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Atmospheric aerosols, including secondary organic aerosols (SOA), are ubiquitous constituents

in the atmosphere. During their transport over hundreds of kilometers from their sources,

aerosols can undergo a variety of chemical and physical changes depending on the atmo-

spheric conditions and interactions with other compounds, which is known as chemical

aging. The SOA formation and aging processes–including the influence of acids on these

processes–are the leading sources of uncertainty in aerosol radiative forcing in global climate

models. The main objective of this thesis is to explore the influence of sulfuric acid on the

chemical composition and optical properties of organic aerosols. This is achieved through

laboratory studies that offer a detailed molecular-level understanding of the interactions be-

tween monoterpene oxidation products and inorganic compounds like sulfuric acid (H2SO4).

Exploring the chemical reactions between organic aerosols and acids is crucial for under-

standing the evolution of SOA in the atmosphere.

The effect of water vapor and aerosol liquid water on the molecular composition of SOA

derived from biogenic volatile organic compounds was studied to understand the chemical

changes that can occur in SOA particles in the absence of sulfuric acid. SOA was generated

and then aged by dissolving it in liquid water and keeping it in solution for 1-2 days or

exposing it to water vapor for 1-2 weeks. The composition was monitored with mass spec-
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trometry, and patterns of peak intensities and observed molecular formula were examined

for evidence of water-mediated chemistry in the dark. The presence of water led to changes

in the chemical composition of these particles, but the extent of these changes was small,

suggesting that hydrolysis and hydration is not a major aging mechanism for atmospheric

aerosols.

The second project discussed in this thesis tested the effect of sulfuric acid on the chemical

composition and optical properties of α-pinene SOA. α-Pinene SOA was formed in an ox-

idative flow reactor and then aged in aqueous solutions containing various concentrations of

H2SO4. Composition changes were analyzed using mass spectrometry, while optical proper-

ties were studied using UV-Vis and fluorescence spectroscopy. This study found that SOA

aged in moderately (pH 0 to 4) acidic conditions experienced relatively small changes in

composition, while SOA aged in a highly (pH -1 to 0) acidic environment experienced more

dramatic changes in composition. The aged SOA had compounds containing sulfur (account-

ing for 30% of the relative sample), as well as light-absorbing and fluorescent compounds.

The findings in this study demonstrated that concentrated sulfuric acid plays a crucial role

in the chemical composition and optical properties of aerosols in regions where high concen-

trations of H2SO4 persist, such as the upper troposphere and lower stratosphere.

To gain improved mechanistic understanding of the SOA acid-aging processes, two common

monoterpene oxidation products from α-pinene, cis-pinonic acid and cis-pinoaldehyde, were

then aged in highly concentrated sulfuric acid. All resulting reactions were analyzed using

UV-Vis spectroscopy, high resolution mass spectrometry, and nuclear magnetic resonance

spectroscopy to identify the products formed. Under highly concentrated sulfuric acid, it

was found that cis-pinonic acid forms homoterpenyl methyl ketone, while cis-pinonaldehyde

forms two regioisomers of 1-(4-isopropylcyclopenta-1,3-dien-1-yl)ethan-1-one.
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The effect of highly concentrated sulfuric acid on the fluorescent properties of SOA from

volatile organic compounds of anthropogenic and biogenic origin was investigated in the

last study of this thesis. SOA was created with different combinations of oxidants and

VOC precursors, followed by the analysis of absorption and fluorescence. The appearance

of strongly light-absorbing and fluorescent compounds at pH = ∼ -1 confirms that sulfuric

acid is a major driver of SOA aging. The aged SOA from biogenic precursors (d-limonene

and α-pinene) resulted in stronger fluorescence than aged SOA from anthropogenic toluene

and xylene. The absorption spectra of aged SOA from biogenic precursors changed drasti-

cally in shape upon dilution, whereas the shapes of the fluorescence spectra remained the

same, suggesting that fluorophores and chromophores in SOA are separate sets of species.

Additionally, the fluorescence spectra of aged SOA and primary biological aerosol particles

exhibited significant overlap, indicating that when subjected to highly concentrated sulfuric

acid environments, aged SOA may be mistakenly identified as primary biological aerosol

particles using fluorescence-based techniques.

SOA can exist under a range of acidities, providing a range of acid-catalyzed and acid-

driven reactions. This thesis demonstrates that sulfuric acid is a strong driver in aging

mechanisms for biogenic and anthropogenic SOA. By integrating these laboratory studies

along with future field measurements and model predictions, informed decisions can be made

to tackle the environmental issues associated with air quality and climate change.

xxix



Chapter 1

Introduction

1.1 General Atmosphere Information

Earth's atmosphere is essential to sustaining life as it provides key nutrients for living organ-

isms. The atmosphere comprises 78% nitrogen (N2), 21% oxygen (O2), 0.9% argon (Ar), and

0.1% other trace gases, which includes water vapor.1,2 In addition to gases, the atmosphere

contains particles that are naturally occurring and manmade. The understanding of these

gases and particles, as well as their interactions, is crucial as their processes heavily influence

different ecosystems on Earth.2–5

The Earth's atmosphere comprises of a series of layers, each with their own unique at-

tributes. The closest part of the atmosphere to ground level is the troposphere, which spans

up to 7-15 kilometers from the surface. The temperature, pressure, and density of air in

this layer typically decreases with altitude. The troposphere is characterized by its strong

vertical mixing and contains 75-80% of the mass of the atmosphere.6 Due to the complexity

of this layer, the troposphere is heavily studied by many researchers. The second lowest layer
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of the atmosphere is the stratosphere, separated from the troposphere by the tropopause,

and marked by a temperature inversion.6 The stratosphere is notably known as the home to

the ozone layer, which absorbs harmful UV radiation, protecting all living things, including

humans and animals.1,2 The reactions that govern the ozone layer cause the temperature of

the stratosphere to increase with altitude. This layer contains 10% of the air mass of the

Earth, and contains significant amounts of sulfuric acid, H2SO4, and organic compounds.

Due to injection of SO2 from volcanic eruptions and the long residence time, the stratosphere

has been known to be very acidic, resulting in stratospheric aerosols that can contain 40-80

wt% H2SO4.2–4,7–10 Although the mesosphere, thermosphere, and exosphere are additional

layers in the atmosphere, the topics discussed in this thesis are primarily relevant to the

troposphere and stratosphere.

1.2 Atmospheric Aerosols

Atmospheric aerosols are solid or liquid particles suspended in air. They can affect climate

through their direct and indirect interactions with solar radiation. Aerosol particles can di-

rectly absorb and scatter solar radiation, altering the global radiative balance. Additionally,

aerosols can act as cloud condensation and ice nuclei, resulting in changes in the microphys-

ical and optical properties of cloud droplets. This alteration affects cloud albedo, droplet

and particle number, as well as cloud size, impacting the radiation budget.

Aerosol particles have a wide size distribution, with the smallest particles being a few

nanometers and the largest particles having a diameter (Dp) of over 10 microns. The particle

size distribution can be defined by four distinct modes: nucleation mode (Dp <0.01 µm),

Aitken mode (0.01 µm <Dp <0.1 µm), accumulation mode (0.1 µm <Dp <1 µm), and course

mode (Dp >1 µm).1,2,11,12 Aerosol particle sizes can change due to a variety of processes, in-
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cluding condensation, coagulation, fragmentation, evaporation, and abrasion.12,13 However,

for air quality regulatory purposes, aerosol particles are categorized into either PM 2.5 or

PM 10, which describes particle diameters that are 2.5 microns or less and 10 microns or less,

respectively. These classifications allow for regulatory agencies to offer effective protection

from the detrimental health effects of particulate matter, which are dependent on their size.

In addition to reduced visibility and negative impacts on ecosystems, aerosols can also con-

tribute to adverse health effects. Epidemiological studies have shown that once inhaled,

they can deposit into the parts of the respiratory system and blood stream. Depending on

their size, aerosol particles can cause premature mortality and a variety of cardio-respiratory

illnesses, including asthma, bronchitis, and inflammation and irritation in the respiratory

track.14,15 Long term exposure to aerosol particles can have even more harmful health effects

as it can worsen neurological diseases and cross the blood-brain barrier.14,15 However, in

addition to concentration and duration of exposure, the extent and severity of which aerosol

particles can influence health effects is in large part due to the composition, which will be

addressed in greater detail in the following sections.

1.2.1 Aerosol Life Cycle

Aerosols result from both natural and anthropogenic sources. Primary aerosols are directly

emitted into the atmosphere. Examples of primary aerosols include sea spray, release of soil

and rock debris, biological aerosols, biomass burning smoke, and volcanic debris. They tend

to be larger in size in comparison to secondary aerosols. Secondary aerosols are formed be-

cause of gas-to-particle conversion processes, such as gases condensing in and on to existing

particles and gases reacting with each other and leading to the formation of new particles.

Studies have also shown that secondary aerosols can be formed through cloud processing.16

Due to the variability of sources and formation mechanisms, extensive research has been
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conducted on primary and secondary aerosols to understand their fate in the atmosphere.

Once emitted or formed, aerosol particles can reside in the atmosphere from hours to weeks,

depending on their size and vertical distributions. Primary aerosols are relatively large

(with diameters >1 µm) and have short lifetimes, typically hours to days, mainly due to

faster gravitational settling.17–19 On the other hand, because secondary aerosols are formed

through new particle formation followed by condensation, they can be a few nanometers to

1 µm in diameter. The lifetime of the smallest secondary aerosols is relatively short due to

their diffusivity; however, larger secondary aerosols can reside in the atmosphere for several

days to weeks.17–19 During their lifetimes, aerosols particles can be transported hundreds

of kilometers from their source and can undergo a variety of chemical and physical changes

depending on the environmental conditions, which is often referred to as“aging”(e.g., aging
via exposure to acids, water, UV radiation, etc.).20 Additionally, the lifetime of these par-

ticles can vary depending on which atmospheric layer they are present in. Aerosols present

in the upper troposphere and the lower stratosphere have longer (days to years) lifetimes as

compared to the lower troposphere (i.e., below the planetary boundary layer) because the

removal mechanisms for particles at higher altitudes are inefficient.21

There are two types of deposition processes by which aerosols are removed from the at-

mosphere. Wet deposition removes particles via precipitation or in cloud processes such as

through rain, snow, or cloud and fog droplets. On the other hand, dry deposition is the di-

rect uptake of particles to surfaces (e.g., soil, water, and vegetation) following gravitational

settling. Typically, smaller particles are removed via wet deposition while larger particles

are expelled from the atmosphere by either dry or wet deposition.1,2,17
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1.2.2 Volatile Organic Compounds and Secondary Organic Aerosol

Formation

Organic compounds account for a dominant fraction of aerosol mass in the lower troposphere.

Primary organic aerosols are directly emitted, whereas secondary organic aerosols (SOA) are

produced from atmospheric reactions involving volatile organic compounds (VOCs), which

are emitted from natural and anthropogenic sources such as vegetation and motor vehicles,

respectively.22 These reactions include the gas-phase oxidation of VOCs followed by con-

densation, heterogeneous oxidation of VOCs on particle surfaces, and aqueous processing in

cloud or fog droplets.16,22 Due to the large variability of sources, chemical constituents, and

transformations, SOA formation and aging processes are the leading source of uncertainty

in aerosol radiative forcing in global climate models.23 However, characterization of these

compounds presents a major challenge in laboratory experiments and models.

1.2.3 Secondary Organic Aerosol Composition and Complexity

Due to the influence of various atmospheric factors and chemical diversity in the atmosphere,

the chemical composition of secondary organic aerosols is highly complex.22 Depending on

the precursors and conditions involved in their formation, SOA can exhibit varying degrees

of physical and chemical properties, including viscosity, hygroscopicity, and light absorp-

tion. Consequently, the composition of SOA plays a crucial role in determining the extent

to which aerosols can affect climate, health, visibility, and air quality.

The composition of secondary organic aerosols is significantly impacted by the chemical di-

versity of precursors in the atmosphere. VOCs such as α-pinene and isoprene originate from

biogenic sources, while VOCs such as toluene and naphthalene come from anthropogenic

sources. After being emitted, VOCs can undergo oxidation via hydroxyl radical (•OH),
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ozone (O3), or nitrate radical (•NO3). These oxidation pathways result in compounds with

oxygen (sometimes also nitrogen and sulfur) containing functional groups, such as carbonyl,

carboxyl, and hydroxyl groups. In many cases, multiple oxygen-containing functional groups

are needed to reduce vapor pressures, increase solubility, and partition into existing particles

or nucleate new particles. Thus, VOC oxidation can result in a range of multi-functional

products.

SOA complexity is also heavily influenced by the other atmospheric conditions, such as

the presence of additional gases and pre-existing particles, temperature, relative humidity

and aerosol liquid water, and particle acidity. During the formation of SOA in the presence

of NOx, yields are dependent on the presence of water. Studies have shown that the presence

of NOx could reduce SOA yields while others have noted the in the presence of water, SOA

yields can be enhanced, depending on VOC precursors.24–29 Also, under high NOx condi-

tions, there can be a suppression of new particle formation and an increased likelihood of

the formation of organonitrates.30,31 Previous studies have shown that introducing inorganic

particles can enhance SOA formation due to its increased acidity and can impact phase

state of aerosol particles.32–36 SOA formation at low temperatures can change the chemical

makeup by increasing yields due to the low volatility environment, and therefore changing

properties like refractive indices.37–39 The presence of water can also impact SOA production

by increasing yields when SOA is formed in the presence of deliquesced seeds or by acting

as medium for aqueous SOA formation.16,40,41

After SOA are formed, these particles undergo a variety of aging processes depending on

the environmental conditions (e.g., changes in acidity) during atmospheric transport.20 As

SOA particles age, they can undergo both physical and chemical transformations, including

water uptake or loss, phase transitions, gas-to-particle partitioning, photolysis, hydrolysis,
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and formation of salts.42–46 As they are of particular interest to this thesis, SOA and acidity

will be discussed in more depth in the following section.

1.3 Acidity of Aerosols

The acidity of atmospheric aqueous phase (i.e., aerosol particles, cloud droplets, and fog

droplets) is a crucial factor that can influence physical and chemical processes, and therefore

impact human health, climate, and various ecosystems.47,48 SO2 and NO2 are the primary

sources of acidity in the atmosphere over the polluted continental locations. Equations (1)

and (2) show how the oxidation of these gases can produce strong acids.

1. NO2 +OH → HNO3

2. SO2 +OH → HSO3

HSO3 +O2 → SO3 +HO2

SO3 +H2O → H2SO4

There is a wide range of acidity in the atmosphere, evident in Figure 1.1. Cloud and fog

droplets can have pH values ranging from 2 to 7, while aerosol particles tend to be more

acidic and have a wider range, with pH values from -1 to 8.48–56 This property is dependent

on their source, chemical composition, and ambient relative humidity, as shown in Figure

1.1. For example, sea spray and dust aerosols, the two largest natural emissions by mass,

tend to be less acidic, with pH values from pH 3 to 8, due to the presence of nonvolatile

cations and carbonates. These carbonates can react with acidic gases that partition into

the particle and form salt, gaseous CO2 and water.57 On the other hand, sulfate-organic

aerosols are quite acidic and can have a pH -1 to 5 because they typically contain organic
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acids and sulfuric acid. The acidity of the aqueous phase in the atmosphere can also fluc-

tuate due to uptake of anthropogenic emissions. Generally, sulfur dioxide (SO2), nitrogen

oxides (NOx), and organic acids tend to increase acidity while ammonia (NH3), nonvolatile

cations, and amines are known to decrease acidity. While the partitioning of semi-volatile

acidic and basic trace gases and water content can largely affect the acidity of aerosol par-

ticles, the acidity in turn affects the chemical reactions and kinetic rates within the particles.

Figure 1.1: Acidity of different aerosols and cloud water in the atmosphere (Adapted from
Pye et al. 2020)47

Meteorology, changes in emissions, and particle composition can drive the variability of

acidity in the atmosphere. In the summer, aerosols particles tend to be more acidic than

in the winter due to availability of liquid water and variations in temperature. In general,

increasing temperature and decreasing relative humidity can result in an increase in the acid-
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ity of aerosols. This seasonal trend has been observed in several regions such as in United

States,49,50 Beijing,51 Mongolia,52 Hong Kong,53 Italy,54 Netherlands,55 and Canada.56 Stud-

ies have also shown that diurnal trend in particle acidity can depend on water content and

temperatures, with aerosol particles being more acidic during the day when water content

is low, and temperatures are high.49,58–61 Different regions around the world have exhibited

varying levels of acidity. For example, aerosol particles observed in Hawaii, United States

and Sãn Pablo, Brazil tend to have pH ranging between 4 to 5.62,63 This is likely because

of the presence of non-volatile cations and nitrates from sea salts and combustion sources,

which can make the particles less acidic. Moderately acidic particles (pH 2-3) have been ob-

served Mainland China, Europe, Canada, Mexico, and the western United States.54–56,64–69

Highly acidic aerosols have been reported in Southeastern Asia, the eastern United States,

China, and other locations, likely due to the high emissions of SO2.49,55,58,61 The stratosphere

has been known to be very acidic, resulting in stratospheric aerosols that can contain 40-80

wt% H2SO4 due to injection of SO2 from volcanic eruptions and fewer sources of bases.2–4,7–10

1.3.1 Effect of Acids on SOA Formation and Aging

Acids can play a crucial role in many chemical reactions of organic compounds, including

those found in the SOA, in the atmosphere. These chemical reactions can either be acid-

catalyzed or acid-driven, with the difference being that in the latter the protons from the

acid are incorporated into the products formed. For instance, the formation of hemiacetal

and acetal are dependent on acidic conditions. Such reactions are significant in aqueous SOA

formation from carbonyl compounds such as glyoxal and methylglyoxal.70–75 The hydration of

complex aldehydes, ketones and carbonyls are known to accelerate the conversion of carbonyl

groups into gen-diols by the presence of acids.73–75 The pH sensitivity of aldol condensation is

largely due to the acid catalyzed nature of the enol formation and the role of the protonated

carbonyl, where studies have shown that this reaction can occur in both strongly acidic
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and less conditions.76–80 Increasing the acidity can also increase the rate of esterification

as the carboxyl group needs to be protonated to form a carbocation before a nucleophilic

attack by an alcohol.81–84 Acids can also facilitate nucleophilic addition through epoxide

protonation from isoprene and monoterpene, which can lead to organosulfate formation.85–88

Therefore, understanding the effects of acidity on these organic reactions, among others,

is essential to assess their impacts in multiphase models. The effects of acidity on SOA

formation have also been extensively investigated. Chamber studies have shown enhanced

production of SOA in the presence of acidic seed particles and can probe changes in organic

aerosol chemical properties such as mass yields, oxidation state, and composition, including

the formation of larger oligomers, organosulfates, and light-absorbing compounds.24,35,39,89–95

The reactive uptake was observed for various individual products of oxidation of biogenic

VOCs onto acidified particles.77,87,96–98 Previous work has also focused on the reactive uptake

of aldehydes and ketones into sulfuric acid solutions and particles, mimicking stratospheric

aerosols.5,76,78,79,99 These studies have highlighted the importance of acid-catalyzed processes

during SOA formation, however there is still limited understanding of role of acids in the

chemical aging of organic aerosols occurring over longer timescales.

1.4 Goals of the Thesis

The acidity of aerosols is an important property that plays a crucial role in the physical

and chemical processes in the atmosphere. Despite the growing literature in aerosol acidity

and the advances in understanding acid-driven and acid-catalyzed chemical mechanisms in

aerosol particles, there is still a large uncertainty pertaining to the role of acidity. The

overarching goal of this thesis is to explore the influence of acidity, specifically sulfuric acid,

on the chemical composition and optical properties of organic aerosols. The relevant back-

ground for each project will be described in depth at the beginning of each corresponding
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chapter. A brief overview of the goals of each chapter is provided below.

Chapter 2 analyzes the effect of water vapor and aerosol liquid water on the molecular

composition of biogenic monoterpene SOA. This work is considered a control, as it is impor-

tant to understand what happens in the absence of acidity to fully comprehend its effects.

