-trimethylbenzene).[486] Thus, the common MFs found in
nighttime sample set are found to be influenced by both biogenic and anthropogenic
precursors.
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Figure C.9: Distribution of molecular features found common to all nighttime sam-
pling periods. (A) Van Krevelen diagram for common MFs in nighttime samples
colored according to functional groups. The MFs that are not common but found
across different intersection of sampling period are shaded grey. (B) Oxidation State
of carbon (OS¢) to represent volatility distribution of common MFs is shown as a
function of logarithmic saturation mass concentration (logioCp). The pie plots reflect
the distribution of common MFs which are scaled according to ion signal intensity of a
molecular group or number based percent distribution from the total MF population.
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Bars indicate the number of MFs found unique to each intersection. (B) VK diagram
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C.6.2 Distribution of Molecular Features in Nighttime Sample

Pool
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Figure C.12: Results from Aerosol Chemical Speciation Monitor (ACMS) at the S3
site across the sampling periods of June during TRACER-ARM campaign. Main
results from June 1 to June 14 2022 demonstrating the distribution of mass concen-
tration of organics (ug.m™?) in (A) and CHNOs (ug.m™?) in (B). The day and night
time periods are indicated by yellow and blue colored boxes respectively.

C.6.4 Predicted Parameters for Sampling Periods
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Table C.4: List of elemental ratios and predicted parameters for sampling periods across June 2022.

Group MF H:C 0:C O:N O:S OSc DBE  Average m/z
Daytime - June 2
CHO 555 | 1.3+0.3 | 0.5%+0.3 - - -0.3+0.6 5.8+2.1 0.2+0.2 282469
CHNO 265 | 1.3+£0.3 | 0.6+0.2 | 6.44+2.35 - -0.6+0.5 5.2+1.5 0.2+0.2 264468
CHOS 157 | 1.7£0.3 | 1.0+£04 - 7.6£1.8 -0.6+0.6 2.3£1.2 0.3£1.3 270+60
CHNOS 0 - - - - - - - -
total /average 977 | 1.5+0.3 | 0.7£0.7 - - -0.6+0.6 4.4+1.6 0.2+0.3 282469
Nighttime - June 2
CHO 821 | 1.3+£0.3 | 0.5%0.2 - - -0.3+0.6 6.1+£2.2 0.2+0.2 319499
CHNO 476 | 1.6+£0.2 | 0.6+0.2 8.2+2.9 - -0.6+0.4 5.9+1.6 0.1£0.2 3344105
CHOS 225 | 1.7£0..3 | 0.984+0.37 - 8.254+2.10 | -0.5£0.6 2.7+14 0.3£14 290+69
CHNOS 88 | 1.7£0.2 | 1.03+£0.27 | 10.65+.47 | 10.65+1.47 | -0.740.3 3.4+1.0 0.5£1.9 365456
total/average | 1610 | 1.5+0.2 | 0.7+0.2 - - -0.4+0.4 4.9£1.6 0.2+0.4 327482
Daytime - June 3
CHO 996 | 1.44+0.3 | 0.540.2 - - -0.3+0.6 5.8+2.1 0.2+0.2 3394116
CHNO 462 | 1.440.2 | 0.6£0.2 8.9+3.0 - -0.5+0.4 5.6£1.5 0.1£0.2 3534110
CHOS 231 | 1.7 +£0.3 | 1.0+0.4 - 8.39£2.17 | -0.5£0.6 2714 0.2+1.1 295+70
CHNOS 107 | 1.74+0.1 | 1.0£0.3 11.2+2.0 11.2+2.0 -0.7+0.3 3.6£1.2 0.5£1.8 390+85
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Table C.4 continued from previous page

Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z
total /average | 1796 | 1.54+0.2 0.8+0.3 - - -0.5+0.4 4.4+1.6 0.2+0.8 344+95
Nighttime - June 3
CHO 931 | 1.44+0.3 0.6+0.2 - - -0.2+0.6 5.8+2.1 0.24+0.2 356120
CHNO 568 | 1.3£0.3 0.6+0.2 9.2+3.4 - -0.5+0.3 6.3+1.8 0.24+0.2 359+£118
CHOS 296 | 1.7£0.3 1.0£0.3 - 9.3£2.8 -0.5+0.5 3.0£1.6 0.2+1.0 327194
CHNOS 121 | 1.7£0.2 1.0£0.3 11.4£2.0 11.4£2.0 -0.7£0.3 3.7£1.2 0.4+1.7 39578
total/average | 1916 | 1.5+0.2 | 0.84+0.3 - - -0.5+0.4 4.7£1.7 0.2+0.8 3594103
Daytime- June 4
CHO 643 | 1.3£0.3 | 0.6£0.3 - - -0.2£0.6 5.5£2.0 0.2£0.2 289182
CHNO 222 | 1.3£0.2 | 0.7£0.2 7.2£2.1 - -0.5£0.4 | 5.3£1.5 0.2£0.2 276159
CHOS 380 | 1.7£0.3 | 0.9£0.3 - 9.2£2.6 -0.5£0.6 3.2£1.6 0.2£1.1 334490
CHNOS 188 | 1.7+0.2 | 1.0£0.3 | 10.64£2.0 | 10.6%2.0 -0.8£04 | 3.4£1.3 0.5£1.6 37277
total /average | 1433 | 1.440.2 0.8%.3 - - -0.5+£0.5 | 4.3+1.6 0.3£0.8 31877
Nighttime - June 4
CHO 1019 | 1.2+0.3 0.5+0.3 - - -0.2+0.5 | 6.6£22.7 0.3+0.2 309+£106
CHNO 454 | 1.2+0.3 0.6+0.2 7.7£2.9 - -0.4+0.4 6.5+2.1 0.24+0.2 307£93
CHOS 322 | 1.6%£0.3 1.0£0.3 - 9.2+2.7 -0.4+0.6 3.1£1.7 0.2+1.2 318+87
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Table C.4 continued from previous page

Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z
CHNOS 169 | 1.7£0.2 | 1.0£0.3 | 10.6£2.1 10.6+2.1 -0.7£0.4 3.5+1.2 0.5£1.7 365+74
total /average | 1964 | 1.44£0.3 | 0.8+0.3 - - -0.4+0.5 4.9£1.9 0.3£0.8 325490
Daytime - June 11
CHO 451 | 1.3+04 | 0.5%0.3 - - -0.2+0.6 5.9+2.5 0.3£0.2 289+65
CHNO 70 | 1.2+0.2 | 0.6%0.2 5.1£1.6 - -0.6+£0.4 4.9+1.4 0.3£0.2 207£43
CHOS 103 | 1.8£0.3 | 1.1+£04 - 7.5+£1.7 -0.5+£0.6 | 1.9£0.1.1 0.5£1.6 252452
CHNOS 0 - - - - - - - -
total /average | 624 | 1.44+0.3 | 0.840.3 - - -0.4+0.5 4.2+1.6 0.3£0.3 249440
Nighttime - June 11
CHO 386 | 1.2+0.3 | 0.6+0.3 - - - 6.0£2.2 0.3£0.2 272460
CHNO 139 | 1.2£0.3 | 0.7£0.2 5.8+2.0 - -0.5+0.5 5.3£1.6 0.3£0.2 227453
CHOS 88 | 1.7£0.3 | 1.2+04 - 7.841.4 -0.2+0.6 2.1+£1.1 0.7+1.9 249443
CHNOS 0 - - - - - - - -
total /average | 613 | 1.44+0.3 | 0.84+0.3 - - -0.2+0.6 4.5+1.6 0.4+0.8 249452
Daytime - June 12
CHO 306 | 1.4+0.3 | 0.5+0.3 - - -0.4+0.7 4.9£1.2 0.2+0.2 278+64
CHNO 25 | 1.3+£0.2 | 0.6%0.2 4.0£1.3 - -0.8+£0.4 4.1£0.9 0.3£0.2 170430
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Table C.4 continued from previous page

Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z
CHOS 9 | 1.8£0.3 | 1.1+04 - 7.0£1.5 -0.6£0.7 1.7£1.0 0.6£1.7 237145
CHNOS 0 - - - - - - - -
total/average | 427 | 1.5+0.3 | 0.7+0.3 - -0.6£0.6 3.6£1.2 0.3+0.7 228446
Nighttime - June 12
CHO 294 | 1.3£0.3 | 0.5£0.3 - - -0.30£0.75 | 5.3%£1.8 0.3£0.2 268460
CHNO 82 | 1.1£0.2 | 0.6%0.3 4.34+2.1 - -0.75£0.67 | 5.2%1.3 0.4£0.3 192£45
CHOS 89 | 1.7£0.3 | 1.2+04 - 7.2£1.5 -0.6£0.6 2.0£1.1 0.6£1.7 239446
total /average | 465 | 1.4+0.3 | 0.8+0.3 - - -0.5£0.3 41+14 0.4£0.3 233+50
Daytime - June 13
CHO 324 | 1.3£0.3 | 0.5£0.3 - - -0.3£0.7 5.2£1.9 0.2£0.2 275163
CHNO 90 | 1.2£0.2 | 0.6%0.2 5.0£1.9 - -0.60£0.5 | 5.2+1.4 0.3£0.2 210449
CHOS 79 | 1.8+£0.3 | 1.1£04 - 6.7£1.5 -0.6+0.7 1.7£0.9 0.7£1.8 229443
total/average | 493 | 1.4+0.3 | 0.7£0.3 - - -0.5+0.6 4.1£1.4 0.4+0.7 238+52
Nighttime - June 13
CHO 360 | 1.3£0.3 | 0.5+0.3 - - -0.3£0.8 5.2£1.8 0.3£0.2 278461
CHNO 91 | 1.3£0.3 | 0.6£0.2 5.0£1.9 - -0.7£0.5 4.7+1.3 0.4£0.3 202445
CHOS 81 | 1.7£0.3 | 1.24+04 - 7.5£1.5 -0.4+0.7 2.0£1.1 0.6+1.7 246142
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Table C.4 continued from previous page

Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z
total /average 532 | 1.4£0.3 | 0.8£0.3 - - -0.4£0.7 4.0£1.4 0.4£0.7 242+£50
Daytime - June 14
CHO 334 | 1.340.3 0.54+0.3 - - -0.3+0.8 5.3+1.9 0.24+0.2 278462
CHNO 74 1.240.2 0.64+0.2 5.0+1.9 - -0.61+0.5 5.1+1.3 0.34+0.2 204446
CHOS 89 1.840.3 1.1+0.4 - 7.4+1.5 -0.4+0.7 1.9+1.1 0.6t£1.7 246+41
total /average 497 | 1.440.2 0.84+0.2 - - -0.4+0.5 4.1+1.1 0.4+0.5 243450
Nighttime - June 14
CHO 195 | 1.3£0.3 0.5+0.3 - - -0.2+0.7 5.2+1.8 0.3+0.2 273£60
CHNO 13 1.1£0.2 0.6+0.2 3.7+1.3 - -0.8+0.7 4.7+1.3 0.44+0.3 164427
CHOS 70 1.7£0.3 1.1£0.4 - 7.2£1.5 -0.5£0.6 2.0£1.1 0.6£1.7 244441
total /average 278 | 1.440.2 0.7£0.3 - - -0.5£0.7 4.0£1.2 0.44+0.6 227+43
Unique to daytime June 3 (subset day-night comparison)
CHO 184 | 1.3+0.3 0.3£0.2 - - -0.6£0.5 6.8+£2.2 0.3£0.2 3394116
CHNO 62 1.6+0.2 0.540.2 7.9+2.6 - -0.940.5 5.0+1.8 0.1£0.1 353+110
CHOS 12 1.440.2 0.84+0.3 - 8.8+1.5 -0.3+0.5 4.7+1.1 - 295+70
CHNOS 19 1.64+0.1 0.940.4 11.64+2.5 11.64+2.5 -0.740.5 4.3+1.3 0.1+£0.4 390+85
total/average 277 | 1.54+0.2 0.64+0.2 - - -0.7£0.5 5.24+1.6 0.12+0.2 344+95
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Table C.4 continued from previous page

Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z
Unique to nighttime June 3 (subset day-night comparison)
CHO 119 | 1.4£0.3 | 0.70+0.2 - - - 6.8+2.7 0.14+0.2 356£120
CHNO 168 | 1.2£0.3 | 0.6%£0.2 9.3+4.1 - -0.440.4 7.5+1.8 0.34+0.2 359+£118
CHOS 77 | 1.6+£0.2 | 0.9£0.2 - 12.0+2.4 -0.4+04 4.2+1.6 - 327494
CHNOS 33 | 1.6+£0.2 | 0.940.2 12.242.0 12.242.0 -0.640.3 4.1+1.3 0.240.9 39578
total/average 397 | 1.5+£0.3 | 0.84£0.2 - - -0.3+£0.4 2.6+1.9 0.1£0.3 3591103
Unique to daytime June 4 (subset day-night comparison)
CHO 32 | 1.6£0.3 | 0.5£0.3 - - -0.640.6 4.7+2.1 0.1£0.2 289482
CHNO 8 1.5£0.2 | 0.8£0.2 9.64+2.0 - -0.3+0.4 4.6+£1.4 - 276+59
CHOS 89 | 1.7£0.2 | 0.6£0.1 - 9.542.5 -0.940.4 3.6+1.6 - 334+90
CHNOS 52 | 1.7£0.2 | 0.8+£0.3 | 10.8+2.2 10.842.2 -1.04+0.4 3.5+1.6 0.14+0.6 37277
total /average 181 | 1.6£0.2 | 0.7£0.2 - - -0.7+0.4 4.1£1.7 0.1£0.2 318+77
Unique to nighttime June 4 (subset day-night comparison)
CHO 408 | 1.1£0.3 | 0.5+0.2 - - -0.240.5 8.24+2.7 0.440.2 309+106
CHNO 240 | 1.240.3 | 0.64+0.2 8.1+3.4 - -0.440.4 7.5+2.1 0.34+0.3 307493
CHOS 31 | 1.5£04 | 1.084+0.3 - 11.143.2 - 4.0+2.2 0.1+0.7 318487
CHNOS 33 | 1.5£0.2 | 0.9£0.3 | 10.9£3.0 10.943.0 -0.740.5 4.5+1.0 0.1+0.5 36574
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Group MF H:C 0:C O:N O:S OS¢ DBE AlImod Average m/z

total /average 712 | 1.3£0.3 | 0.8£0.3 - - -0.3+0.5 6.0+2.0 0.2+0.4 325£90

Unique to daytime June 3 (subset-all daytimes)

CHO (54%)* 278 | 1.540.2 0.5£0.2 - - -0.5£0.4 6.6£2.1 0.1£0.1 4344128

CHNO (44%)* | 223 | 1.5+£0.2 | 0.6+0.2 10.8+2.7 - -0.6+0.4 6.2£1.5 - 433489
Unique to nighttime June 3 (subset-all nighttimes)

CHO (52%)® 160 | 1.5£0.2 0.6£0.2 - - -0.4£0.4 6.44+2.5 0.1£0.1 485488

CHNO (32%)b 98 1.540.2 0.71+0.2 13.2+2.7 - -0.3£0.3 6.8£1.9 - 487+103

Unique to daytime June 4 (subset-all daytimes)

CHOS (54%)“ 144 | 1.6+£0.2 | 0.8%+0.3 - 10.4+2.7 -0.6£0.6 4.0£1.6 0.1+£1.1 39981

CHNOS (34%)* | 91 1.7£0.2 1.0£0.4 10.3£2.1 10.3£2.1 -0.9£0.5 3.3£1.5 0.4+1.4 368+79
Unique to nighttime June 4 (subset-all nighttimes)

CHO (54%)® 181 | 1.0+£0.3 | 0.4+£0.2 - - -0.2+0.5 9.1£2.8 0.5£0.2 363182

CHNO (17%)° 56 1.04£0.2 0.5£0.2 6.9£3.1 - -0.4+£0.4 9.2+1.1 0.5+0.19 345182

¢ Percent representation of MFs from number based subset of MFs in daytime sample pool.
b Percent representation of MFs from number based subset of MFs in nighttime sample pool.



C.6.5 Van Krevelen diagrams and Mass Spectra
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Figure C.13: Van Krevelen diagrams for daytime June Sampling periods (June 2 to
June 14). The inset pie chart reflects the number based molecular distribution of
functional groups found in each daytime sample.
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Figure C.14: Van Krevelen diagrams for nighttime June Sampling periods (June 2
to June 14). The inset pie chart reflects the number based molecular distribution of
functional groups found in each night time sample.
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Figure C.15: Mass spectra for daytime and nighttime samples from June 11 (A) and
(E), June 12 (B) and (F), June 13 (C) and (G), June 14 (D) and (H) respectively is
shown as normalized abundance with respect to mass to charge ratio (m/z).
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Figure C.16: Mass spectra for two of the daytime sampling periods: June 3 (A) and
June 4 (B) are shown. The abundance of observed molecular functional groups is
normalized.