SOA was generated and then aged in liquid water or water vapor and the composition was

monitored with mass spectrometry. Water led to changes in the chemical composition of

these aerosol particles, but the extent of these changes was small, suggesting that hydrolysis

and hydration is not a major aging mechanism.

Chapter 3 explores the effect of sulfuric acid on the chemical composition and optical prop-

erties of α-pinene secondary organic aerosol. SOA was formed and then aged in various

aqueous solutions of H2SO4. Composition changes were analyzed using mass spectrome-

try, while optical properties were studied using UV-Vis and fluorescence spectroscopy. This

study found that concentrated sulfuric acid is a major driver of SOA aging, resulting in a

large change in the chemical composition and optical properties of aerosols in regions where

high concentrations of H2SO4 persist (e.g., upper troposphere and lower stratosphere).

Chapter 4 identifies the mechanism and compound(s) responsible for the chromophores

in Chapter 3. We aged two common monoterpene oxidation products from α-pinene, cis-

pinonic acid and cis-pinoaldehyde, in highly concentrated sulfuric acid conditions. Samples

were analyzed by a variety of instruments including, UV-Vis spectroscopy, HPLC-PDA-

HRMS and NMR spectrscopy. It was found that under highly sulfuric acid conditions, cis-

pinonic acid forms homoterpenyl methyl ketone and cis-pinonaldehyde forms 1-(4-(propan-

2-ylidene)cyclopent-1-en-1-yl)ethan-1-one and two regioisomers of 1-(4-isopropylcyclopenta-

1,3-dien-1-yl)ethan-1-one
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Finally, Chapter 5 investigates the effect of sulfuric acid on the fluorescent properties of

anthropogenic and biogenic SOA. SOA was created with different combinations of oxidants

and VOC precursors, followed by the analysis of fluorescence properties. It was found that

there was formation of strongly light-absorbing and fluorescent compounds at pH = ∼ -1

suggesting that sulfuric acid is a strong driver of SOA aging.

The thesis aims to mitigate the uncertainty surrounding the chemical impacts of particle

acidity in the atmosphere. The laboratory studies presented here provide a molecular level

understanding of the synergistic interactions between monoterpene oxidation products and

other inorganic compounds, such as H2SO4. By integrating these laboratory studies along

with future field measurements and model predictions, informed decisions can be made to

tackle the environmental issues associated with air quality and climate change.
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Chapter 2

Stability of α-Pinene and D-Limonene

Ozonolysis Secondary Organic Aerosol

Compounds Toward Hydrolysis and

Hydration

Reprinted with permission from Wong, C.; Vite, D.; Nizkorodov, S.A., Stability of α-Pinene

and D-Limonene Ozonolysis Secondary Organic Aerosol Compounds Toward Hydrolysis and

Hydration, American Chemical Society Earth and Space Chemistry, 2021, 5, 2555-2564,

https://doi/10.1021/acsearthspacechem.2c00249. Copyright 2021 American Chemical

Society.
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2.1 Abstract

Secondary organic aerosol (SOA), formed through the gas-phase oxidation of volatile organic

compounds (VOCs), can reside in the atmosphere for several days and sometimes for weeks.

The formation of SOA takes place rapidly, often within hours after VOC emissions, and SOA

can then undergo much slower physical and chemical processes throughout its lifetime in the

atmosphere. Water, in the form of water vapor, aerosol liquid water, and cloud and fog water,

can strongly impact the composition of SOA by altering formation and short-term aging

mechanisms; however, less is known about how water impacts long-term SOA aging. The goal

of this work is to systematically explore the effects of water on the chemical composition of α-

pinene and d-limonene SOA during long-term aging processes. SOA samples were generated

in an oxidation flow reactor and collected on foil substrates. Samples were aged in the

presence of water vapor at 97% relative humidity for 7-14 days or an aqueous solution for

1-2 days, then analyzed with direct infusion electrospray ionization high resolution mass

spectrometry to gain insight into the chemical composition of SOA before and after aging.

The patterns of peak intensities and observed molecular formulas were examined for evidence

of water-driven chemistry. We found that chemical composition of the SOA did change

during long-term exposure to water vapor and liquid water, but the extent of the change

was surprisingly small. This indicates that the exposure to water is not a strong driver of

long-term aging processes compared to other mechanisms of aging for the monoterpene SOA

studied.

2.2 Introduction

Atmospheric aerosols are solid or liquid particles suspended in air that affect climate through

their interactions with solar radiation and their ability to change cloud albedo. They scatter
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and absorb solar radiation, diminishing visibility, and also contribute to adverse health ef-

fects as aerosol particles are small enough to penetrate deep into the lungs and other organs,

causing a variety of cardio-respiratory illnesses.15,20 These effects are experienced on local,

regional, and global scales because aerosols persist long enough to be transported hundreds

of kilometers from their source.20

Organic aerosols account for a dominant fraction of aerosols in the lower troposphere, with

significant implications on the energy budget of the Earth and human health.22 Primary

organic aerosols are directly emitted, whereas secondary organic aerosols (SOA) are formed

through chemical reactions in the atmosphere involving volatile organic compounds (VOCs),

which are emitted from both biogenic and anthropogenic sources.22 These reactions include

the gas-phase oxidation of VOCs followed by condensation, heterogeneous oxidation of VOC

oxidation products on particle surfaces, and aqueous processing in cloud or fog droplets.

Atmospheric residence time for SOA can vary from minutes to weeks,19 and during this

time various physical and chemical changes can occur within the particle depending on the

environmental conditions.100 Due to the large variability of sources, chemical constituents,

and transformations, SOA formation and aging processes are one of the leading sources of

uncertainty in aerosol radiative forcing in global climate models, making them one of the

least understood components of atmospheric aerosols.101

In the atmosphere, SOA are exposed to different forms of water including water vapor,

organic-phase water, aerosol liquid water, and cloud and fog droplets, which can promote

reactions and result in changes in chemical composition, vapor pressure, and solubility.16

The amount of water aerosols can interact with varies in atmosphere, in which water can

either act as solvent or a solute. While cloud and fog droplets typically contain liquid water

with low amounts of solutes and dispersed insoluble particles, the state of water in aerosols

is dependent on the relative amount of organic and inorganic compounds. Under dry con-

15



ditions, water is present as a thin film on particle surfaces. At higher relative humidity

(typically greater than 80%), particles with soluble organics and inorganics contain concen-

trated aqueous solutions of inorganics and may also contain water molecules dispersed in the

organics phase. For example, ammonium sulfate particles coated with SOA are known to

phase separate into a deliquesced ammonium sulfate core and organic-rich shell containing

water.32

Hydrolysis, in which a water molecule is used to break a chemical bond, is one of the most

common reactions that can occur in the presence of water. The hydrolysis of single bonds

can result in fragmentation of larger compounds into smaller molecules.87,97,102,103 These

compounds can lead to an increase in SOA volatility, decrease in SOA solubility, and may

lead to the loss of material from organic particles by evaporation. Conversely, the hydration

of compounds containing a double bond, such as carbonyls, can result in the addition of

hydroxyl group and/or lead to oligomers with higher-molecular weights and lower volatility

through hydrolysis, and thus do not readily evaporate from the particles.70,104,105

Hydrolysis and hydration of several classes of SOA compounds has been studied from the

perspective of atmospheric chemistry over the last few years. Epoxides undergo hydration,

which can be catalyzed by ammonium ions and acids, leading to compounds with lower

volatility and higher solubility.87,97,102,103 Diacyl peroxides, formed through the gas-phase

RO2 + RO2 reactions, have been shown to hydrolyze in humid conditions and contribute to

the formation of carboxyl and ester groups.106 α-acyloxyalkyl hydroperoxides, a class of ester

hydroperoxides formed through the reaction between organic acids and stabilized Criegee

intermediates, were shown to undergo rapid hydrolysis in the aqueous phase.107 Atmospher-

ically relevant anhydrides can undergo hydration. For example, phthalic anhydride was

found to be taken up into the particle phase and then add water to form phthalic acid.108

Nucleophilic reactions can occur during the hydrolysis of lactones, resulting in ring open-
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ing products.109,110 There have been numerous studies on organonitrates, which have been

shown to hydrolyze in humid conditions, especially in the presence of acids.111–117 Dicar-

bonyls, such as glyoxal and methylglyoxal, can easily partition into the aqueous phase and

undergo hydration, resulting in oligomer formation.70,104,105 Oxaloacetic acid has been shown

to decarboxylate with a lifetime of 5 hours in pure water and 1 hour in ammonium sulfate

aerosols.118 However, not all potentially hydrolysable compounds undergo hydrolysis due

to kinetic limitations. For example, levoglucosan, a molecular marker for biomass combus-

tion, can be hydrolyzed by acid catalysis to form α-D-glucose. However, levoglucosan was

found to be stable with respect to hydrolysis and did not degrade over a period of 10 days.119

The work cited above focused on the hydrolysis and hydration of model organic compounds

in the presence of atmospherically relevant acids and salts at varying pH levels. Systematic

experiments on simultaneous hydrolysis and hydration of complex mixtures of compounds

present in SOA have not been carried out. Previous studies of aqueous photochemistry of

SOA suggested that hydrolysis of SOA compounds may occur even in the absence of cata-

lysts,120–122 but studying the hydrolysis was not the primary objective of those studies. In

some cases, SOA compounds appeared to decay slowly in dark conditions. However, these

experiments only lasted a few hours whereas the lifetime of aerosols can be up to days and

weeks.121 Additionally, understanding the chemical processes, or the lack thereof, that can

occur during aging could potentially simplify future experiments. For example, the stability

of SOA compounds would indicate that experimentalists can still garner reliable results even

if samples were not immediately analyzed, or changes in the composition of SOA would

suggest that results may be skewed if the sample was left out for a long period of time. The

goal of this work is to explore the effects of water vapor and liquid water on the chemical

composition of SOA compounds from the ozonolysis of monoterpenes during long-term aging

processes. Based on previous results,120–122 we hypothesize that the composition of SOA will

significantly change upon aging in water vapor and liquid water for extended period of time
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(1-2 weeks and 1-2 days, respectively). Evidence of water driven chemistry was determined

by monitoring changes in peak patterns and molecular formulas of lab-generated SOA be-

fore and after aging using electrospray ionization mass spectrometry (ESI-MS). This study

focuses on lab generated particles and do not contain other constituents such as inorganic

species. Therefore, the findings presented in this study pertains to mostly in remote loca-

tions. Our results suggest that SOA from the ozonolysis of monoterpenes remain relatively

stable with respect to hydrolysis and hydration, indicating that this process is not the main

aging mechanism of SOA.

2.3 Materials and Methods

2.3.1 SOA Generation

SOA samples from α-pinene and d-limonene ozonolysis were produced in a ∼20 L continuous

flow reactor under dry and dark conditions. Prior to each experiment, the reactor was purged

with zero air (Parker 75-62 purge gas generator). Ozone was introduced into the reactor by

flowing pure oxygen through a commercial ozone generator (OzoneTech OZ2SS-SS) at 0.5

SLM (standard liters per minute). Pure liquid α-pinene or d-limonene was evaporated into

∼5 SLM flow of zero air using a syringe pump at a constant rate of ∼2 µL min-1. The

estimated initial mixing ratios of ozone and VOC were 10 ppm and 60 ppm, respectively, so

the reaction was oxidant limited. High concentrations of precursor and oxidant were used to

generate enough SOA material, typically in the milligram range, for the analysis described

below. Under the ozone-limited conditions, the oxidation for endocyclic double bond in d-

limonene is favored, and the exocyclic double bond may survive the oxidation.123 Previous

studies have found that different initial concentrations of VOC and oxidant lead to different

yields and ROS profiles and intensities,124,125 so the conclusions of this paper should only
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be applied to underoxidized conditions of SOA formation. SOA was collected onto a foil

substrate on Stage 7 (0.32-0.56 µm) of a micro-orifice uniform deposit impactor (MOUDI,

model 110R) at a flow rate of ∼30 SLM (5.5 SLM from the flow tube + 25 SLM make-up

air) to create a uniform deposition of particles on the substrate.

2.3.2 Aging by Exposure to Water Vapor followed by Low-Resolution

Mass Spectrometry Analysis

A list of experiments done to understand SOA aging by exposure to water vapor is outlined

in Table 2.1. The first series of experiments was done by exposing SOA to humidified air

for a prolonged period of time. A saturated slurry of K2SO4 (6 g salt and 50 mL of water)

was prepared and added to a glass jar, serving as the relative humidity (RH) aging chamber.

A segment of the foil substrate was placed on a petri dish floating on top of the saturated

solution to expose the SOA sample to humid conditions, while the remaining substrate was

kept frozen as a control. Based on the saturation vapor pressure of K2SO4, the headspace was

maintained at 97.3 ± 0.45 % RH.126 The RH aging chamber was sealed with a ParafilmTM

M film and wrapped in foil to block light exposure and left undisturbed for 1-2 weeks. The

foil substrate was then removed from the aging chamber and frozen until analyzed by mass

spectrometry.

SOA aged by water vapor was analyzed using a Xevo TQS quadrupole mass spectrometer

with an ESI source in negative ion mode. The mass spectrometer was operated using the

following parameters: source cone voltage, 50 V; cone gas flow, 150 L/h; capillary voltage,

2.21 kV; source temperature, 120 °C; desolvation temperature, 500 °C; desolvation gas flow

1000 L/hr. Samples were extracted using a 1:1 mixture of water and acetonitrile, placed on

a shaker for ∼10 min, and then injected into the ESI-MS by direct infusion. All samples

described were in their respective solvent for up to 3 hours between extraction and analysis.
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Table 2.1: Aging Experiments Summary. APIN/O3 and LIM/O3 refer to SOA made by
ozonolysis of α-pinene and d-limonene, respectively. “Humid Air”refers to samples that
were aged in a relative humidity (RH 9̃7%) aging chamber, while“Dry Air”refers to samples
that were aged in a desiccator (RH <2%). “Liquid Water”and“Acetonitrile”correspond
to samples that were extracted using the respective solvent and then aged. Dashes indicate
that the corresponding control samples were frozen until analysis was performed. In the
initial experiments, a low-resolution mass spectrometer was used; it was replaced by a high-
resolution mass spectrometer for the rest of the study. The Solvent System column describes
the solution composition adjusted for the ESI-MS analysis (e.g., by adding equal volume of
acetonitrile of to an aqueous solution of SOA).

SOA Type Aging Conditions Duration of Aging ESI-MS Resolution Solvent System

APIN/O3 - - Low 1:1 H2O:ACN
APIN/O3 Humid Air 1 Week Low 1:1 H2O:ACN
APIN/O3 - - Low 1:1 H2O:ACN
APIN/O3 Humid Air 2 Weeks Low 1:1 H2O:ACN
APIN/O3 - - High H2O
APIN/O3 Liquid Water 1 Day High H2O
APIN/O3 Liquid Water 2 Days High H2O
LIM/O3 - - High H2O
LIM/O3 Liquid Water 1 Day High H2O
LIM/O3 Liquid Water 2 Days High H2O
APIN/O3 - - High 1:1 H2O:ACN
APIN/O3 Humid Air 1 Week High 1:1 H2O:ACN
APIN/O3 Humid Air 2 Weeks High 1:1 H2O:ACN
APIN/O3 Dry Air 1 Week High 1:1 H2O:ACN
APIN/O3 Dry Air 2 Weeks High 1:1 H2O:ACN
APIN/O3 - - High 1:1 H2O:ACN
APIN/O3 Humid Air 1 Week High 1:1 H2O:ACN
APIN/O3 Humid Air 2 Weeks High 1:1 H2O:ACN
APIN/O3 Dry Air 1 Week High 1:1 H2O:ACN
APIN/O3 Dry Air 2 Weeks High 1:1 H2O:ACN
APIN/O3 - - High 1:1 H2O:ACN
APIN/O3 Liquid Water 1 Day High 1:1 H2O:ACN
APIN/O3 Liquid Water 2 Days High 1:1 H2O:ACN
APIN/O3 Acetonitrile 1 Day High 1:1 H2O:ACN
APIN/O3 Acetonitrile 2 Days High 1:1 H2O:ACN
APIN/O3 - - High 1:1 H2O:ACN
APIN/O3 Liquid Water 1 Day High 1:1 H2O:ACN
APIN/O3 Liquid Water 2 Days High 1:1 H2O:ACN
APIN/O3 Acetonitrile 1 Day High 1:1 H2O:ACN
APIN/O3 Acetonitrile 2 Days High 1:1 H2O:ACN
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2.3.3 Aging by Exposure to Water Vapor followed by High-Resolution

Mass Spectrometry Analysis

Subsequent experiments with water vapor aging relied on a modified protocol (Figure 2.1).

Each SOA substrate was split into three (instead of two) equal segments. One segment was

aged in a desiccator at RH <2% for 1-2 weeks; another segment was aged in the RH aging

chamber for 1-2 weeks; finally, the last segment was frozen until analyzed by mass spectrom-

etry. The goal of these additional experiments was to distinguish between hydrolysis and

hydration reactions (by comparing samples aged at room temperature under dry and humid

conditions) and spontaneous aging chemistry that does not require water (by comparing

frozen samples with those aged at under room temperature dry conditions). Note that, very

fast hydrolysis and hydration processes are difficult to study because water is ubiquitous in

the atmosphere, we are primarily interested in slower processes involving water. For these

and subsequent experiments, we used a high-resolution mass spectrometer equipped with a

direct infusion electrospray ionization source (ESI-HRMS). Following the aging protocols,

aged samples and frozen control were extracted using a 1:1 mixture of water and acetoni-

trile, placed on a shaker for ∼10 minutes, and then promptly analyzed using high resolution

mass spectrometry. The Thermo Scientific Q Exactive Plus Orbitrap mass spectrometer was

operated in negative ion direct infusion mode with a spray voltage of 2.5 kV and resolving

power (m/Δm) of 1.4 x 105. A mass spectrum of the solvent was also collected to correct

for the background in the spectra of SOA before and after aging.

Peak m/z values and abundances were extracted from the raw mass spectra using the De-

con2LS program, (https://omics.pnl.gov/software/decontools-decon2ls), and then

processed with in-house software. Peaks corresponding to molecules with 13C atoms or

obvious impurities and ion fragments, including any peaks with m/z <100, were removed.

Peaks with a solvent/sample ratio of more than 0.1 were also removed. The peaks were

21

https://omics.pnl.gov/software/decontools-decon2ls


assigned in two stages, first to internally calibrate the m/z axis with respect to the expected

peaks, and then re-assigned after minor corrections (<0.001 m/z units). Mass spectra from

different samples were clustered by molecular formulas of the neutral compounds, CcHhOo,

in which deprotonation was assumed to be the main ionization mechanism.

Figure 2.1: Aging Experiments Summary. SOA were first generated in a flow tube reactor
and collected on a foil substrate. Foil substrates were the cut into segments to age the SOA
in humid conditions, dry conditions (control) or sealed and frozen (control) to understand
the long-term aging of SOA by exposure to water vapor. Alternatively, the foil substrates
were the cut into segments to age the SOA in liquid water, acetonitrile (control) or sealed
and frozen (control) to understand the long-term aging of SOA by liquid water.

2.3.4 Aging in Liquid Water followed by High-Resolution Mass

Spectrometry Analysis

After observing only a limited change in the mass spectra of SOA exposed to water vapor,

the next series of experiments examined water driven chemistry of SOA in liquid water. In

the initial protocol, half of the foil substrate containing SOA was extracted using 10 mL
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of nano-pure water, resulting in a mass concentration of 50-100 µg/mL. The solution was

placed on a shaker for ∼10 min, left undisturbed for 1-2 days, and then analyzed with high

resolution mass spectrometry. The other half of the substrate was kept frozen and was dis-

solved before analysis.

A modified protocol was later adopted to check whether aging in solution was specific to

water or could happen in an organic solvent (Figure 2.1). A SOA fraction was first sepa-

rated into three equal segments. One segment was extracted and aged in 5 mL of nano-pure

water, another segment was extracted and aged in 5 mL of acetonitrile, and the last segment

was placed in a freezer until analysis. The appropriate amount of nano-pure water and/or

acetonitrile was added to the samples so that the final solvent was a 1:1 mixture of water and

acetonitrile, resulting in a mass concentration of 50-100 µg/mL. The high-resolution mass

spectrometry analysis was done as described above. A detailed list of experiments done to

understand SOA aging in liquid water can be found in Table 2.1.

2.4 Results

2.4.1 Composition of SOA before aging

Figure 2.2 (panels a,c) shows low-resolution mass spectra of the fresh α-pinene SOA before

aging by exposure to water vapor, where peaks are normalized to the sum of the peak abun-

dances in each spectrum. The mass spectra of the fresh α-pinene SOA are similar in the

overall structure to previous mass spectra reported for α-pinene SOA.120,121 The monomer

(<250 Da) and dimer regions (250-450 Da) are clearly evident in each spectrum, and corre-

spond to products containing one and two oxygenated α-pinene units, respectively. The five

most abundant monomer peaks have molecular weights of 170, 172, 184, 186, and 200 Da,
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which most likely correspond to pinalic acid, terpenylic acid, pinonic acid, pinic acid, and

10-hydroxypinonic acid, respectively.127,128 The most abundant dimer peaks have molecular

weights of 326, 338, 354, 368 and 370 Da, all of which were observed in previous studies,

including a recent study that investigated high-molecular weight dimers esters in α-pinene

ozonolysis and the boreal forest field studies in Hyytiälä, Finland.129,130 Repeated α-pinene

SOA experiments were done and analyzed using ESI-HRMS to confirm these results. The

HRMS mass spectra showed similar patterns and abundant monomer and dimer peaks, so

they are not shown here.

Figure 2.2: ESI-MS mass spectra of fresh α-pinene SOA (a,c) and α-pinene SOA in the
presence of water vapor for 1 (b) and 2 (d) weeks. Peaks were normalized to the combined
peak abundance.

Figure 2.3 shows high-resolution mass spectra of the fresh α-pinene and d-limonene SOA

before aging in liquid water, where peaks are normalized to the combined peak abundance.

The mass spectra of the fresh α-pinene and d-limonene SOA were similar to the previous

results reported for α-pinene and d-limonene ozonolysis with distinct distribution of peaks
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in the monomer and dimer region in each spectrum. The high resolution of the mass spec-

trometer makes it possible to unambiguously determine molecular formulas but makes no

distinction between isobaric compounds. Formulas corresponding to C9H14O3 (pinalic and

limonalic acid), C10H16O3 (pinonic and limononic acid), C9H14O4 (pinic and limononic acid),

and C10H16O4 (10-hydroxypinonic and 7OH-limononic acid) are the most abundant peaks

in the monomer range, as seen in previous studies.129–132 The most likely identities for these

products appear in parenthesis next to the formulas. The three strongest peaks in the dimer

range are C19H30O6 (MW of 354), C19H30O5 (MW of 338), and C19H28O7 (MW of 368) for

α-pinene SOA and C19H30O7 (MW of 370), C19H30O8 (MW of 386), and C20H32O8 (MW of

400) for d-limonene SOA. These peaks in the dimer range have also been observed in the

fresh α-pinene SOA and d-limonene SOA in previous studies.129–131

Figure 2.3: ESI-HRMS mass spectra of fresh α-pinene (a) and d-limonene (d) SOA and α-
pinene and d-limonene SOA after aging in liquid water for 1 (b,e) and 2 (c,f) days. Peaks
were normalized to the combined peak abundance.
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2.4.2 Aging by exposure to water vapor

Comparing the fresh α-pinene SOA and aged α-pinene SOA in Figure 2.2 shows there are

only subtle changes in the peak pattern indicating that water driven chemistry does not

result in large changes in the chemical composition in α-pinene SOA, even after 2 weeks

of exposure. To take a closer look at the changes in the peak patterns, difference spectra

were created by subtracting the spectra of SOA before aging from the spectra of SOA after

aging. The resulting difference spectra in Figure 2.4 confirm that aging α-pinene SOA by

exposure to water vapor for 1 week and 2 weeks did not produce drastic changes in chemical

composition. None of the major peaks disappeared completely, and no new major peaks

appeared after aging. There is no evidence for effective hydrolysis of dimers into monomers

which would have resulted in systematically negative differences in the dimer region. The

peak abundances did change with a good level of reproducibility between the independently

prepared 1-week and 2-week samples (panels 1 and b in Figure 2.4). Peaks that increased

after aging had molecular weights of 172, 184, and 186 Da, which most likely correspond to

terpenylic acid, pinonic acid, and pinic acid, respectively. On the other hand, peaks at 170

and 198 Da showed slight decreases after aging for 1 and 2 weeks. A list of the major peaks

that changed after aging by exposure to water vapor can be found in Table 2.2.

In follow up experiments, α-pinene SOA samples were also aged in dry room-temperature

conditions to serve as a comparison to aging under humid conditions. The difference high-

resolution mass spectra of the fresh α-pinene SOA and aged α-pinene SOA in dry condi-

tions (Figure 2.5 and Figure 2.6) also indicate that the changes in peak patterns are sub-

tle. Furthermore, peak abundances appeared to change regardless of the presence of water.

For example, peaks with molecular weights of 172.074 Da (C9H14O3, pinalic acid), 184.109

Da (C10H16O3, pinonic acid), and 186.089 Da (C9H14O4, pinic acid), increased by similar

amounts after both dry and humid air aging. Peaks with molecular weights of 170.094 Da

(C8H12O4, terpenylic acid) and 198.089 Da (C10H14O4, oxopinonic acid) decreased under
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Figure 2.4: Difference low-resolution mass spectra of α-pinene SOA aged for 1 and 2 weeks by
exposure to water vapor. Positive and negative peaks represent compounds that increased
and decreased after aging by exposure to water vapor, respectively.

Table 2.2: Major compounds in α-pinene SOA that changed after aging by exposure to water
vapor. Ratios 1 indicate that the corresponding peak increased with aging while ratios <1
suggest that the peak decreased after aging.
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both dry and humid conditions. A list of the major peaks that changed after aging in dry

and humid conditions can be found in Table 2.3 and Table 2.4. The oxopinonic acid peak

is notable as it exhibited one of the largest changes in relative abundance decreasing by a

factor of three after aging in dry air and by more than an order of magnitude after aging in

humid air. The rest of the aged:fresh ratios ranged from ∼ 0.2 to ∼ 4, i.e., within one order

of magnitude.

Figure 2.5: Difference high-resolution mass spectra of α-pinene SOA aged for 1 and 2 weeks in
dry and humid conditions. Positive and negative peaks represent compounds that increased
and decreased after aging by exposure to water vapor, respectively. (Trial 2)

2.4.3 Aging in liquid water

Figure 2.3 shows the high-resolution mass spectra of fresh α-pinene and d-limonene SOA

and the corresponding mass spectra of SOA aged in liquid water for 1 and 2 days. The aged

SOA still had a distinct distribution of peaks in the monomer and dimer regions in each

spectrum. Comparing the fresh SOA to the aged SOA in Figure 2.3, the composition of the

SOA did change, but the extent of the change was again relatively small. For example, the
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Table 2.3: Major compounds in α-pinene SOA that changed after aging by exposure to
water vapor (humid conditions) or desiccant (dry conditions). Ratios >1 indicate that the
correspond peak increased with aging while ratios <1 suggest that the peak decreased after
aging. (Trial 2)

Figure 2.6: Difference high-resolution mass spectra of α-pinene SOA aged for 1 and 2 weeks in
dry and humid conditions. Positive and negative peaks represent compounds that increased
and decreased after aging by exposure to water vapor, respectively. (Trial 3)
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Table 2.4: Major compounds in α-pinene SOA that changed after aging by exposure to
water vapor (humid conditions) or desiccant (dry conditions). Ratios >1 indicate that the
correspond peak increased with aging while ratios <1 suggest that the peak decreased after
aging. (Trial 3)

dimer region was still clearly discernable in the mass spectra. Similar to the results with the

water vapor aging described above, this indicates that liquid water does not produce large

chemical composition changes in dissolved SOA.

The α-pinene and d-limonene SOA products before and after aging in liquid water are com-

pared using difference mass spectra in Figure 2.7. Similar to the SOA aged by exposure to

water vapor, there are no drastic changes in a majority of the relative peak abundances indi-

cating that a change in phase state of water does not result in large changes in the chemical

composition of SOA. Table 5 lists the major peaks that changed after aging in liquid water

for 1-2 days. C9H14O3 (pinalic and limonalic acid), C10H16O3 (pinonic and limononic acid)

increased after aging in liquid water while C9H14O4 (pinic and limononic acid) acid shows

a slight decrease after 1-2 days. The aged:fresh relative peak abundance ratios range from

0.6 to 1.7, i.e., less than a factor of two difference. C8H12O4 (terpenylic acid) decreased

after aging in liquid water, but C8H12O4 (limonalic acid) increased after aging in liquid wa-

30



Figure 2.7: Difference high-resolution mass spectra of α-pinene and d-limonene ozonolysis
SOA aged in liquid water for 1 and 2 days. Positive peaks represent compounds that increased
after aging in water and negative peaks presents compounds that decreased after aging in
water.

ter. Similarly, C10H16O4 (10-hydroxypinonic acid) increased after aging in liquid water, but

C10H16O4 (7OH-limononic acid) deceased after aging in liquid water. However, the extent

of these are relative small as the relative peak abundance ratios ranged from ∼0.8-1.8.

Figure 2.8 and Figure 2.9 contrasts difference mass spectra that compare the effect of α-

pinene SOA aging in acetonitrile and water. Again, the changes in peak patterns are subtle.

The peak corresponding to 170.094 Da (C9H14O3, pinalic acid) increased after aging in

acetonitrile and compounds that had molecular weights of 184.109 Da (C10H16O3, pinonic

acid) and 186.089 Da (C9H14O4, pinic acid). A list of the major peaks that changed after

aging in dry conditions can be found in Table 2.6 and Table 2.7, with the aged:fresh relative

peak abundance ratios range from 0.6 to 1.3. Of the compounds listed, pinonic acid is the

most interesting one as it showed opposite effects in acetonitrile (slight decrease) and water

(slight increase).
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Table 2.5: Major compounds in α-pinene and d-limonene SOA that changed after aging in
liquid water. Ratios >1 indicate that the correspond peak increased with aging while ratios
<1 suggest that the peak decreased after aging.

Figure 2.8: Difference high-resolution mass spectra of α-pinene SOA aged in acetonitrile and
liquid water for 1 and 2 days. Positive peaks represent compounds that increased after aging
in water and negative peaks presents compounds that decreased after aging in water. (Trial
2)
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Table 2.6: Major compounds in α-pinene that changed after aging in acetonitrile and liquid
water. Ratios >1 indicate that the correspond peak increased with aging while ratios <1
suggest that the peak decreased after aging. (Trial 2)

Figure 2.9: Difference high-resolution mass spectra of �-pinene SOA aged in acetonitrile and
liquid water for 1 and 2 days. Positive peaks represent compounds that increased after aging
in water and negative peaks presents compounds that decreased after aging in water. (Trial
3)
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Table 2.7: Major compounds in α-pinene that changed after aging in acetonitrile and liquid
water. Ratios >1 indicate that the correspond peak increased with aging while ratios <1
suggest that the peak decreased after aging. (Trial 3)

2.5 Discussion

While direct infusion ESI mass spectrometric techniques are not quantitative, the absence

and presence of peaks and changes in peak abundances between samples are suitable indi-

cators of the differences in composition. The subtle changes in the mass spectra in both the

SOA aged by exposure to water vapor and the SOA aged in liquid water imply that most of

the compounds remained stable with respect to hydrolysis and hydration. None of the peaks

were completely removed by hydrolysis and hydration, and no new major peaks appeared

after aging, indicating that the distribution of compounds in the SOA stayed approximately

the same between the fresh and aged samples. Major peaks in both low and high-resolution

mass spectra did change as the aged SOA to fresh SOA ratio ranged between ∼0.05-4. As the

samples were analyzed in triplicate and the mass spectra of the replicates were reproducible,

this allows relative certainty that the differences between the fresh and aged samples were

due to measurable differences in the composition of the samples after aging.133
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The mass spectra of the controls helped determine whether the changes resulted due to the

presence of water vapor or liquid water or whether the changes in the mass spectra resulted

from chemistry that did not need water to occur. The major peaks that changed in the SOA

aged by exposure to water vapor and the SOA aged in dry air were similar. For example,

compounds that had molecular weights of 172.074 Da (C9H14O3), 184.109 Da (C10H16O3),

and 186.089 Da (C9H14O4) increased after aging, while compounds that decreased after aging

had molecular weights of 170.094 (C8H12O4) and 198.089 (C10H14O4). However, the extent

of change was larger in the SOA aged by exposure to water vapor as noted by the aged:fresh

ratios. The changes in the mass spectra after SOA aged in liquid water and in acetonitrile

were also slightly different. For example, pinic acid (C9H14O4) decreased slightly after aging

in liquid water, but remained essentially unchanged after aging in acetonitrile. Additionally,

the peak that corresponds to pinonic acid (C10H16O3) increased after in liquid water but

decreased after aging in acetoniltrile. This indicates that some of the differences in the fresh

SOA and aged SOA in liquid water were likely due to the presence of a water. Overall, the

difference mass spectra for the controls and the SOA aged by exposure to water vapor and

in liquid water were relatively subtle.

Our initial hypothesis that the long term aging of SOA would lead to significant changes

in the chemical composition was prompted by the findings by Romonosky et al. (2017).121

Using direct-infusion ESI-MS, they observed that the SOA dimer region decreased by ∼30%

and some peaks in the monomer peaks increased by ∼20-50% in the mass spectrum when

leaving α-pinene SOA from ozonolysis in water undisturbed for 4 h in the dark as a con-

trol.121 Additionally, aging the SOA in water led to a decrease in the average O:C ratio and

average molecular weight, which made the SOA compounds more volatile.121 Based on the

observations of Romonosky et al. (2017), we fully expected that aging the SOA in liquid

water for as long as two days should have led to a large change in the dimer and trimer region
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in the mass spectrum. However, in this study there were only subtle changes in the mass

spectrum with the most notable changes from the monomeric compounds. The SOA gener-

ations methods from this study and the Romonosky et al. (2017) paper could potentially

be responsible for the differences in results. SOA in Romonosky et al. (2017) was generated

in a 5 m3 chamber, in which ozone was in excess. In this study, SOA was generated in

a flow tube reactor, in which VOC precursor was in excess. As previously mentioned, the

oxidant:VOC ratio used in experiments can lead to different SOA composition with diverse

physical and chemical properties. For example, in the case of d-limonene, experiments with

excess d-limonene would favor a selective oxidation of the endocyclic double bond whereas

experiments with excess ozone would completely oxidize both the endocyclic and exocyclic

double bonds.123 Figure 2.10 shows a Van Krevelen diagram of fresh α-pinene SOA from

Romonosky et al. (2017) compared to this study. The size of the markers in each plot is

scaled to the normalized intensity. The compounds between the two studies share similar

compounds that have comparable O:C and H:C ratios. However, the main difference between

the fresh α-pinene SOA is that there are higher intensities of compounds with a larger O:C in

Romonosky et al. compared to this study indicating that the sample was more oxygenated.

Again, this likely due to initial conditions used in SOA formation, in which VOC was in ex-

cess in this study and ozone was in excess in the Romonosky et al. rather than aging in the

presence of ozone as the composition of α-pinene ozonolysis SOA remains pretty stable after

oxidative aging.134,135 Many reactions are accelerated in acidic environments. For example,

aldol condensation, polymerization, gem-diol reactions, dehydration, and esterification are

catalyzed by acids and results in oligomers and dimers. Due to the nature of the excess

oxidant environment in which the chamber was ran, the SOA that was collected most likely

had higher fraction of carboxylic acids, which would explain the higher of compounds with

a larger O:C illustrated in Figure 2.10. Thus, the high fraction of carboxylic acids would

lower the pH when the sample was dissolved in water and therefore promoting acid catalyzed

reactions leading differences in the mass spectra when aged in water. Additionally, other
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studies have shown the initial concentration of oxidant and VOC can lead to disparities in

mass concentrations and ROS profiles, which could indicate that the SOA compositions are

not the same.124,125 Both studies are atmospherically relevant. Romonosky et al. (2017)

is more applicable to the outdoor atmosphere, in which SOA is formed in a VOC-limited

environment. This study, on the other hand, pertains mostly to the indoor atmosphere. The

off gassing by wood products as well as the increase use of terpenoids in cleaning products

and air fresheners would results in elevated concentrations of these compounds that exceeds

the concentration of ozone.136–138 Due to differences in initial conditions, it likely that the

composition of SOA used in this study and the Romonosky et al. (2017) differ, which could

results in varying degrees of hydrolysis and hydration.

Figure 2.10: Van Krevelen diagram of fresh α-pinene SOA from Romonosky et al. (2017)
compared to this study. Size of the markers are scaled to the normalized intensity.

D'Ambro et al. (2018), examined isothermal evaporation of α-pinene ozonolysis SOA by

collecting a spot of SOA material on a filter, leaving the material exposed to a flow of

humidified nitrogen at room temperature for up to 28 h, and then examining the chemical

37



composition of the remaining material by thermal desorption mass spectrometry.139 They

observed significant loss of SOA compounds from the filter, with 50-70% of organics lost

after 24 hours. Unlike previous studies of SOA particle evaporation rates, which were shown

to be strongly affected by RH, D'Ambro et al. (2018) observed only a weak dependence of

the SOA material loss rate on RH, which could be specific to filter-based aging experiments

because it takes longer for collected SOA on the filter to take up water.139 While most of their

observations could be explained by evaporation, they had to assume that oligomers in SOA

can reversibly decompose with decompaction rates ranging from 10-5 to 10-4 s-1 depending

on the method of SOA preparation. Our aging experiments were carried out in small sealed

volumes to help suppress evaporation, but it is likely that some evaporative loss took place

in our vapor aging experiments. To account for that, we normalized the mass spectra to

highlight relative changes in composition after aging. Our observations support the general

conclusions of D'Ambro et al. (2018) that exposure to water vapor does not have a strong

effect on the composition of the SOA (evaporative loss is more important). The control

experiments, in which SOA was exposed to dry instead of humid air, produced comparable

changes in mass spectra to those under humid conditions.

2.6 Summary and Implications

Different forms of water including water vapor, aerosol liquid water, organic-phase water,

and cloud and fog water can promote reactions that result in changes in chemical properties

within SOA. This environment is particularly important when understanding the aging of

compounds in aerosols which spend days to weeks in the atmosphere. We analyzed the effect

long-term aging has on the chemical composition of model SOA prepared by ozonolysis of α-

pinene and d-limonene. Our initial expectation was that aging SOA derived from ozonolysis

by exposure to water vapor and liquid water would result in changes in the monomeric and
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dimeric compounds through hydrolysis and hydration of oligomeric compounds. While the

presence of water lead to changes in the chemical composition of these aerosols, the extent of

these changes was relatively small, suggesting that hydrolysis and hydration is not a major

aging mechanism in the atmosphere (at least for these types of SOA). Further investigation

on the pH dependence of hydrolysis and hydration reactions in SOA are next logical step in

the study.
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Chapter 3

Highly acidic conditions drastically

alter chemical composition and

absorption coefficient of α-pinene

secondary organic aerosol

Reprinted with permission from Wong, C.; Liu, S.; Nizkorodov, S.A., Highly Acidic Con-

ditions Drastically Alter the Chemical Composition and Absorption Coefficient of α-Pinene

Secondary Organic Aerosol, American Chemical Society Earth and Space Chemistry, 2022,

6(12), 2983–2994, doi/10.1021/acsearthspacechem.2c00249. Copyright 2022 American

Chemical Society.
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3.1 Abstract

Secondary organic aerosol (SOA), formed through the gas-phase oxidation of volatile organic

compounds (VOCs), can reside in the atmosphere for many days. The formation of SOA

takes place rapidly within hours after VOCs emissions, but SOA can undergo much slower

physical and chemical processes throughout its lifetime in the atmosphere. The acidity of

atmospheric aerosols spans a wide range, with the most acidic particles having negative pH

values, which can promote acid-catalyzed reactions. The goal of this work is to elucidate

poorly understood mechanisms and rates of acid-catalyzed aging of mixtures of representa-

tive SOA compounds. SOA was generated by ozonolysis of α-pinene in a continuous flow

reactor and then collected using a foil substrate. SOA samples were extracted and aged by

exposure to varying concentrations of aqueous H2SO4 for 1-2 days. Chemical analysis of

fresh and aged samples was conducted using ultra-performance liquid chromatography cou-

pled with a photodiode array spectrophotometer and a high-resolution mass spectrometer.