C.7 Literature and Experimentally Reported CHOS,
CHNOS and CHNO
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Table C.5: List of identified CHOS, CHNOS and CHNO during daytime comparison of samples

m/z Molecular Formula (M) Reference Sample VOC precursor
CHOS

152.9864 C3HgO5S a,n June 2 to June 14 Ts’,—pinene
194.9968 CsHgOgS a,m June 2 to June 14 isoprene
197.0125 CsH1906S a,m June 2 to June 14 isoprene
210.9919 CsHgO+S a,m June 2 to June 14 isoprene
213.0076 CsH100+S a,m June 2 to June 14 isoprene
215.0231 CsH12,0+S a,i,m June 2 to June 14 isoprene
239.0231 CyH12,0+S a,b,m June 2 to June 14 d-limonene,isoprene
223.0282 C7H1506S a,b,m June 2 to June 14 I$-pinene
237.0438 CgH1406S a,b,n June 2 to June 14 I$-pinene
281.0702 Ci10H1307S a,b June 2 to June 14 Té—pinene
251.0596 CoH1606S a,b June 2 to June 14 d-limonene
265.0388 CoH,407S a,m June 2 to June 14 isoprene
267.0544 CoH1607S a,b June 2 to June 14 d-limonene, Decalin/cyclodecane
279.0546 Ci10H1607S a,b June 2 to June 14 d-limonene
281.0702 C10H1807S a,b,m June 2 to June 14 d-limonene, I-terpinene,I$-pinene
311.0442 Ci10H1609S a,b June 2 to June 14 Decalin
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Table C.5 continued from previous page

m/z Molecular Formula (M) Reference Sample VOC precursor
211.0645 C7;H1605S b.f June 4 unknown
363.1483 Ci16H2307S h June 4 Sesquiterpene
423.0964 Ci16H24011S a,b June 4 d-limonene, Observed in cloud water samples
441.1070 Ci16H26012S a,b June 4 d-limonene, Observed in cloud water samples
457.1022 C16H26013S a,b June 4 d-limonene, Observed in cloud water samples
439.1278 C17H25011S a,b June 4 d-limonene, Observed in cloud water samples
455.1228 C17H25012S a,b June 4 d-limonene, Observed in cloud water samples
469.1020 C17H26013S a,b June 4 d-limonene, Observed in cloud water samples
471.1175 C17Ho5013S a,b June 4 d-limonene, Observed in cloud water samples
451.1280 Ci18Ho5011S a,b June 4 d-limonene, Observed in cloud water samples
465.1072 Ci18Ho6012S a,b June 4 d-limonene, Observed in cloud water samples
467.1231 C18Ho5012S a,b June 4 d-limonene, Observed in cloud water samples

CHNOS

294.0653 Ci10H17NO7S b,c.f,a June 3 and 4 I$-pinene, observed in rain water samples
342.0502 C10H17NOoS b,c,a June 3 and 4 ié/ié—Pinene, ié/i@—Terpinene, observed in rain water samples
312.0759 C1oH19NOgS b,d,a June 3 and 4 unknown
300.0760 CoH19NOgS b.e,a June 4 possibly monoterpenes
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Table C.5 continued from previous page

m/z Molecular Formula (M) Reference Sample VOC precursor
CHNO

220.0462 C7H11NO, b,g,a,k June 3 [$-pinene, d-limonene
194.0459 CoHgNO, a,l June 3 cellulose Salicylamide acetic acid
230.0670 CoH13NOg b,g,a.k June 3 and 4 I$-pinene, d-limonene
246.0619 CoH13NO7 b.g,a June 3 and 4 I$-pinene, monoterpenes
406.1355 Ci16Hao5NO¢; b.g,a June 3 Ts’.—pinene
418.1357 C17Ho5NOy; b.g,a June 3 Ts’.—pinene
436.1460 C17H97NOq9 b.g,a June 3 Té—pinene
432.1511 Ci1sH97NO1; b,g.a June 3 Ts’.—pinene
464.1047 C17Ho3NO 14 a,k June 3 d-limonene
504.1360 CooH97NO 14 a,k June 3 d-limonene
520.1310 CyH97NOy5 a,k June 3 d-limonene

@ this study ® Cook et al[501] ¢ Alteiri et al[61] ¢ Stone et al[424] ¢ Ning et al[432] / Cai et al[613] 9 Sun et al[614] " Pratt et al[409] ? Surratt
et al 2007 and Surratt et al 2008[56, 615] 7 Chan et al 2007[485] ¥ Faxon et al 2007[505] ! Kong et al 2007[616] ™ Huang et al 2007[506] ™ Ma et al
2007[422]



C.8 Measurements for Cloud Formation
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Figure C.17: Doppler-lidar measurements for daytime periods of (A) June 3 and (B)
June 4. Scattered cloud was observed for June 3 and convective cloud event was
observed for June 4.[617, 618]
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