In addition, UV-Vis spectrophotometer, and fluorescence spectrophotometer were used to

examine the change in optical properties before and after aging. We observed that SOA

aged in moderately acidic conditions (pH from 0 to 4) experienced small changes in the

composition, while SOA aged in a highly acidic environment (pH from -1 to 0) saw more

dramatic changes in composition, including the formation of compounds containing sulfur.

Additionally, at highly acidic conditions, light-absorbing and weakly-fluorescent compounds

appeared, but their identities could not be ascertained due to their small relative abun-

dance. This study shows that acidity is a major driver of SOA aging, resulting in a large

change in the chemical composition and optical properties of aerosols in region where high

concentrations of H2SO4 persist, such as upper troposphere and lower stratosphere.
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3.2 Introduction

Aerosols play an important role in the atmosphere directly by absorbing and scattering ra-

diant energy and indirectly by acting as cloud condensation nuclei and ice nucleating parti-

cles.23 They can contribute to poor air quality, causing decreased visibility and adverse health

effects.15,20 Organic aerosols are ubiquitous and account for the dominant fraction of aerosols

in the atmosphere.22 Secondary organic aerosol (SOA), which are primarily formed through

either nucleation, condensation, or multiphase chemical processing of oxidation products of

volatile organic compounds (VOCs), has highly complex composition and a wide range of

physical and chemical characteristics. The lifetimes of SOA can be as long as several days

or even weeks, with SOA in the upper troposphere having longer lifetimes because removal

mechanisms for particles at this altitude are inefficient.19

The acidity of atmospheric aqueous phase (i.e., aerosols particles, cloud droplets, and fog

droplets) is an important factor that can influence physical and chemical processes. There

is a wide range of acidities in the atmosphere. Cloud and fog droplets can have pH values

ranging from +2 to +7, while aerosol particles tend to be more acidic and have a wider range

with pH values from -1 to +8, depending on their source, chemical composition and ambient

relative humidity (RH).47,81

Organic reactions in the atmosphere can either be acid catalyzed or acid driven, the dif-

ference being that in the latter the protons from the acid are incorporated into the products

formed. Hemiacetal and acetal formation are dependent on acidic conditions in which a

compound containing a hydroxyl group is added to a carbonyl compound after the protona-

tion of the carbonyl, followed by the addition of an alcohol. This reaction have been shown

to be significant for aqueous SOA formation from carbonyl compounds such as glyoxal and

methylgyoxal.70,72,140 The rates of hydration of complex aldehydes, ketones, and carbonyls
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have been shown to be strongly influenced by the presence of acids once partitioned into the

aqueous phase in which the carbonyl group is converted into gem-diols.73–75 Adol condensa-

tion can be highly pH sensitive due to the acid catalyzed nature of the enol formation and the

role of the protonated carbonyl. Several studies of atmospherically-relevant carbonyls have

reported that this reaction is favorable under strongly acidic condition pH <2,76–80 while

another study reported that this aldol condensation can occur at pH as high as +4 to +5.71

Multiple studies have shown that rate of esterification will increase with increasing acidity be-

cause the carboxyl group needs to be protonated to form a carbocation before a nucleophilic

attack by an alcohol.81–84 Finally, acids can also facilitate nucleophilic addition through iso-

prene and monoterpene epoxide protonation, which can lead to organosulfate formation.85–88

The effects of seed particle acidity on the growth of SOA have been extensively investi-

gated. Chamber studies have shown enhanced production of SOA in presence of acidic seed

particles suggesting the importance of acid-catalyzed processe24,35,39,89–95 The presence of

acidic sulfate seeds in the formation of SOA from various combinations of VOC precursors

(i.e., isoprene, α-pinene, d-limonene, m-xylene, toluene, benzene, etc.) and oxidants (i.e., O3,

OH) can probe changes in organic aerosol chemical properties such as mass yields, oxidation

state, and composition, including the formation of larger oligomers, organosulfates, and light

absorbing compounds.24,35,39,89–95 Studies have shown that the reactive uptake was observed

for various individual products of oxidation of biogenic volatile organic compounds onto

acidified particles. For example, pinonaldehyde uptake on inorganic sulfate seeds aerosols

resulted in oligomer and organosulfate formation.77,96 The uptake of isoprene-derived epoxy-

diols in solutions of sulfates (i.e., H2SO4, Na2SO4, (NH4)2SO4, (NH4)HSO4), leads to the

formation of polyols and sulfate esters as well as light absorbing compounds, with the rate of

formation being dependent on the acidity of the solution.87,97,98 Additionally, previous work

has also focused on the reactive uptake of aldehydes and ketones into sulfuric acid solutions

and particles, mimicking stratospheric aerosols.5,76,78,79,141 It was found that the rate con-
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stant was dependent on chain length and acidity and acidities also facilitated the formation

of light absorbing compounds and oligomers.5,76,78,79,99

While the effects of acidity on the initial SOA formation is well understood, less is known

about role of acids in the chemical aging of organic aerosols occurring over longer time scales.

Previous work in our group found that the evaporation of bulk biogenic and anthropogenic

SOA solutions in the presence of sulfuric acid enhanced absorbance at visible wavelengths

and resulted in a significant changes in the chemical composition, including organosulfate

formation.141,142 However, the pH was difficult to measure during the evaporation and it was

not clear at what specific pH values these changes took place. Additionally, other studies

focused either on a limited range of acidity, limited number of organic compounds, or were

conducted on a short time scale. We hypothesize that aging SOA in acid for an extended

period of time (days) would probe acid-catalyzed and acid-driven chemical reactions leading

to significant changes in the composition. The goal of this work is to elucidate mechanisms

and rates of aging processes of mixtures of representative SOA compounds in presence of

increasing levels of acidity. Our results suggest that SOA aging processes are accelerated in

sulfuric acid solutions at atmospherically relevant pH with organosulfates and light-absorbing

products forming under highly acidic conditions.
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3.3 Experimental Methods

3.3.1 Secondary Organic Aerosol Generation

SOA samples were generated in a ∼20L continuous flow reactor under dry and dark con-

ditions. The reaction reactor was purged with zero air (Parker 75-62 purge gas generator)

prior to each experiment and ozone was introduced into the reactor by flowing pure oxygen

through a commercial ozone generator (OzoneTech OZ2SS-SS) at 0.5 slm (standard liters

per minute). Liquid α-pinene (Fisher Scientific, 98% purity) was injected into ∼5 slm flow

of zero air using a syringe pump at a constant rate of ∼25 µL h-1. The estimated initial

mixing ratios of ozone and VOC were 14 ppm and 10 ppm, respectively. This high loading

was used to generate enough SOA material for the analysis described below, which favors

RO2+RO2 reactions and prompts higher volatile higher volatility compounds to partition in

the particles. The SOA compounds that are generated through this method are still observed

in fields studies, however, future studies should focus on reducing the loading to increase the

relevance of the work.

SOA was collected onto a foil substrate on stage 7 (0.32-0.56 µm) of a micro-orifice uni-

form deposit impactor (MOUDI, model 110R) at a flow rate of ∼30 slm to create a uniform

deposition of particles on the substrate (with 5.5 slm coming from the cell and the rest com-

ing from a filtered lab air). This method removes most volatile compounds from particles,

and thus collecting the majority of low volatile compounds in the SOA, which more atmo-

spherically relevant. The mass on the foil substrate was typically ∼2 mg. Some samples

were vacuum-sealed and frozen, while other samples were aged in acidic conditions until

mass spectrometry analysis was performed.
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3.3.2 Aging in Sulfuric Acid

Each SOA substrate was cut into three approximately equal segments. SOA from the first

segment was extracted and then aged in a solution of sulfuric acid to monitor the change

in chemical composition by mass spectrometry, SOA from the second segment was similarly

aged in a sulfuric acid solution to detect light-absorbing compounds by spectrophotometry,

and finally, the last segment was sealed with a food-sealer and frozen for control mass spec-

trometry experiments. The protocol used for these experiments is illustrated in Figure 3.1.

Two segments containing SOA were first extracted using ∼4 mL of acetonitrile into a scintil-

lation vial by shaking it for ∼10 minutes. The solvent was then removed from the vial using

a rotary evaporator at ∼25°C. This process may have removed semivolatile compounds that

have partitioned into the particle, however, we were mostly concerned about low volatile

compounds in the SOA as they are more atmospherically relevant. A volume of ∼4 mL of

dilute aqueous solution sulfuric acid (Fisher Scientific, 96% purity) as described in Table 3.1

was added to the vials, resulting in a mass concentration of 180-200 µg/mL. Note that the di-

lute aqueous solutions of sulfuric acid were prepared and cooled to room temperature before

their addition to the SOA extract. When appropriate (pH >0), a pH meter (Mettler Toledo

SevenEasy S20) was used determine the acidity of the SOA and sulfuric acid solution. One

sample was immediately placed in the spectrophotometer (Shimadzu UV-2450) to monitor

the absorption spectrum as a function of time, and the other solution was left undisturbed

in darkness for 2 days until mass spectrometric analysis. The SOA on the frozen control

was extracted immediately before the analysis using the same method as described above,

however ∼4mL of nanopure water was added to the scintillation vial as the solvent.
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Figure 3.1: Aging Experiments Summary. SOA were first generated in a flow tube reactor
and collected on a foil substrate. Foil substrates were cut into three segments, extracted using
acetonitrile, and acetonitrile was removed using a rotary evaporator. The corresponding acid
was added to Sample A and Sample B. Sample C was extracted using the same method and
dissolved in water for our control group.

3.3.3 Measurements and Modeling of pH

A pH meter (Mettler Toledo SevenEasy S20) was used determine the acidity of the sulfuric

acid solution and the SOA and sulfuric acid sample (pH >0). However, determining the pH

for highly acidic (pH <0) conditions is difficult due to the limited range of the pH probe (pH

0.00-14.0). Therefore, Extended Aerosol Inorganic Model I (E-AIM) was utilized to estimate

the pH of the sulfuric acid solution.143–145 By inputting the starting moles of H+ and SO4
2-

present and ambient conditions of the solution, the aqueous molality and mole fractions of

H+ can be determined and used to calculate the effective pH of the solution:

pH = −log10[H
+] (3.1)

where [H+] is the molality of protons. The resulting effective pH values ranged from -1 to

+3, with the exact values for each trial listed in Table 3.1. It is noted that for the positive

pH values, the pH meter readings and the E-AIM output agreed reasonably well, with small

deviations. E-AIM model also provided activity coefficients for H+, which are included in
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Table 3.1 and can be used to calculate the pH corrected for the activity. For the remainder

of this paper, we will refer to the solutions by their effective pH calculated from Eq. (3.1).

Table 3.1: Solution Acidity in Aging Experiments. The first column lists the molar concen-
tration of H2SO4 added to the solution. The molalities of [H+] and other ions were calculated
using the Extended Aerosol Inorganics Model (E-AIM, http://www.aim.env.uea.ac.uk/
aim/aim.php). The effective pH values listed in the last column and quoted in the paper
represent the negative logarithm of molality of [H+].

E-AIM Output
Estimated Activity Effective

Concentration pH Meter [HSO4
-] [SO4

-2] [H+] Coefficient pH =
of H2SO4 Reading (mol/kg) (mol/kg) (mol/kg) of H+ -log[H+]

0 M 4.3 - - - - Control
0.52 mM 2.7 0.0000386 0.000481 0.00100 0.96 3.00
6.4 mM 1.9 0.00240 0.00402 0.0105 0.88 1.98
90 mM 1.1 0.0654 0.0249 0.115 0.76 0.94
1.0 M - 0.754 0.249 1.25 0.78 -0.01
1.8 M - 1.26 0.508 2.28 0.92 -0.36
3.2 M - 2.15 1.01 4.17 1.4 -0.62
5.6 M - 3.96 1.67 7.30 3.7 -0.86
10 M - 8.10 1.93 12.0 20 -1.08

3.3.4 Mass Spectrometry Analysis

Analysis of fresh and aged samples was conducted using a Thermo Scientific Vanquish Hori-

zon ultra-performance liquid chromatography (UPLC) coupled with a Vanquish Horizon

photodiode array (PDA) spectrophotometer and a Thermo Scientific Q Exactive Plus Orbi-

trap high resolution mass spectrometer to examine the chemical composition of SOA before

and after aging. UPLC separation was carried out on a Phenomenex Luna Omega Polar

C18 column, 150 × 2.1 mm, with 1.6 µm particles and 100°A pores, with the temperature

set to 30°C and a flow rate of 0.3 mL/min. The mobile phase consisted of water (eluent

A) and acetonitrile (eluent B), each containing 0.1% formic acid. The gradient elution was

programmed as follows: 0-3 min 95% eluent A; 3-14 min linear ramp to 95% eluent B; 14-16

min hold at 95% eluent B, 16-22 min return to 95% eluent A. The mass spectrometer was

48

http://www.aim.env.uea.ac.uk/aim/aim.php
http://www.aim.env.uea.ac.uk/aim/aim.php


operated in negative ion mode with a spray voltage of 2.5 kV and a resolving power of m/Δm

= 1.4 × 105. Most of the analysis was done with negative ion mode data to observe presence

of organosulfur compounds, however, positive ion mode data sets were also acquired SOA

aged in pH -1.08 to analyze potential chromophores.

Peaks were imported to Thermo Scientific program FreeStyle 1.6 and integrated between

2-16 minutes, which corresponds to the elution of the majority of the SOA compounds in the

chromatogram. Peak m/z values and abundances were extracted from the raw mass spec-

tra using the Decon2LS program (https://omics.pnl.gov/software/decontools-decon2ls), and

then processed with in-house software. Peaks corresponding to molecules with 13C atoms or

obvious impurities and ion fragments, signified by anomalous full width at half maximum and

mass defects were removed from the peak table. Additionally, peaks with a solvent/sample

ratio of more than 1 were considered impurities and was excluded from further analysis. The

solvent peak abundances were then subtracted from the peak abundances in the samples.

The peaks were assigned to formulas in two stages, first to internally calibrate the m/z axis

with respect to the expected peaks for α-pinene ozonolysis, and then reassigned after a minor

(<0.001 m/z units) adjustment to the m/z values. Mass spectra from different samples were

clustered by molecular formulas of the neutral compounds CHO and CHOS for fresh and

aged SOA, respectively. Deprotonation was assumed to be the main ionization mechanism

for negative ion mass spectra.

3.3.5 Spectroscopic Measurements

UV-Vis spectrophotometer (Shimadzu UV-2450) was used to monitor the formation of light-

absorbing compounds over time. The spectrophotometer was programmed to collect a spec-

trum every 15 minutes for 24 hours and one more spectrum was then collected at the 48-hour

time point. Mass absorption coefficients (MAC), in units of cm2 g-1, were calculated using
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the following equation where A10 is the base-10 absorbance, Cmass (g cm-3) is the concentra-

tion of the SOA in solution and was estimated by measuring the mass of the foil segment

before and after extraction, and b (cm) is the path length (standard 10 mm cuvettes were

used in these experiments):

MAC(λ) =
A10(λ)× ln(10)

b× Cmass

(3.2)

Aliquots of some samples were also examined using Cary Eclipse Fluorescence Spectrometer

to investigate the presence of fluorescence molecules. The parameters used for these experi-

ments mimic past studies in our group.146 The background for the fluorescence spectrum was

deionized water and the samples analyzed were the SOA aged in H2SO4 after 2 days. The

excitation wavelength varied over the 200-500 nm range in 5 nm steps, and the emitted flu-

orescence was recorded over the 300-600 nm range in 2 nm steps for the excitation-emission

spectra.

3.4 Results and Discussion

3.4.1 Chemical Composition of Fresh α-pinene SOA

Figure 3.2 shows a representative high-resolution mass spectrum of the fresh α-pinene ozonol-

ysis SOA, where the peaks are normalized to the sum of peak abundances. The mass spec-

trum is similar to the previous ESI mass spectra reported for α-pinene ozonolysis SOA

with distinct monomer (<250 Da) and dimer (250-450 Da) regions, which correspond to

products with one and two oxygenated α-pinene units. The five most abundant monomer

peaks have monoisotopic molecular masses of 186.089 Da (C9H14O4, pinic acid), 172.074 Da

(C8H12O4, terpenylic acid), 198.089 Da (C10H14O4, oxopinonic acid), 200.105 Da (C10H16O4,

10-hydroxypinonic acid), and 216.100 Da (C10H16O5). The molecular formulas and most
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likely identities for these products appear in parentheses.127,128 The five most abundant

dimer peaks have monoisotopic molecular masses of 354.204 Da (C19H30O6), 368.184 Da

(C19H28O7), 338.209 Da (C19H30O5), 358.163 Da (C17H26O8), and 370.199 Da (C19H30O7).

These most abundant monomers and dimers has been commonly observed in both lab-

generated and ambient SOA samples, confirming that our starting SOA material is repre-

sentative of typical α-pinene SOA.120,128,129,147,148

Figure 3.2: Retention time integrated mass spectra of fresh α-pinene ozonolysis SOA. Peaks
were normalized to the combined peak abundance.

3.4.2 Chemical Composition of Aged α-pinene SOA

Figure 3.3 shows mass spectra of SOA α-pinene ozonolysis samples aged for 2 days in various

concentrations of sulfuric acid. Specific details of the aging conditions are outlined in Table

3.1. The mass spectra of the SOA aged in moderately acidic conditions (Fig. 3.3a-c) are

very similar to the mass spectrum of fresh SOA (Fig. 3.2). The mass spectra have similarly

well-defined monomer (<250 Da) and dimer regions (250-450 Da). The dominant peaks in

the monomer and dimer regions are also similar. The top 5 monomer peaks correspond

to 186.089 Da (C9H14O4, pinic acid), 172.074 Da (C8H12O4, terpenylic acid), 198.089 Da

(C10H14O4, oxopinonic acid), 200.105 Da (C10H16O4, 10-hydroxypinonic acid), and 216.100
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Da (C10H16O5). The most prominent dimer peaks correspond to 338.2093 Da (C19H30O5)

and 368.184 Da (C19H28O7). Additionally, peaks of organosulfur compounds are small in

number and abundance. This implies that the little to no evidence of acid catalyzed aging

processes occurring under these moderately acidic conditions. This observation is consistent

with previous work that showed that preexisting seeds and aerosol acidity did not result in

significant increases in the intensities in oligomers, likely due to the relatively low acidity of

the seeds.34,128

In stark contrast, the mass spectrum of the SOA aged under the most acidic conditions

of pH -1.08 (Fig. 3.3i) is notably different. There is no distinct monomer or dimer region,

and organosulfur compounds have prominent peak abundances. The top 5 peaks corre-

sponding to CHO compounds are 186.089 Da (C9H14O4, pinic acid), 172.074 Da (C8H12O4,

terpenylic acid), 166.099 Da (C10H14O2), 198.089 Da (C10H14O4), and 158.058 Da (C7H10O4).

Additionally, the five strongest peaks corresponding to CHOS compounds are 238.051 Da

(C9H14SO4), 224.036 (C7H12SO6), 280.062 Da (C10H16SO7), 264.067 Da (C10H16SO6), and

284.093 Da (C10H20SO7). These compounds have been detected in both experimental stud-

ies39,149–151 as well as field studies all over the world including, the southeast US, Denmark,

China, Finland, Germany, Greenland, and Norway152–161A more detailed list of peaks of

interest can be found in Table 3.2.
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Figure 3.3: Mass spectra of α-pinene ozonolysis SOA samples aged for 2 days in (a) 0 M (control), (b) 0.52 mM (pH 3.00),
(c) 6.4 mM (pH 1.98), (d) 90 mM (pH 0.94), (e) 1.0 M (pH -0.01), (f) 1.8 M (pH -0.36), (g) 3.2 M (pH -0.62), (h) 5.6 M (pH
-0.86), and (i) 10 M (pH -1.08) of H2SO4. Black traces correspond to CHO compounds, while red traces correspond to CHOS
compounds. Mass spectra were derived by integrating over 2-16 min for each of the LC run and normalizing by the combined
peak abundance.
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Table 3.2: Some of the major CHOS compounds detected in Aged APIN SOA in pH -1.08
by Mass Spectrometry

Most of our experiments in Figure 3.3 were for pH between 0 and -1 to determine whether

the extent of chemical change in SOA was gradual or abrupt as a function of pH. The mass

spectra of the SOA aged in pH 0.94 (Fig. 3.3d), pH -0.01 (Fig. 3.3e), pH -0.36 (Fig. 3.3f)

and pH -0.62 (Fig. 3.3g) conditions are still fairly similar to the fresh SOA, in that the

mass spectra have similar peak patterns in the monomer (<250 Da) and dimer (250-450 Da)

regions. However, the mass spectrum of the SOA aged in pH -0.86 (Fig. 3.3h) has many
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notable differences in comparison to the fresh SOA and is resembling the pH -1.08 mass

spectrum (Fig. 3.3i). These differences include changes in the peak pattern in the monomer

region (<250 Da) as well as evidence in peaks of organosulfur compounds colored in red in

Figure 3.3. The top 5 monomer peaks SOA aged in pH -0.86 sample include 186.089 Da

(C9H14O4, pinic acid), 172.074 Da (C8H12O4, terpenylic acid), 200.105 Da (C10H16O4, 10-

hydroxypinonic acid), 170.093 Da (C9H14O3, pinalic acid), and 216.100 Da (C10H16O5). Some

of these peaks are the same as the strongest peaks in the fresh SOA, however the peaks vary

in intensity compared to the fresh SOA. The major CHOS compounds correspond to 284.093

(C10H20SO7), 250.087 (C10H18SO5), 264.067 (C10H16SO6), 266.082 (C10H18SO6), and 326.019

(C18H30SO3). In comparison to the SOA aged in pH -1.08 mass spectra, the pH -0.86 mass

spectra have some key differences. These discrepancies include larger intensities of 200.105

Da (C10H16O4, 10-hydroxypinonic acid), 170.093 Da (C9H14O3, pinalic acid), and 216.100 Da

(C10H16O5) and missing some larger CHOS compounds (e.g., 238.051 (C8H14SO6), 224.036

(C7H12SO6)). This implies that even a relatively small change in pH (by 0.25 units) can have

a strong effect on the disappearance of specific CHO and formation of CHOS compounds.

The mass spectrometric analysis suggests that aging aerosols in highly concentrated sulfuric

acid leads to significant changes in chemical composition, for example, the formation of

organosulfur compounds. This is further illustrated by Figure 3.4, which shows the relative

intensity of CHO and CHOS compounds for each sample. As the pH decrease, there is an

increase in the relative abundance of organosulfur compounds, especially at the lowest pH

values probed here. Specifically, when SOA α-pinene ozonolysis samples were aged in pH -

0.86 and pH -1.08 conditions, the fraction of the observed organosulfur compounds was ∼12%

and 30%, respectively. Note that the concentration of sulfate varies in each experiment,

however, the formation of organosulfur compounds is assumed to be probed by the change

in pH rather than the increase in sulfate concentration as these reactions has shown to be

pH dependent.

55



Figure 3.4: Overall Amounts of CHO and CHOS Compounds. Relative ion abundance of
the CHO (green) and CHOS (red) compounds present in fresh and aged α-pinene ozonolysis
SOA samples. The labels on the x-axis represent pH values from the E-AIM model (Table
3.1), except for pH 4.3 sample, which corresponds to the pH meter reading. The ion peak
abundances for all observed CHO and CHOS compounds were added. CHOS compounds
may be overestimated in this approach as they have higher ionization efficiencies in ESI.

3.4.3 Optical Properties and Kinetics of Aged α-pinene SOA

Wavelength dependent MACs for aged α-pinene SOA at various concentrations of sulfuric

acid at 3 different time points of aging are summarized in Figure 3.5. The details of the

aging conditions used for these experiments are explained in Table 3.1. The MAC spectra of

the SOA aged in moderately acidic conditions (Fig, 2a-c) are very similar to the absorption

spectra collected in a previous study.146,162,163 The shapes of the observed spectra of unaged

SOA are consistent with the weak n → π* transition in carbonyls superimposed on the

smooth absorption band from peroxides.164 Both peroxide and carbonyl functional groups

are common in α-pinene ozonolysis SOA.127,128,165
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Figure 3.5: MAC spectra of α-pinene ozonolysis SOA samples aged for 0, 1, and 2 days in (a) 0 M (control), (b) 5.2 × 10-4 M
(pH 3.00), (c) 6.4 × 10-3 M (pH 1.98), (d) 9.0 × 10-2 M (pH 0.94), (e) 1.0 M (pH -0.01), (f) 1.8 M (pH -0.36), (g) 3.2 M (pH
-0.62), (h) 5.6 M (pH -0.86), and (i) 10 M (pH -1.08) solutions of H2SO4.
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As the concentration of sulfuric acid increases, the shape of the spectra changes when the

pH reaches -0.86 and -1.08. At pH -0.86, two dominant peaks appear at 239 nm and 351 nm

after one day of aging, can continue to increase during the second day of aging. The MAC

spectrum of SOA aged in pH -1.08 (Fig. 3.5f) at Day 0 has a different shape from the MAC

of unacidified SOA, with a small peak at 370 nm and 250 nm indicating that some chemistry

happens already during 1-2 min between mixing the solution and taking the first spectrum.

The spectra at Day 1 and Day 2 have 3 dominate peaks present at 254 nm, 370 nm, and 418

nm.

There have been reports of acid-catalyzed formation of chromophores from monoterpene

ozonolysis SOA.93,141,142 Evaporation of SOA solutions the presence of sulfuric acid was

found to enhance the absorbance, with the largest effect observed for d-limonene ozonolysis

SOA. The authors attributed to this observation to acid catalyzed dehydration resulting in

higher unsaturation (e.g., as a result of adol condensation).141,142 Song et al. (2013) did not

observe brown carbon formation for α-pinene O3 system in the presence of neutral or acidic

seeds, therefore it is likely the pH of these seeds were not as acidic as the samples used in

this study.93

Figure 3.6a shows the UV-Vis spectra of α-pinene ozonolysis SOA samples aged in 5.6M

(pH -0.86) taken with a higher time resolution, where each spectrum was collected every 15

min over 24 h. Again, two dominate peaks at 239 nm and 351 nm were observed. Assuming

first order kinetics, the lifetime of browning for the peaks of interest were relatively slow

as indicated in Table 3.3. The times series plots for each peak, in which the lifetimes of

browning were calculated, are shown in Figure 3.7. The color change after 24 h of aging for

pH -0.86 sample is relatively small (see the photograph in Fig. 3.6). On the other hand,

there is a large color change in the α-pinene ozonolysis SOA samples aged at pH -1.08, where

after 24 h of aging, the sample has a dark orange, brown tint (Fig. 3.6). The spectra (SOA
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samples aged at pH -1.08 (Fig. 2.6b) show that five distinct absorption peaks at 254 nm,

273 nm, 370 nm, 418 nm, and 500 nm, all of which have a much faster lifetime of browning

(Table 3.3) than for the pH -1.08 sample. These observations of the formation of light ab-

sorbing compounds for α-pinene ozonolysis SOA samples aged at pH -0.86 and pH -1.08, are

consistent with the change in chemical composition indicated by its respective mass spectra.

Figure 3.6: MAC absorption spectra of α-pinene ozonolysis SOA samples aged in (a) 5.6 M
(pH -0.86) and (b) 10 M (pH -1.08) of H2SO4 collected every 15 min over 24 h. Photographs
of SOA and acid solution after ∼5 min and ∼24 h of aging

SOA samples aged at pH -1.08 were also analyzed using fluorescence spectroscopy (Figure

3.8). A relatively fluorescence band appeared at λex ≈ 450 nm/λem ≈ 520 nm. The presence

of this band is indicative of the formation of strongly conjugated products.

3.4.4 HPLC Analysis of the Chromophores

Figure 4 shows the HPLC-PDA chromatograms for α-pinene ozonolysis SOA samples aged

in (a) 5.6 M (pH -0.86), and (b) 10 M (pH -1.08) solutions of H2SO4. The chromatograms
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Figure 3.7: Time Dependent MAC for peaks of interest in SOA samples aged in pH -0.86
and pH -1.08

Figure 3.8: Fluorescence of APIN SOA Excitation-emission matrix plot for water (a), pH
-1.08 solution (b), and SOA aged at pH -1.08. There is no visible fluorescence in the controls,
however a relatively weak fluorescence band appeared at λex ≈ 450 nm/λem ≈ 520 nm in the
aged SOA sample.
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Table 3.3: Lifetime of browning for several peaks on interest in α-pinene ozonolysis SOA
samples aged in 5.6M (pH -0.86), and 10 M (pH -1.08) H2SO4. Lifetimes were calculated by
assuming pseudo first order reactions in the times series fits for each peak.

Sample Peaks of Interest (nm) Lifetime of Browning (h)

pH -0.86 239 13 ± 2
pH -0.86 351 49 ± 3
pH -1.08 254 4.6 ± 0.6
pH -1.08 273 3.8 ± 0.6
pH -1.08 370 0.68 ± 0.06
pH -1.08 418 1.51 ± 0.07
pH -1.08 500 5.0 ± 0.3

have well defined peaks, which we attempted to identify by correlating PDA and TIC chro-

matograms. Due to a very large number of co-eluting compounds, it was difficult to defini-

tively associate the molecular formulas in the HRMS chromatograms with the peaks ap-

pearing in the PDA chromatograms. Therefore, additional SOA samples were prepared and

aged, and the positive ion mode data were acquired. Figure 3.10 shows the HPLC chro-

matograms associated with the PDA and positive ion mode HRMS for α-pinene ozonolysis

SOA samples aged in 10 M (pH -1.08) of H2SO4. The peak at 11.39 min in the PDA chro-

matogram corresponds to the peak at 11.46 min in the MS chromatogram (there is a 0.06

min time delay between the PDA and the HRMS analyzers). The best match was with an

ion at m/z 151.112 (C10H15O+), which had a strikingly similar single-ion chromatogram to

the PDA chromatogram (triplet peaks at 11.39 min, 11.59 min, and 11.71 min). Efficient

chromophores tend to have either a heteroatom or high level of aromaticity. However, the

C10H14O compound corresponding to this ion does not have a heteroatom and has a low

aromaticity index166 of 0.33, suggesting that this may have been a fragment of the original

chromophore rather than the chromophore itself. Other coeluting ions either do not have

similar chromatograms as the PDA and higher weight oligomers MS/MS spectra do not

have m/z 151.112 (C10H15O+) as a corresponding fragment. At this time, we do not have

conclusive information about the molecular formulas of the chromophores in the aged SOA,
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but we are currently testing select α-pinene oxidation compounds (such as pinonic acid and

pinonaldehyde) to obtain more information.

Figure 3.9: UPLC-PDA chromatograms of α-pinene ozonolysis SOA samples aged in (a) 5.6
M (pH -0.86) and (b) 10 M (pH -1.08) of H2SO4.

3.4.5 Comparison of PDA and UV-Vis Absorption Spectra

Figure 3.9a showing the PDA chromatograms indicates that there are four major chro-

mophores that absorb radiation in the near-UV region, with the longest wavelength peaks

appearing at 300-350 nm when SOA is aging in 5.6 M H2SO4. As the concentration of the

acid increases to 10 M H2SO4, a few additional peaks appear, however, all of them are still
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Figure 3.10: Positive ion mode HRMS and PDA chromatogram between 3-15 min for α-
pinene ozonolysis SOA aged in pH -1.08 conditions for 2 days.
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confined to wavelengths below 350 nm, in stark contrast with the results of Fig. 3.6, which

shows measurable absorbance extending beyond 600 nm.

Initially, we could not reconcile the peak wavelengths observed in the PDA absorption spec-

tra (Figure 3.9) and UV-Vis absorption spectra (Figure 3.6). For example, no absorption

was detected by the PDA above 400 nm, even though MAC of the pH -1.08 sample extended

all the way to 700 nm in Figure 3.6. After verifying the wavelength calibration of the PDA

detector, a series of additional experiments was conducted to understand whether this shift

was due to the lower acidity of the water-acetonitrile eluent used in UPLC. A sample of

SOA aged in acid for 2 days was diluted with the solvents used in the liquid chromatogra-

phy method, which is outlined in Table 3.4. The absorption spectra were collected for each

sample to monitor a shift in peak absorbance, which are shown in Figure 3.11.

Table 3.4: Solution Acidity in Peak Shift Experiments. SOA samples aged at pH -1 were
diluted with 1:1 ACN:H2O and H2O. Estimated pH was calculated using Extended Aerosol
Inorganics Model (E-AIM (http://www.aim.env.uea.ac.uk/aim/aim.php).

Sample Dilution Factor Estimated pH(E-AIM)

Control 1 -1.08
3:4 Dilution Factor 1.3 -0.97
2:3 Dilution Factor 1.5 -0.93
1:2 Dilution Factor 2 -0.817
1:3 Dilution Factor 3 -0.646
1:4 Dilution Factor 4 -0.517
1:5 Dilution Factor 5 -0.415
1:8 Dilution Factor 5 -0.2

The sample was first diluted with 1:1 ACN:H2O, shown in Figure 3.11a, because the majority

of the mobile phase constitutes of a mixture of ACN and H2O. At a certain level of dilution,

the original dominant peak at 354 nm in the spectrum shifts to 310 nm, which corresponds

well to the peak seen in the PDA data. The peaks at 418 and 500 nm are also reduced. This

explains why we could not detect peaks at longer wavelengths in the PDA data. Using water
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Figure 3.11: MAC absorption spectra of α-pinene ozonolysis SOA samples aged in 10 M
(pH -1.08) of H2SO4 diluted with 1:1 ACN/H2O and H2O at various dilution factors. DF,
dilution factor.
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instead of water-acetonitrile mixture led to similar observations (Fig. 3.11b). This type of

spectral shift is most likely promoted by changing acid-base equilibria resulting from the

sample dilution. There are known precedents for the absorption spectra of atmospherically-

relevant compounds to be pH dependent, for example, spectra of nitrophenols shift to longer

wavelengths at basic pH due to formation of phenolates.167–169 There have been other studies

that shown that the absorption properties of imidazole-2-carboxaldehyde and pyruvic acid

can be altered depending on the pH on its environment, which is prompted by acid base equi-

libria.48,170 Additionally, the pH dependence of the aerosol absorption has also been detected

in field samples collected in southeastern United States and Beijing171,172 It should also be

recognized that a large number of acid-base indicators change their spectra at well-defined

pH points. It appears that the (currently unidentified) chromophoric products produced

from α-pinene SOA in presence of a concentrated sulfuric acid similar have such halochromic

properties. Understanding the characteristics of such halochromic chromophores is impor-

tant, as water in the atmosphere, in the form of water vapor, cloud and fog droplets, and

aerosol liquid water, can influence the acidity environment over a wide range.

3.5 Conclusions

Acid-catalyzed and acid-driven reactions can have a large effect on the chemical composition

and properties of organic aerosol, which can spend days to weeks in the atmosphere. The

impacts of highly acidic conditions on aerosol chemical composition and optical properties

were explored by generating α-pinene ozonolysis SOA and aging the resulting SOA in bulk

sulfuric acid solutions with atmospherically relevant acidities. We found that aging of SOA

under highly acidic conditions resulted in significant changes in the SOA chemical composi-

tion, including the formation of organosulfur compounds and chromophores.
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These findings are especially important in the context of the upper troposphere and the

lower stratosphere (UTLS). Aerosols are widespread at high altitudes, most likely formed

by condensation of gas-phase precursors brought up by deep convection.173–175 The aerosols

in this region are primarily composed of sulfuric acid (40-80 wt%), but they also contain

and significant amount organic compounds.4,5,7,10,81 The findings from this work further our

understanding of how the chemical reactions between sulfuric acid and organic compounds

can proceed over the long lifetime of the UTLS aerosols. Specifically, these interactions

can change the chemical composition and optical properties of the UTLS aerosols over a

long-time scale and therefore have a large influence in radiative energy fluxes. However, in

this work, the experiments were performed at ambient temperatures, and it is expected that

lower temperatures, such as those in the UTLS, can affect the rate of the acid catalyzed

browning processes.
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Chapter 4

Formation of chromophores from

cis-pinonaldehyde in highly acidic

conditions
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4.1 Abstract

The highly acidic environment in atmospheric aerosol particles can promote acid-catalyzed

and acid-driven reactions, including those in secondary organic aerosols (SOA). Previous

studies observed enhanced absorption at visible wavelengths and significant changes in

the chemical composition when SOA was exposed to sulfuric acid, however the specific

chromophores could not be identified. The goals of this study are to identify the chro-

mophores and determine the mechanism of browning in highly acidified α-pinene SOA by

following the behavior of select α-pinene oxidation products, namely cis-pinonic acid and

cis-pinonaldehyde, when they are exposed to highly acidic conditions. Chemical analysis of

the resulting reactions was performed with ultra-performance liquid chromatography cou-

pled with photodiode array spectrophotometry and high-resolution mass spectrometry, UV–
vis spectrophotometry, and nuclear magnetic resonance spectroscopy. We found that cis-

pinonic acid forms homoterpenyl methyl ketone while cis-pinonaldehyde forms 1-(4-(propan-

2-ylidene)cyclopent-1-en-1-yl)ethan-1-one and two regioisomers of 1-(4-isopropylcyclopenta-

1,3-dien-1-yl)ethan-1-one under highly acidic conditions.

4.2 Introduction

Atmospheric aerosols are important constituents in the atmosphere because they play a

pivotal role in climate, air quality, and health.15,20,23 Organic compounds account for a sig-

nificant fraction (20-90%) of particulate mass.101,176 The most common class of atmospheric

aerosol is secondary organic aerosol (SOA), which is formed through nucleation, condensa-

tion, and multiphase chemical processing of oxidation products of volatile organic compounds

(VOCs).16,22 The chemical complexity of SOA translates into a wide range of physical and

chemical properties. Of particular interest to this work is the absorption coefficient of SOA,
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which is often controlled by a small fraction of chromophores.177

Aerosols exhibit a wide range of acidities, with SOA typically ranging between pH -1 to

5.47 Particle acidity can be driven by the presence of sulfuric acid, which is the terminal

product of atmospheric oxidation of sulfur-containing compounds. In the planetary bound-

ary layer, there is generally enough ammonia to partly neutralize sulfuric acid, but in the

stratosphere, it is common to have aerosol particles containing as much as 80% of sul-

furic acid by weight.4,143,178 Acidity can also govern different processes in the atmosphere

such as deposition, gas-particle partitioning, new particle formation, and mass and chemi-

cal composition47,48 There are many reactions in the atmosphere that can be acid-catalyzed

or acid-driven. These include hemiacetal and acetal formation, hydration of aldehydes and

ketones, aldol condensation, ring-opening reactions, oxidation of acids, and esterification of

carboxylic acids.48

One of the largest contributors to SOA is α-pinene, with estimated emissions ∼66 Tg/year.179

Both (+) and (-) enantiomers of α-pinene are emitted by vegetation. Once emitted, α-pinene

can react with O3, OH, or NO3 which leads to the production of multifunctional organic

compounds including carbonyl, hydroxyl, peroxide, and other functional groups. Cis-pinonic

acid and cis-pinonaldehyde are two major products from ozonolysis and photooxidation of

both (+) and (-) α-pinene and important tracers of α-pinene chemistry. Cis-pinonic acid

is a C10 ketocarboxylic acid with a rigid, four-membered carbon ring containing an acetyl

and a carboxyl group on the opposing ends of the cyclobutene core, as shown in Figure 4.1.

Cis-pinonaldehyde (Figure 4.1) has the same structure with a formyl group in place of the car-

boxyl group, making it a ketoaldehyde. These compounds are both semivolatile compounds

that can either exist in the gas or particle phase and have been found in forested, urban, and

rural areas. The properties and fate of cis-pinonic acid and cis-pinonaldehyde has also been

extensively in the lab.77,96,180–184 Studies have shown the reactive uptake cis-pinonaldehyde
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on acidic sulfate aerosols resulted in the formation of organosulfates, highlighting the impor-

tance of heterogenous reactions.77,96,183

Figure 4.1: Structures of cis-pinonic acid and cis-pinonaldehyde

Previous work explored chemical changes that may occur upon partitioning of SOA com-

pounds into highly acidic particles.141,142,185 One study found that the evaporation of bulk

SOA in the presence of sulfuric acid resulted in enhanced mass-normalized absorption coef-

ficient at visible wavelengths and significant changes in the chemical composition, including

organosulfate formation.141,142 The following study, which offered a more careful control of

pH, reported facile formation of light-absorbing compounds, also known as brown carbon,

and organosulfates at highly acidic conditions (at pH ∼ -1).185 However, these studies could

not identify specific chromophores responsible for the enhanced light absorption. The aim of

this work is to determine the mechanism of browning, which refers to the formation of light-

absorbing compounds, in highly acidified α-pinene SOA by following the behavior of specific

common α-pinene oxidation products, namely cis-pinonic acid and cis-pinonaldehyde, when

they are exposed to highly acidic conditions. Our results suggest that cis-pinonic acid un-

dergoes an acid-catalyzed tautomerization when aged in highly acidic conditions, while cis-

pinonaldehyde reacts with the acid 1-(4-(propan-2-ylidene)cyclopent-1-en-1-yl)ethan-1-one

and two regioisomers of 1-(4-isopropylcyclopenta-1,3-dien-1-yl)ethan-1-one. These products
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formed from cis-pinonaldehyde serve as building blocks for more complex compounds re-

sponsible for browning of acid-aged SOA observed in previous studies.

4.3 Experimental Methods and Materials

4.3.1 Chemicals

The following reagents were acquired from commercial sources: cis-pinonic acid (Sigma

Aldrich, 98%), sulfuric acid (Fisher Scientific, 96%), (+)-α-pinene (Fisher Scientific, 98%),

and dimethylsulfide (DMS) (Sigma Aldrich). Cis-pinonaldehyde was synthesized based on

the following published procedures, shown in Scheme 4.1.186,187

Scheme 4.1: Synthesis of cis-pinonaldehyde (S2)

A round bottom flask containing a stirred solution of (+)-α-pinene (0.5 mL, 3.16 mmol, 1 eq)

dissolved in a solution of MeOH (28 mL) and CH2Cl2 (3.5 mL) was cooled to -78°C. Ozone

(O3) was bubbled through the solution via a commercial ozone generator until a blue color

persisted. The ozone generator was turned off and O2 bubbled through the solution until

the blue color faded. While stirring at -78°C, DMS (4.2 mL, 56.9 mmol, 18 eq) was added

dropwise. The solution was stirred overnight while gradually warming to room temperature

as the dry ice/acetone bath evaporated. The reaction mixture was quenched with water,
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extracted with CH2Cl2(4 x 30 mL), washed with brine (1 x 60 mL), dried over Na2SO4,

filtered, and concentrated under reduced pressure to afford crude pinonaldehyde as a clear,

colorless oil. The mixture was purified via flash chromatography (15% EtOAc/Hex isocratic)

to afford S2 as a clear, colorless oil (417 mg, 97%) containing trace amounts of EtOAc. Prod-

uct was too volatile to be dried under high vacuum. The following is the characterization

information for S2.

1H NMR (500 MHz, CDCl3): δ9.63 (s, 1H), 2.83 (dd, J = 10.0, 7.8 Hz, 1H), 2.57

–2.20 (m, 3H), 1.94 (s, 3H), 1.85 (ddd, J = 19.1, 9.2, 2.5 Hz, 2H), 1.24 (s, 3H), 0.74 (s, 3H).

13C{1H} NMR (126 MHz, CDCl3): δ207.3, 201.3, 54.2, 45.0, 43.2, 35.7, 30.2, 30.1,

22.7, 17.5.

ESI-TOF-MS) m/z: Calcd for C10H16O2Na+ [M+Na]+ 191.1048; Found 191.1041.

4.3.2 Aging in Sulfuric Acid

For initial tests, cis-pinonic acid and cis-pinonaldehyde were dissolved in 10M H2SO4, re-

sulting in an effective pH of –1.08, with dissolution in water serving as control. (The pH

values cited in this work correspond to negative logarithm of molality of H+, which is esti-

mated with E-AIM model.)143–145 Once it was confirmed that there were significant changes

in the composition and optical properties of the acidified sample, additional experiments

were done at varying acidities. In all cases, an aliquot of the stock cis-pinonic acid and

cis-pinonaldehyde with a concentration of ∼2000 µg/mL was added to ∼4 mL solution

containing H2SO4 (Table 4.1), resulting in a mass concentration of ∼35-70 µg/mL.
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Table 4.1: Solution Acidity in Aging Experiments. The first column lists the molar concen-
tration of H2SO4 added to the solution. The molalities of [H+] and other ions were calculated
using the Extended Aerosol Inorganics Model* (E-AIM, http://www.aim.env.uea.ac.uk/
aim/aim.php). The effective pH values listed in the last column and quoted in the paper
represent the negative logarithm of molality of [H+].

E-AIM Output
Estimated Activity Effective

Concentration pH Meter [HSO4
-] [SO4

-2] [H+] Coefficient pH =
of H2SO4 Reading (mol/kg) (mol/kg) (mol/kg) of H+ -log[H+]

0 M 5-6 - - - - Control
0.52 mM 2.7 0.0000386 0.000481 0.00100 0.96 3.00
5.6 M - 3.96 1.67 7.30 3.7 -0.86
10 M - 8.10 1.93 12.0 20 -1.08

*The extended aerosol inorganic model I (E-AIM) was utilized to estimate the molalities and
activities of ions present in the sulfuric acid solutions.143–145 For consistency, we will use the

effective pH in the last column to refer to experimental conditions used in this work.

4.3.3 Mass Spectrometry Analysis

Analysis of the aged monoterpene oxidation samples was conducted using a Thermo Sci-

entific Vanquish Horizon ultra-performance liquid chromatography (UPLC) coupled with a

Vanquish Horizon photodiode array (PDA) spectrophotometer and a Thermo Scientific Q

Exactive Plus Orbitrap high resolution mass spectrometer to examine the chemical compo-

sition of the solution before and after aging. UPLC separation was carried out on a Waters

HSS T3 column, 150 × 2.1 mm, with 1.8 µm particles, with the column temperature set to

30°C and a flow rate of 0.3 mL/min. The mobile phase consisted of water (eluent A) and ace-

tonitrile (eluent B), each containing 0.1% formic acid. The gradient elution was programmed

as follows: 0-3 min 95% eluent A; 3-14 min linear ramp to 95% eluent B; 14-16 min hold at

95% eluent B, 16-22 min return to 95% eluent A. The mass spectrometer was operated in

both positive and negative ion mode with a spray voltage of 2.5 kV and a resolving power

of m/Δm = 1.4 × 105.
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4.3.4 Spectroscopic Measurements

UV-Vis spectrophotometer (Shimadzu UV-2450) was used to monitor the formation of light-

absorbing compounds over time. Aliquot of the samples were added to a 1 cm quartz cuvette

and then capped to prevent evaporation. The spectrophotometer was programmed to collect

a spectrum every 15 min for 24 h.

4.3.5 NMR Spectroscopy Measurements

Chemical shifts (δ) were referenced to the residual solvent peak. The 1H NMR spectra were

recorded at 500 MHz or 600 MHz using either a Bruker DRX500 (cryoprobe) or a Bruker

AVANCE600 (cryoprobe) NMR, respectively. The 13C NMR spectra were recorded at 126

MHz or 151 MHz on the Bruker DRX500 or Bruker AVANCE600 NMR, respectively. All

NMR spectra were taken at 25°C. Chemical shifts (δ) are reported in parts per million (ppm)

and referenced to residual solvent peak at 7.26 ppm (1H) or 77.16 ppm (13C) for deuterated

chloroform (CDCl3). The 1H NMR spectral data are presented as follows: chemical shift,

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet

of doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of

doublets, coupling constant(s) in hertz (Hz), and integration.

4.4 Results and Discussion

4.4.1 Ultra-Performance Liquid Chromatography

The total ion chromatograms (TIC) and PDA (190-690 nm) chromatograms of cis-pinonic

acid aged in water for 2 days, 0.52 mM H2SO4 (pH 3.00), 5.6 M H2SO4 (pH –0.86), and 10

75



M H2SO4 (pH –1.08) are shown in Figure 4.2. The PDA (Fig. 4.2a,d), negative ion mode

TIC (Fig. 4.2b,e), and positive ion mode TIC (Fig. 4.2c,f) chromatograms in pinonic acid

aged in H2O and 0.52 mM H2SO4 (pH 3.00) show a single major peak at 8.96 min. The

PDA signal corresponds to weak absorbance of cis-pinonic acid due to the n → π* and π→

π* transitions in the carbonyl group. The TIC signal is dominated by protonated (positive

ion mode) or deprotonated (negative ion mode) cis-pinonic acid. The similarities between

the chromatograms of cis-pinonic acid aged in H2O and 0.52 mM H2SO4 (pH 3.00) indicate

that it does not undergo acid catalyzed reactions under moderately acidic conditions.

However, when cis-pinonic acid was aged in highly acidic conditions, the chromatograms

reveal chemical changes driven by acid-catalysis, in agreement with previous reports by

Arcus and Bennett (1955).188 In Figure 4.2g, which shows the PDA chromatograms of cis-

pinonic acid aged in 5.6 M H2SO4 (pH –0.86), there are two peaks at 8.95 and 9.06 min.

The negative ion mode TIC and SIC for m/z 183.1028 in Fig. 4.2h also has two peaks at

these elution times. These peaks can be assigned to cis-pinonic acid and its enol tautomer,

respectively. The peak at 9.06 was identified to be enol rather than the trans-pinonic acid

because the π→ π* transition in the correspond PDA spectra is absent, as shown in Figure

4.2g. Additionally, the peak elutes later than cis-pinonic acid, indicating a less polar com-

pound, consistent with the lower polarity of enol tautomers in keto-enol tautomerization.

Cis-pinonic acid and the enol tautomer also appear the positive ion mode TIC and SIC for

m/z 185.1177.
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Figure 4.2: UPLC chromatograms of cis-pinonic acid aged in water for 2 days, 0.52 mM H2SO4 (pH 3.00), 5.6 M H2SO4 (pH
-0.86), and 10 M H2SO4 (pH -1.08) in negative ion mode (b, e, h, k), position ion mode (c, f, i, l), and the corresponding PDA
(a, d, g, j). Overlaid on the negative ion mode and positive ion mode TIC in red is the SIC for m/z 183.1028 and m/z 185.1177,
respectively, except for TIC ESI (-) (pH -1.08). The PDA chromatograms were shifted 0.06 minutes to account for the time
delay between the two detectors. All chromatograms were normalized based on the maximum peak intensity of their respective
dataset.
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However, the positive ion mode chromatograms also show an additional peak that eludes

out at 8.78 min. This was assigned to the homoterpenyl methyl ketone as well as the cor-

responding enol tautomer, as shown in Scheme 4.2.188 For the most acidic condition the

homoterpenyl methyl ketone is the only product remaining (Figure 4.2 k,l), with no original

cis-pinonic acid left.

Scheme 4.2: Formation of homoterpenyl methyl ketone (S4) from cis-pinonic acid (S1) aged
in H2SO4, adapted from Arcus and Bennett (1955)188PT indicates proton transfer

Experiments were then repeated for cis-pinonaldehyde, however, positive ion mode proved

to be more useful at detecting changes in chemical composition as opposed to negative ion
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mode. The data described in the subsequent text pertains to the positive ion mode.

Samples in which cis-pinonaldehyde was aged in water (control), 0.52 mM H2SO4 (pH 3.00),

and 1.0 M H2SO4 (pH -0.01) have two dominant peaks, as shown in Figure 4.3. The smaller

peak at 8.94 min corresponds to cis-pinonic acid, an impurity that stems from the synthesis

of cis-pinonaldehyde, while the broad peak at 9.77 min corresponds to cis-pinonaldehyde

(the width of the peak is due to the slow hydration-dehydration equilibrium of the aldehyde

group during the separation). The same peaks occur in the 0.52 mM H2SO4 (pH 3.00), and

1.0 M H2SO4 (pH –0.01) samples compared to the control study and there are no additional

peaks, which indicate that these conditions do not promote acid catalyzed reactions. How-

ever, the TIC (Figure 4.4) of the sample in which cis-pinonaldehyde was aged in highly acidic

conditions (10 M H2SO4) implies alternate chemical pathways. There are four significant

peaks in these aging conditions at RTs of 8.77, 11.85, 12.07, and 12.22 min. Additionally,

in this chromatogram, the peak corresponding to cis-pinonaldehyde is absent, which means

that all cis-pinonaldehyde was consumed. The peak at 8.77 min corresponds to acid cat-

alyzed isomerization product of the cis-pinonic acid impurity, homoterpenyl methyl ketone

(S4). The remaining three peaks correspond to the same dominant ion in the mass spectrum

(m/z 151.1117, C10H15O+), suggesting that these compounds are isomers (Figure 4.4c). The

same peaks are the dominant features in the PDA chromatogram of the sample, shown in

Figure 4.4b, which shows that these compounds are the chromophores of interest.

4.4.2 Kinetic Analysis

Figure 4.5 shows the absorption spectra of cis-pinonic acid aged in (a) 5.2 x 10-4 M (pH

3.00), and (b) 10 M (pH -1.08) solutions of H2SO4 as a function of time. The spectra of

cis-pinonic acid in moderately acidic solutions (pH 3.00) are consistent with the presence of

non-interacting carboxyl and carbonyl groups. The small peak at 285 nm corresponds to
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Figure 4.3: Positive ion mode TIC for cis-pinonaldehyde aged in (a) H2O, (b) 0.52 mM
H2SO4 (pH 3.00), and (c) 1.0 M H2SO4 (pH -0.01).
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Figure 4.4: UPLC chromatograms of cis-pinonaldehyde aged in 10 M H2SO4 (c,d) in positive
ion mode for TIC (a), PDA (b), and SIC (m/z 151.1117) (c). The PDA chromatogram was
shifted 0.06 minutes to account for the time delay between the two detectors.
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Figure 4.5: Absorption spectra of cis-pinonic acid aged in (a) 5.2 x 10-1 M (pH 3.00), and
(b) 10 M (pH −1.08) solutions of H2SO4 recorded every 15 min for 24 h.

the weak n → π* transition in the carbonyl group of cis-pinonic acid, and the larger peak

below 200 nm corresponds to �π→ π* transitions. As seen in Figure 4.5a, there is no change

in either the n → π* or π→ π* transition as function of time cis-pinonic acid confirming that

cis-pinonic acid is stable under these conditions. In in the cis-pinonic acid sample aged in

10 M (pH −1.08) H2SO4 (4.5b), the weak n → π* transition ( 262 nm) and π→ π* transi-

tion (<200 nm) are still present. However, the peaks that correspond to those transitions

decrease over time, indicating a structural change (e.g., tautomerization). Previous studies

have shown that ketones can undergo acid catalyzed aldol condensation, however, the aldol

condensation product resulting from cis-pinonic acid, C20H30O5, is absent from the mass

spectra.79,189 The evidence presented in the TIC (Figure 4.5hi) and UV-Vis spectra (Figure

4.5b) suggest that there is a structural change (e.g., tautomerization) in cis-pinonic acid

rather than condensation reaction. In the first three hours, the reaction behaves as a first

order reaction with respect to the decay of cis-pinonic acid, resulting in a a rate constant
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of 6.33 × 10-5 h-1. Arcus and Bennett (1955), reported a rate constant of 9.9 × 10-2 h-1,188

however, their conversion of cis-pinonic acid to homoterpenyl methyl ketone was done in

monochloroacetic acid at 100°C, while the reaction in this paper was done with sulfuric acid

at room temperature and a lower concentration of starting material.188 This suggests that

the isomerization rate constant strongly depends on temperature, which is an important

consideration given the wide range of ambient temperatures in the atmosphere.

The absorption spectra of cis-pinonaldehyde aged in 5.6 M (pH −0.86) and 10 M (pH −1.08)

H2SO4 are shown in Figure 4.6. In Figure 4.6a, there are two dominant peaks that increase

as a function of time: at 246 nm and 355 nm. Additionally, absorbance of cis-pinonaldehyde

aged in 10 M (pH −1.08) H2SO4 shows 5 main peaks (Figure 4.6b) at 215 nm, 251 nm, 370

nm, 415 nm, and 500 nm. The general shape of the spectrum is very similar to that observed

during aging of α-pinene SOA under the same highly acidic conditions, reproduced in Figure

4.7.185 The lifetime of browning for each peak within these samples are outlined in Table 1

–they are on the order of an hour at pH −1.08. 4.7.185 Note that there are subtle differences

in the spectra of aged cis-pinonaldehyde and α-pinene SOA. For example, there are more dis-

tinct peaks between 200-300 nm in the cis-pinonaldehyde aged in 10 M H2SO4, as shown in

Figure 4.7b. This can be expected because there are many other compounds in the α-pinene

SOA (including substituted cis-pinonaldehyde and cis-pinonic acid) that may also produce

light-absorbing products under acidic conditions. However, the general shape of the spectra

is the same, indicating that cis-pinonaldehyde is largely responsible for the chromophoric

properties of the aged α-pinene SOA. Additionally, in comparison to the α-pinene SOA sam-

ple, the rate of browning for the absorption peaks is slower for the sample aged in 5.6 M

H2SO4 (pH −0.86) and faster for the sample aged 10 M (pH −1.08) H2SO4.185 This is likely

due to the difference in the conditions the samples were aged in (e.g., the α-pinene SOA sam-

ple had a smaller concentration of cis-pinonaldehyde and there are competing reactions from

other compounds). It is also noted that the absorption of the products of cis-pinonaldehyde
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Figure 4.6: Absorption spectra of cis-pinonaldehyde aged in (a) 5.6 M (pH −0.86) and (b)
10 M (pH −1.08) H2SO4. Each spectrum was collected every 15 min over 24 h.

Figure 4.7: Absorption spectra of cis-pinonaldehyde aged in (a) 5.6 M (pH −0.86) and (b)
10 M (pH −1.08) H2SO4 for two days, compared to identical experiments with α-pinene SOA
by Wong et al 2022.185
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aged in 10 M H2SO4 (pH −1.08) reaches a maximum and then starts to decay the longer it

ages, indicating that there are other secondary reactions taking place consuming the initial

chromophore. Such a decay was not observed in the acidified α-pinene SOA in the previous

study,185 again likely because of lower concentrations of individual reactants in the SOA.

Table 4.2: Effective lifetimes of browning for of cis-pinonaldehyde aged in 5.6 M (pH −0.86)
and 10 M (pH −1.08) H2SO4, calculated by assuming pseudo-first-order reactions in the time
series fits for each peak.

Sample Peaks of Interest (nm) Lifetime of Browning (h)

pH -0.86 246 18 ± 3
pH -0.86 355 69 ± 1
pH -1.08 215 0.47 ± 0.03
pH -1.08 251 0.04 ± 0.03
pH -1.08 370 0.31 ± 0.03
pH -1.08 415 0.69 ± 0.03
pH -1.08 500 2.4 ± 0.2

4.4.3 Product Identification

4.4.3.1 Purification and Separation of Chromophores

The reaction of cis-pinonaldehyde aged in 10 M (pH −1.08) H2SO4 was then scaled up

to generate enough material for purification and NMR analysis. The scaled-up reaction

consisted of 8.5 g of cis-pinonaldehyde and ∼500 mL of 10 H2SO4 (pH -1.08), resulting in

a mass concentration of ∼17 mg/mL. Although the concentration between these reactions

differed from the experiments described previously, both reactions had H2SO4 in excess and

turned a dark amber color suggesting their similarities. The crude solution was poured over

ice and diluted with H2O. Solid NaHCO3 was added portion-wise while stirring vigorously

and monitoring pH. Note that during the purification and separation process, NaHCO3 was

added to neutralize the acid and allow for isolation of the chromophores. However, during

85



this step it is possible that relative abundance of the products can change, as the reactions

to form the products can be reversible. When the pH was approximately 2, the solution

was partitioned with CH2Cl2, extracted with CH2Cl2, and washed with a saturated aqueous

solution of NaHCO3 and a saturated solution of NaCl. The organic layers were dried over

Na2SO4 and concentrated in vacuo to afford a crude black oil. The residue was purified

via flash chromatography (0-100% EtOAc/Hex) to afford S4 (3.14 g, 33%), S5 (233 mg,

3.0%), and S6 (622 mg, 8.0%) as an inseparable mixture with another constitutional isomer.

Additional hydrogenation experiments were also conducted to better determine connectivity

of these compounds. The following is the summary of predication structural information

following the analysis described below. It is worth noting that trace amounts of cis-pinonic

Scheme 4.3: Summary of products formed aging of cis-pinonaldehyde (S2)

acid were detected in the sample of S2, which provides an explanation for the observed

formation of homoterpenyl methyl ketone (S4). Furthermore, it is plausible that a reaction

takes place during the aging process of cis-pinonaldehyde, resulting in the generation of

cis-pinonic acid, which can contribute to the increased abundance of homoterpenyl methyl

ketone.

4.4.3.2 Confirmation of Chromophores

To confirm that purified samples were the chromophores of interest, these extracts were ana-

lyzed using UPLC-PDA-HRMS and then compared to the peaks and elution times of Figure
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4.4. Figure 4.8 shows the UPLC chromatograms of the separated samples, S5 (blue trace)

and S6 (orange trace).

In the S5 isolated sample, the TIC (Figure 4.8a) contains 2 peaks, one at 11.03 min and

another at 12.17 min. Both peaks absorb as seen in Figure 4.8b, however, only the peak

that eluted out at 12.17 min has the matches the TIC retention time in cis-pinonaldehyde

solution Figure 4.4 and the has m/z 151.1117 (C10H15O+). This peak at 11.03 min is likely

an impurity due to the purification process as this peak is not evident in Figure 4.4 and has

a mass of m/z 149.0961 (C10H13O+). In the S6 sample, the TIC (Figure 4.8a) also contains

2 peaks, one at 11.79 min and another at 12.00 min. Both peaks absorb and have m/z

151.1118 as noted by Figure 4.8b and Figure 4.8c.

In comparison to the elution time in Figure 4.8, it appears that S5 corresponds to peak at

12.21 min while S6 corresponds to the peak at 11.85 and 12.07 min. Note that there is a

∼0.05 min delay time between the purified samples (Figure 4.8) and the unpurified sample

(Figure 4.4), which is likely due to instrument fluctuations as these samples were taken a

couple of weeks apart. Additionally, the constitutional isomer that corresponds to the peak

at 12.07 min could not be further purified and the structure determination is limited as there

were only trace amounts in the scaled-up reaction.

The PDA absorption spectra of the purified and unpurified samples are compared in Figure

4.9. The spectra for S5 and peak at 12.21 min in Figure 4.4 absorb at the same peak wave-

length of 318 nm, while the S6 sample likely corresponds to the peak at 11.84 min in Figure

4.4 because they both have an absorption peak at 306 nm. Note that peak max absorp-

tion wavelength differs from Figure 4.6b, which is likely caused by a shift in the acid-base

equilibria as the samples were diluted with water–acetonitrile eluent used in UPLC.185 This

suggests that absorption spectra of these compounds are pH dependent, which is charac-
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Figure 4.8: UPLC chromatograms of S5 and S6 isolated extracts in positive ion mode for
TIC (a), PDA (b), and SIC (m/z 151.1117) (c). The PDA chromatogram was shifted 0.06
minutes to account for the time delay between the two detectors.
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Figure 4.9: Absorption spectra from UV-Vis (red trace) and PDA (blue and green trace)
from the purified sample

teristic of other atmospheric compounds like nitrophenols, imidazole-2-carboxaldehyde, and

pyruvic acid.48,167–170

4.4.3.3 NMR Analysis and Possible Mechanisms

A 1H and 13C-NMR analysis was performed to determine the structures of S4, S5 and S6

(Table 4.3).

Compound S5 was isolated as a light-yellow oil. Its high-resolution mass spectrometry gave

the molecular formula of C10H14O, indicating four degrees of unsaturation. The NMR spec-

tra indicated the presence of 2 double bonds, one tetrasubstituted (δC 133.1 (C3 and 140.5

(C9)) and one monosubstituted (δH 7.16 (H1); δC 140.9 (C1) and 146.3 (C5)). The 1H NMR

spectrum of S5 also showed the resonances of three methyl singlets (δH 2.33 (H8), 1.87 (H10

or H11), 1.74 (H10 or H11)), one of which corresponds to a methyl ketone (H8), and two

methylene groups (δH 2.63 (H2), 2.53 (H4)). 13C-NMR spectra also indicated the presence
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Table 4.3: Summary of the 1H and 13C- NMR data from compounds S4, S5 and S6
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of five carbons: three CH3 groups (δC 26.7 (C8), 22.0 (C10 or C11), 21.5(C10 or C11)) and

two CH2 groups (δC 29.3 (C2), 27.8 (C4)). The alkenes and ketone accounted for three of

the four degrees of unsaturation. Consequently, the presence of a ring as the compound’s

backbone is indicated to account for the fourth degree of unsaturation.

Based on the analysis presented above, it is likely that the ketone is in its protonated form,

under highly acidic conditions, shown in Scheme 4.4. This facilitates an acid-catalyzed ring

opening of the strained cyclobutane ring to the more favorable tertiary carbocation and then

results in an elimination of the neighboring methine. Afterward, another equivalent of acid

would serve to protonate the carbonyl group of the aldehyde, initiating an aldol condensa-

tion reaction, which would lead to the elimination of the secondary alcohol, giving to the

proposed structure S5, 1-(4-(propan-2-ylidene)cyclopent-1-en-1-yl)ethan-1-one, a common

terpene oxidation product.190,191 Having tentatively settled on a structural assignment of S5

as depicted in Scheme 4.3, the mechanism for its formation is illustrated below in Scheme 4.4.

Compound S6, obtained as an orange oil, had an identical molecular formula to that of

S5 according to its HRMS data. The NMR data also was very similar to S5, indicating

that these two compounds are structurally similar constitutional isomers. Basing our NMR

analysis of this compound off the previously discussed, assuming similar functionality and

structural patterns, the following associations were made. The same unsaturated methyl

ketone was observed in both the 1H and 13C NMR (δC 193.7 (C6), 26.0 (C8); δH 2.33-2.30

(H8). However, rather than an exocyclic isopropene unit substituting the five-membered

ring, there was an isopropyl group (δC 30.3 (C9) 22.8 (C10, C11); δH 2.72 (H9), 1.14 (H10,

H11). In the 13C spectra also suggested the the presence of two alkenes (δC 145.0 (C1), 143.9

(C2), 125.0 (C3), 166.1 (C4)), with one of them existing as the unsaturated ketone. However,

the substitution pattern differed for this compound’s alkenes however, given the presence

of two alkene protons (δH 7.24 (H2), 6.26-6.16 (H3). Thus, it was concluded that there was
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either a disubstituted alkene and a tetrasubstituted alkene or two trisubstituted alkenes.

Comprehensive study of the 2D NMR spectra of S6 led us to propose three potential struc-

tures that were indistinguishable by spectroscopic or mass spectrometric means. To gain

a better understanding of the structures of these chromophores, additional hydrogenation

experiments were also conducted to better determine connectivity. The identical product of

the hydrogenation reaction of S6 is a known, characterized compound.192 According to the

NMR analysis of hydrogenated compounds, the product(s) that were isolated was different

from that reported by Degrado et al, (2002).192 Therefore, it was concluded that the third

chromophore with a molecular formula of C10H14O was the 1,3-disubstituted cyclopentadi-

ene (S7). Compounds S6 and S7 are regioisomers of each other and formed through nearly

identical mechanisms, which are shown in Scheme 4.5. This mechanism is also similar to the

one for S5 (Scheme 4.4), however, the mechanism for S6 and S7 (Scheme 4.5) includes an

additional step of a hydride shift.

4.5 Conclusions

The composition and optical properties of organic aerosol can undergo significant changes

due to acid-catalyzed and acid-driven reactions. The impacts of highly acidic conditions on

cis-pinonic acid and cis-pinonaldehyde were explored by aging these compounds in bulk sul-

furic acid solutions with atmospherically relevant acidities. It was found that cis-pinonic acid

forms homoterpenyl methyl ketone while cis-pinonaldehyde forms 1-(4-(propan-2-ylidene)cyclopent-

1-en-1-yl)ethan-1-one and two regioisomers of 1-(4-isopropylcyclopenta-1,3-dien-1-yl)ethan-

1-one under highly acidic conditions. These conclusions hold particular significance for the

upper troposphere and lower stratosphere (UTLS) regions, as well as areas characterized by

substantial SO2 pollution, as these areas have been documented highly acidic aerosols with
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negative pH.4,5,7,10,49,50,58,61 Further work should be done with other biogenic and anthro-

pogenic SOA to identify if acidic aging is a large driver in these systems.
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Scheme 4.4: Formation of 1-(4-(propan-2-ylidene)cyclopent-1-en-1-yl)ethan-1-one (S5), from the acid-ctalyzed reaction of of
cis-pinonaldehyde (S2)

Scheme 4.5: Formation of 1-(4-isopropylcyclopenta-1,3-dien-1-yl)ethan-1-one (S6, S7) from the acid catalyzed reaction of cis-
pinonaldehyde (S2)
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Chapter 5

Biogenic and anthropogenic secondary

organic aerosols become fluorescent

after highly acidic aging

5.1 Abstract

Primary biological aerosol particles (PBAP) and secondary organic aerosols (SOA) both con-

tain organic compounds that share similar chemical and optical properties. Fluorescence is

often used to characterize PBAP; however, the accuracy of such measurements may be hin-

dered due to interferences from fluorophores in SOA. Despite extensive efforts to understand

the aging of SOA under acidic conditions, little is known about how these processes affect

fluorescence of SOA and thereby their interference with the fluorescence measurements of

PBAP. The objective of this study is to investigate the fluorescence of SOA and understand

the influence of acidity on the optical properties of organic aerosols and potential interference

for the analysis of bioaerosols. SOA was generated from by O3 or OH-initiated oxidation of
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d-limonene or α-pinene, as well as by OH-initiated oxidation of toluene or xylene. The SOA

compounds were then aged by exposure to varying concentrations of aqueous H2SO4 for two

days. Absorption and fluorescence spectrophotometry were used to examine the changes in

optical properties before and after aging. The key observation was the appearance of strongly

light-absorbing and fluorescent compounds at pH = ∼ -1 suggesting that acidity is a major

driver of SOA aging. The aged SOA from biogenic precursors (d-limonene and α-pinene)

resulted in stronger fluorescence than aged SOA from toluene and xylene. The absorption

spectra of aged SOA changed drastically in shape upon dilution, whereas the shapes of the

fluorescence spectra remained the same, suggesting that fluorophores and chromophores in

SOA are separate sets of species. The fluorescence spectra of aged SOA overlapped with

fluorescence spectra of PBAP, suggesting that SOA exposed to highly acidic conditions can

be confused with PBAP detected by fluorescence-based methods. These processes are likely

to play a role in the atmospheric regions where high concentrations of H2SO4 persist, such

as upper troposphere and lower stratosphere.

5.2 Introduction

Our understanding of the extent to which aerosols contribute to global climate change is

still limited. Organic aerosols, which include bioaerosols (also known as primary biological

aerosol particles –PBAP) and secondary organic aerosols (SOA), account for a dominant

fraction of particulate matter in the lower troposphere and can heavily influence air quality

and radiative forcing.101 PBAP contains biological components such bacteria, viruses, fungi,

biological molecules,193 while secondary organic aerosols are formed from the oxidation of

biogenic and anthropogenic volatile organic compounds (VOCs).16,22

PBAP and SOA are extremely complex, and both contain organic compounds that share
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similar chemical and optical properties, including the ability to fluoresce.194 Many atmo-

spheric organic species with significant conjugation of π-bonds, including amino acids with

aromatic functional groups (e.g., tryptophan), vitamins, and humic-like substances, have

been identified as efficient fluorophores.177,195,196 The ability to detect and analyze these flu-

orophores using fluorescence spectroscopy has proved useful for understanding the chemical

composition, sources, and chemical reactions of atmospheric aerosols.197,198 However, the

presence of weakly-fluorescent compounds in SOA complicates the applications of fluores-

cence spectroscopy to quantitative and qualitative analysis of PBAP, as the interferences of

non-biological particles, such as SOA, can skew the data and conclusions.146,196,199–201 This

problem is further complicated as organic aerosols undergo chemical and physical transfor-

mations during transport as they are exposed to different environmental conditions, such as

acidity.

Acidity of the atmospheric aqueous phase can vary significantly. Cloud and fog droplets

tend to be less acidic with a pH +2 to +7, while aerosol particles are more acidic with effec-

tive pH values from −1 to +8.47 This property is dependent on the source of the particles,

their chemical composition, and ambient relative humidity (as aerosol liquid water serves to

dilute the acids in particles). Acidity plays a crucial role in many chemical reactions of or-

ganic compounds, including those found in the SOA. These acid catalyzed reactions include

hemiacetal and acetal formation, hydration of aldehydes and ketones, aldol condensation of

carbonyls, esterification of carboxylic acids, and ring opening of epoxides, to name a few.48

Thus, comprehending the role of acidity in the chemical and physical transformation of these

complex organic aerosols can provide valuable insights into how acidity impacts their prop-

erties, including fluorescence.

Many field studies that have reported highly acidic aerosols (with negative pHs), specifi-

cally in Southeastern Asia, the Eastern United States, China, and other locations, likely due
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to the high emissions of SO2.49,50,58,61 Additionally, stratospheric aerosols have been known

to be very acidic, resulting in stratospheric particles that can contain 40-80 wt% H2SO4

originating from the injection of SO2 from volcanic eruptions, resulting in a pH between

-0.8 and -1..3,4,7–10 Although there are observations of acidity levels this high and reports

of organic aerosols the upper troposphere and lower stratosphere, laboratory studies on the

aging of SOA under these conditions remain limited. A recent study of α-pinene ozonolysis

SOA reported that acidity is a major driver of SOA aging, resulting in a large change in

the chemical composition and optical properties of SOA in presence of concentrated H2SO4,

including the formation of unidentified fluorophores.185 This prompts a question whether

other types of biogenic and anthropogenic SOA can become fluorescent after being exposed

to highly acidic conditions.

Despite significant efforts to understand the aging of SOA under high acidity conditions,

little is known how these processes affect fluorescence and thereby their interference with

the fluorescence measurements of PBAP. Additionally, studying the fluorescence proper-

ties of SOA could provide valuable insights into the acid-catalyzed reactions and chemical

composition of the fluorophores. The objective of this study is to investigate the excitation-

emission spectroscopy of SOA generated from various precursors to understand the influence

of acidity on the optical properties of organic aerosols. We demonstrate that highly acidic

conditions promote acid catalyzed reactions and thereby form fluorophores in SOA that can

interfere with detection of PBAP by fluorescent methods.
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Table 5.1: Aging Experiments Summary

Mass of SOA Estimated
SOA Oxidant Collection Time Extracted in Concentration of Effective

Precursor (hours) Segment (mg) H2SO4 pH = -log[H+]
APIN O3 3.5 0.951 - -
APIN O3 3.5 0.974 0.52 mM 3.00
APIN O3 3.5 1.110 10 -1.08
LIM O3 3.3 1.036 - -
LIM O3 3.3 1.243 0.52 mM 3.00
LIM O3 3.3 1.031 10 -1.08
APIN OH 7.2 0.814 - -
APIN OH 7.2 0.841 0.52 mM 3.00
APIN OH 7.2 0.736 10 -1.08
LIM OH 7.3 0.755 - -
LIM OH 7.3 0.744 0.52 mM 3.00
LIM OH 7.3 0.694 10 -1.08
TOL OH 14 0.906 - -
TOL OH 14 0.988 0.52 mM 3.00
TOL OH 14 0.887 10 -1.08
XYL OH 14 0.583 - -
XYL OH 14 0.610 0.52 mM 3.00
XYL OH 14 0.594 10 -1.08

5.3 Experimental Methods and Materials

5.3.1 Formation of SOA

SOA generated from six different types of precursor combinations were studied in this work:

α-pinene (Arcos, 98%) ozonolysis (APIN/O3), d-limonene (Sigma Aldrich, 99%) ozonoly-

sis (LIM/O3), α-pinene photooxidation (APIN/OH), d-limonene photooxidation (LIM/OH),

toluene (Fisher, 99%) low-NOx photooxidation (TOL/OH), p-xylene (Sigma Aldrich, 99%)

low-NOx photooxidation (XYL/OH). A summary of all samples made in this study can

be found in Table 5.1. Two types of techniques were used to generate SOA as previously

described.148,185,202
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In brief, SOA formed from O3-initated oxidation was prepared from the oxidation of d-

limonene (LIM) and α-pinene (APIN) by ozone (O3) using a 20 L continuous flow reactor.

Ozone was generated using a commercial ozone generator (OzoneTech OZ2SS-SS) and in-

troduced into the reactor in a 0.5 slm (standard liters per minute) flow of oxygen. Liquid

VOC precursor was injected at 25 µL/hr into a 5 slm slow of air. The initial mixing ratios

concentrations of VOC and O3 were ∼14 ppm and ∼10 ppm, respectively. A charcoal de-

nuder was used to scrub excess O3 from the flow before SOA collection. SOA was collected

for about 2 h to achieve a mass of ∼2-4 mg, enough for the analysis described below.

For photooxidation (OH) initiated SOA, a different flow reactor was used as described in

previous studies.202,203 This oxidation flow reactor consisted of 8 L quartz reaction vessel

surrounded by two 254 nm UV lamps inside a Rayonet RPR100 photochemical reactor. To

initiate the reaction, pure VOC was injected into dry air flowing at 0.3 slm through the

vessel using a syringe pump, where it mixed with 0.7 slm flow of humidified air and 0.3 slm

flow containing O3. The UV lamps in the reactor photolyzed O3, thereby producing OH by

reacting O(1D) with H2O. OH (along with trace amounts of O3), subsequently reacted with

VOC precursors, and the resulting SOA was collected from the exit tube for up to 14 h to

obtain about ∼2-3 mg in mass.

In both cases, the SOA was collected onto stage 7 (0.32−0.56 µm) of a micro-orifice uniform

deposit impactor (MOUDI; MSP Corp. (TSI) model 110-R) for 2-14 h on a foil substrate

at a flow of 30 slm. Since the flow from the reactors was lower, the make-up air came from

HEPA-filtered laboratory air.
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Table 5.2: Solution Acidity in Dilution Experiments. SOA samples aged at 10M H2SO4
were diluted in water. pH was estimated using Extended Aerosol Inorganics Model (E-AIM
(http://www.aim.env.uea.ac.uk/aim/aim.php).

Sample Dilution Factor Estimated pH (E-AIM)
Control (undiluted) 1 -1.08
1:2 Dilution Factor 2 -0.817
1:3 Dilution Factor 3 -0.646
1:4 Dilution Factor 4 -0.517

5.3.2 Aging in Sulfuric Acid

The protocol used to age SOA in various acidic conditions followed the previously described

procedure.185 Each SOA substrate was cut into three approximately equal segments, and

each segment was then extracted in 4 mL acetonitrile using a shaker. The acetonitrile was

removed with a rotary evaporator at ∼25°C (low temperature was used to prevent evapora-

tion of SOA compounds). Water or a solution containing sulfuric acid was added to the vial

to dissolve the SOA residue, resulting in a mass concentration of ∼200 µg/mL. This con-

centration was chosen to generate sufficient signal to noise for the analysis described below.

The SOA extracts were then left to age for two days in the dark prior to analysis.

Additional experiments were conducted with SOA aged in 10 M H2SO4 (pH -1.08) and

then diluted with an acid-free solvent to examine the changes in the fluorescence molecules

due to acid−base equilibria. These samples were similarly aged in acid for two days before

the dilution experiments. Further information on these samples can also be found in Table

5.2.

5.3.3 Spectroscopic Measurements

The aged solutions of SOA were analyzed using Cary Eclipse fluorescence spectrometer.

The parameters used for these experiments mimic past studies of SOA fluorescence in

101

http://www.aim.env.uea.ac.uk/aim/aim.php).


our group.146,185,200,204,205 The background for the fluorescence spectrum was obtained us-

ing deionized water and the samples analyzed were the SOA aged in H2SO4 after 2 days (we

verified that sulfuric acid solutions without SOA did not fluoresce). The excitation wave-

length varied over the 200−500 nm range in 5 nm steps, and the emitted fluorescence was

recorded over the 300−600 nm range in 2 nm steps for the excitation−emission spectra at a

scan rate of 1200 nm/min, resulting in excitation-emission matrices (EEM). The fluorescence

intensities were corrected for Rayleigh and Raman scattering and inner filter effects using

previously described methods and then converted into Quinine Sulfate Units (QSU).200,204,205

In brief, the absorption spectrum of the sample of interest was taken into account and the

inner filter effect was corrected by using the following equation, where Fcorr is the corrected

fluorescence intensity, Fobs is the observed fluorescence intensity, Aex and Aex are the raw

absorbance values of the excitation/emission wavelength pair at which the intensity was

measured, and the factor of 0.5 assumes that most of the fluorescence is collected from the

middle of a 1.0 cm cuvette.

F corr = F obs×100.5(Aex + Aem) (5.1)

Rayleigh and Raman scattering were addressed by subtracting the appropriate blank EEM

from the sample EEM (despite this correction, the EEM plots still contain residual contri-

bution from the first and second order Rayleigh scattering). Finally, intensities of the SOA

samples were converted to QSU by dividing the intensities by the corrected fluorescence

intensity of QS at the excitation/emission peak of 350/450 nm, in which 1 QSU = 0.1 ppm

quinine sulfate in 0.05 M H2SO4 solution.

Absorption spectra of the SOA samples were taken with spectrophotometer (Shimadzu UV-

2450). Raw absorbance values were converted to mass absorption coefficient (MAC) values

cm2 g-1, using the following equation, where A10 is the measured base-10 absorbance, Cmass
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(g cm-3) is the concentration of the SOA in solution, and b (cm) is the path length (standard

quartz 10 mm cuvettes were used in these experiments):

MAC(λ) =
A10(λ)× ln(10)

b× Cmass

(5.2)

The mass concentration only included the starting mass of SOA in solution, it did not include

the masses of any of the products that may have formed during aging.

5.4 Results and Discussion

5.4.1 Fluorescence at Varying Acidities

Figure 5.1: EEM plots for APIN/O3 and LIM/O3 SOA aged in H2O, 0.52 H2SO4 (pH 3.00),
and 10M H2SO4 (pH -1.08) for 2 days

Excitation-emission spectra of organic compounds in environmental samples are often pre-

sented as a 3-D excitation-emission matrix (EEM), which displays the intensity as a contour

plot as function of the excitation and emission wavelengths.205,206 Figure 5.1 shows the EEM
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plots for APIN/O3 and LIM/O3 SOA aged in H2O, 0.52 H2SO4 (pH 3.00), and 10M H2SO4

(pH -1.08) for 2 days. In the control studies for APIN/O3 (Figure 5.1a) and LIM/O3 (Fig-

ure 5.1d) there is no evidence of fluorescence in the SOA mixture, as the intensities are low

throughout the entire excitation wavelength range. This finding is consistent with previous

work by Bones et al. (2010) and Lee et al. (2013), who reported no fluorescence in their

respective controls for LIM/O3 and APIN/O3, and further supported by previous study by

Wong et al. (2022), who showed that water does not have a significant influence on the chem-

ical aging in SOA.146,185,199 Aging of SOA in 0.52 H2SO4 (pH 3.00) results in a plots (Figure

5.1b,e) that look very similar to the nonacidified controls, with no evidence of fluorophores

appearing in the SOA. This indicates that moderately acidic conditions do not promote

chemical reactions that lead to fluorescent compounds, which is consistent with no change

in chemical composition of SOA at pH 3 reported in a previous study.185 However, when the

SOA is aged in 10M H2SO4 (pH -1.08), the plots look notably different (Figure 5.1c,f). For

APIN SOA, there are four main regions: a strong peak with at Ex/Em at 350-500/450-575

nm, a moderately strong peak at Ex/Em = 350-375/350-400 nm, and two weaker peaks at

Ex/Em = < 275/450-550 nm and Ex/Em = < 300/350-400 nm. For the LIM/O3, there are

only 3 regions that exhibit fluorescence: a strong peak at Ex/Em = 350-500/400-575 nm, a

moderately strong peak (tail) at Ex/Em = 330-360/375-425 nm, and finally a weak peak at

Ex/Em = 200-275/425-550 nm. The appearance of these peaks indicates that aging these

SOA samples in acid promotes reactions leading to the formation of fluorophores.

The same experiments were repeated for APIN/OH and LIM/OH to examine the role of

the oxidant in the formation of fluorophores. Similar to the case with the ozonolysis SOA,

the unacidified control (Figure 5.2a,d) and samples aged in moderately acidic conditions (pH

3) do not produce any fluorophores, whereas the highly acidic conditions result in fluorescent

solutions. For APIN/OH samples, there are two regions where the sample fluorescence is

observed: a strong peak at Ex/Em = 350-500/450-575 nm and a weak peak at Ex/Em =
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250/450-500 nm. On the other hand, LIM/OH has three regions in the EEM: a strong peak

at Ex/Em = 350-500/400-575 nm, a moderate peak (tail) at Ex/Em = 325-360/350-400 nm

and a weaker peak at Ex/Em = 200-300/450-550 nm. In all systems, fluorophores do not

Figure 5.2: EEM plots for APIN/OH and LIM/OH SOA aged in H2O, 0.52 H2SOO4 (pH
3.00), and 10M H2SO4 (pH -1.08) for 2 days

form until the SOA samples are exposed to highly acidic conditions. However, the result-

ing fluorescence spectra are different for the APIN and LIM SOA, except for the shared

strong peak at Ex/Em = 350-500/400-575 nm. Although both APIN and LIM are both

monoterpenes (C10H16), they have different structures, resulting in oxidation products of

APIN being more sterically constrained. This subtle difference in molecular rigidity ac-

counted for vastly different reactivity of APIN and LIM SOA with ammonia and amines,207

and it is may also be responsible for the difference in fluorescent properties of acid-aged SOA.

In the LIM/OH and LIM/O3 systems, both samples showed the same fluorescence peaks,

but at different intensities. The photooxidation SOA (Figure 5.2f) has a higher fluorescence

intensity than the ozonolysis SOA (Figure 5.1f), despite both samples having the same mass

concentration, suggesting that the concentration of fluorophores in the LIM/OH SOA was
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higher than in the LIM/O3 SOA. Additionally, the relative intensities of the fluorescence

regions within the EEM could give us insight into the composition of these fluorophores.

The peaks at Ex/Em = 350-500/400-575 nm and Ex/Em = 200-300/450-550 nm are in-

dicative of highly oxygenated compounds, while the peak at Ex/Em = 325-360/350-400 nm

corresponds to less oxygenated molecules.208 Based on this classification, it seems that both

LIM/OH and LIM/O3 samples contain highly oxygenated and less oxygenated molecules,

but LIM/O3 SOA tends to have more fluorophores on the whole, as indicated by the higher

intensity of the EEM peaks.

The APIN/OH and APIN/O3 SOA had similar features in the EEM, but also notable differ-

ences. Common to both systems are the strong peak at Ex/Em = 350-500/450-575 nm and a

weaker peak at Ex/Em = 250/450-500 nm, which correlate to highly oxygenated species.208

However, APIN/O3 SOA has two additional regions where it fluoresces: a moderate peak

at Ex/Em = 350-375/350-400 nm and a weak peak at Ex/Em = < 300/350-400 nm. These

two peaks indicate the formation of less oxygenated fluorophores from acid catalysis.208 The

APIN/OH and APIN/O3 SOA have largely similar compounds, but in the APIN/OH sys-

tem, RO2 + HO2 pathway is more important resulting in more products with hydroperoxide

functionalities.129 This could give us insight into what compounds have the ability to form

fluorophores upon acid catalysis. Finally, Figure 5.3 shows the EEM spectra for anthro-

pogenic SOA aged in varying acidic conditions. Similar to the behavior of biogenic SOA,

fluorescence does not occur until the SOA is aged in highly acidic conditions. For TOL/OH

and XYL/OH samples aged in 10M H2SO4 (pH -1.08), there are two regions of fluorescence:

a moderate peak at Ex/Em = 325-375/375-425 nm and a weaker peak at Ex/Em = 300-

500/425-550 nm. Compared to the biogenic photooxidation SOA, the fluorescence intensity

of anthropogenic photooxidation SOA is significantly lower, with regions with the highest

intensity having a difference of ∼ 15 QSU. The presence of these two regions implies that

the fluorophores include both less and highly oxygenated compounds, with less oxygenated
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Figure 5.3: EEM plots for TOL/OH and XYL/OH SOA aged in H2O, 0.52 H2SO4 (pH 3.00),
and 10M H2SO4 (pH -1.08) for 2 days

fluorophores being more prevalent.208 Based on this comparison, anthropogenic SOA do pro-

duce fluorophores upon acidic aging, but less effectively compared to biogenic SOA. Further

Figure 5.4: MAC spectra of biogenic and anthropogenic SOA aged aged in H2O, 0.52 H2SO4
(pH 3.00), and 10M H2SO4 (pH -1.08) for 2 days
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evidence that acidity is a major driver of SOA aging is shown in Figure 5.4, which compares

the MAC spectra of biogenic and anthropogenic SOA aged 10M H2SO4 (pH -1.08) for 2 days.

For each of the samples, MAC of SOA aged in H2O and 0.52 H2SO4 (pH 3.00) are essentially

identical. However, SOA aged in 10M H2SO4 (pH -1.08) shows a different spectrum, with

prominent absorbance between 200-400 nm, and extending far in the visible range, indicat-

ing the formation of highly conjugated compounds. The overlap with the visible part of the

solar spectrum is especially important: the acid-aged SOA will have a much strong direct

forcing on climate compared to the unaged ones.

5.4.2 Fluorescence and Acid−Base Equilibria

A series of additional experiments was conducted to test the sensitivity of MAC and fluores-

cence spectra to acid-base equilibria. A sample of SOA aged in acid for two days was diluted

with 1:1 ACN/H2O and the absorption spectra were collected for each sample to monitor a

shift in peak absorbance (Figure 5.5). The APIN systems (Figure 5.5a,c) exhibited a dra-

matic peak shift in the strong near-UV band from 370 nm to 310 nm. The LIM systems

(Figure 5.5b,d) had a similar dramatic change in the shape of the MAC spectra. Specifi-

cally, the peaks at 264 nm and 378 nm disappeared, and a new peak grew at 239 nm upon

dilution. SOA generated from anthropogenic precursors (Figure 5.5e,f) has a considerably

smaller shift in the spectrum of the order of 6 nm. Due to the solvent used the dilution

process, it is likely that the polarity of the system changed which woudld result in a small

shift in the MAC spectra for the anthropogenic SOA. It is clear that the MAC spectra are

strongly pH dependent at high acidity, especially for biogenic SOA. We note that these shifts

arise only from dilution by a factor of 4, which changes the effective pH by less than 0.5

units. This is sufficient to deprotonate the chromophore causing a change in the absorption

spectrum.
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Studies have shown that atmospheric compounds have absorption spectra that are pH depen-

Figure 5.5: MAC spectra of biogenic and anthropogenic SOA aged in 10 M (pH −1.08) of
H2SO4 and then diluted with 1:1 ACN/H2O at various dilution factors

dent. For example, the spectra of nitrophenols shift to longer wavelengths at basic pH due

to formation of phenolates.167,168,209 Absorption spectra of imidazole-2-carboxaldehyde and

pyruvic acid solutions can be altered depending on the pH, which is prompted by complex

acid base equilibria in these systems.48,170 Additionally, the pH dependence of the aerosol

absorption has also been detected in field samples collected in southeastern United States

and Beijing.171,172 The results presented here conform that absorption spectra of acid-aged

SOA become very sensitive to pH in acidic particles.

The diluted samples were also analyzed using fluorescence spectrophotometry to see if there

were corresponding shifts in the EEM peaks. The resulting EEM graphs for biogenic O3

SOA, biogenic OH SOA, and anthropogenic SOA are shown in Figures 5.6, 5.7, and 5.8.

Note that the scales differ from that in Figures 5.1, 5.2, and 5.3 to account for the dilution

in fluorophores in the sample.
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Figure 5.6: EEM plots for APIN/O3 and LIM/O3 SOA aged in 10M H2SO4 (pH -1.08) for
2 days and then diluted with 1:1 ACN/H2O at 1:2 (a,d), 1:3 (b,e), and 1:4 (c,f) dilution
factors

Figure 5.7: EEM plots for APIN/OH and LIM/OH SOA aged in 10M H2SO4 (pH -1.08)
for 2 days and then diluted with 1:1 ACN/H2O at 1:2 (a,d), 1:3 (b,e), and 1:4 (c,f) dilution
factors
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Figure 5.8: EEM plots for TOL/OH and XYL/OH SOA aged in 10M H2SO4 (pH -1.08) for
2 days and then diluted with 1:1 ACN/H2O at 1:2 (a,d), 1:3 (b,e), and 1:4 (c,f) dilution
factors

The peaks in the diluted sample appeared at the same excitation and emission wavelength as

in the undiluted sample (Figure 5.1cf, 5.2cf, 5.3cf), although with reduced intensity due to

sample dilution. No evidence of spectral shifts was observed, indicating that the fluorescence

was not strongly affected by acid-base equilibria after the SOA samples underwent highly

acidic aging followed by dilution. To verify whether the reduced intensity in the EEM scaled

with the sample dilution, the maximum fluorescence intensity of each sample was plotted

against the mass concentration (Figure 5.9). In all cases, the maximum fluorescence intensity

decreases in proportion to the SOA mass concentration in the solution. This suggests that

the reduced intensity is due to sample dilution rather than acid-base equilibria affecting their

fluorescence. Overall, the lack of spectral shifts in the EEM data, as compared to the strong

changes in the MAC spectra, suggests that the fluorophores and chromophores in these SOA

systems are distinct sets of compounds, that respond differently to acid-base equilibria.
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Figure 5.9: Maximum fluorescence intensity as a function of mass concentration for each
SOA sample aged in 10M H2SO4 (pH -1.08) for 2 days and then diluted with 1:1 ACN/H2O
at various dilutions factors

5.4.3 Interferences with Bioaerosol Fluorescence

The use of fluorescence spectroscopy to carry out quantitative and qualitative analysis of

aerosol particles, especially PBAP, is common.210 However, now that this study has identi-

fied the formation fluorophores from aging SOA in highly acidic conditions, it is important

to understand how these fluorophores interference with the analysis of PBAP. Based on the

previous literature,196 the two main classes of biological components that have similar spec-

tral characteristics to the fluorophores formed in this study are 1) coenzymes and vitamins

and 2) structural biopolymers and cell wall compounds.

Cofactors, coenzymes, and vitamins exhibit fluorescence due to heterocyclic aromatic rings

within their molecular structures, such as those in pyridines, pteridines, pyridoxines, and

flavins.211,212 For example, riboflavin is a ubiquitous coenzymatic redox carrier in most or-
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ganisms and photoreceptors in plants and fungi. Riboflavin fluoresces at Ex/Em = 280-

500/520-560 nm,211,213–216 which overlaps with the strong fluorescence peak in the biogenic

SOA at Ex/Em at 350-500/450-575 nm. Other cofactors, coenzymes, and vitamins that

interfere with the SOA fluorophores include NADPH, pyridoxine, pyridoxamine, neopterin

and ergosterol, which are found in bioaerosols derived or contain fungi, plants, bacterial,

microorganisms, and bacteria.213–215,217–220

Fluorophores can also be found in structural biopolymers and cell wall compounds that

are critical to many organisms and are prevalent in the atmosphere. For instance, cellu-

lose and chitin, which are present in plants, fungi, and algae, can fluoresce at Ex/Em at

250-350/350-500 nm221–223 and Ex/Em at 335/413 nm,224–226 respectively. However, the in-

terference of peak in LIM/OH, LIM/O3, TOL/OH, and XYL/OH SOA after acidic aging

at Ex/Em 325-375/375-425 nm can cause complications in the analysis of these spectral

regions and potentially lead to an overestimation of the biological components. Therefore,

it is essential for researchers to carefully consider the presence of non-biological fluorophores

in their analyses of biological components using fluorescence spectroscopy and to account

for likely interference from aged SOA particles, especially if they were exposed to acidic

conditions.

5.5 Conclusions

The acidity of atmospheric particles can have a large effect on the chemical processing of

organic compounds in these particles and thereby their optical properties. The impacts of

highly acidic conditions on the optical properties of particulate organics were explored by

generating SOA from various precursors and aging the resulting SOA in bulk sulfuric acid

solutions with atmospherically relevant acidities. We found that highly acidic conditions
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(corresponding to pH ∼ -1) resulted in the formation of chromophores and fluorophores

after two days of aging, a time comparable to residence time for aerosol particles in the

atmosphere.

The ability to detect and analyze fluorophores in PBAP using fluorescence spectroscopy

has proven useful for understanding the sources and types of PBAP in the atmosphere.197,198

However, this study has shown that acidity is a major drive of the formation of fluorophores

in particles of nonbiological origin, which presents challenges for quantitative and qualitative

analysis of PBAP due to interferences from SOA.146,196,199–201

These findings may be especially important in the context of aerosol processing in the upper

troposphere and the lower stratosphere (UTLS). Organic compounds in UTLS particles are

formed by the condensation of gas-phase precursors brought up by deep convection onto

preexisting particles.173–175 The aerosols in this region are primarily composed of sulfuric

acid (40–80 wt%), but they are also known to contain significant amounts of organic com-

pounds.4,7,10 These results suggest that organic material in these particles should become flu-

orescent making it hard to distinguish these particles from PBAP by fluorescence methods.

The findings from this work provide a first glimpse of how the chemical reactions between

sulfuric acid and organic compounds can proceed over the long lifetime of the UTLS aerosols.

Further studies should include identifying the structures for chromophores and fluorophores

and doing these experiments at lower temperatures representative of UTLS.
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Chapter 6

Conclusions and Future Directions

Atmospheric particles, droplets and environmental films are characterized by a range of

acidities that affect both chemical and physical processes occurring in these environments.

The work presented in this thesis demonstrated that sulfuric acid plays a significant role in

the aging processes of secondary organic aerosol (SOA). This was done through a series of

laboratory experiments that offered a detailed molecular-level understanding of the chemical

interactions between monoterpene oxidation products and inorganic compounds like sulfuric

acid.

Chapter 2 presented evidence that the presence of water leads to subtle changes in the

chemical composition of α-pinene ozonolysis SOA. The observed extent of these changes, as

judged from mass spectrometric analysis of SOA before and after aging, was relatively small,

suggesting that hydrolysis and hydration are not major aging mechanisms for this type of

SOA in the atmosphere. This observation can likely be generalized to SOA derived from low-

NOx oxidation of other biogenic volatile organic compounds (VOCs), however, it should not

be generalized to all types SOA. Future studies should examine long-term aging of SOA from

high-NOx oxidation because such SOA contains organonitrates, an important atmospheric
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constituent that is well known to hydrolyze. It will also be important to examine long-term

stability of SOA derived from oxidation of aromatic VOCs, which have very different types

of compounds compared to biogenic SOA.

Chapter 3 presented evidence that elevated concentrations sulfuric acid of aerosol parti-

cles plays vital role in changing the chemical composition and optical properties in α-pinene

SOA. Specifically, under extremely concentrated sulfuric acid conditions corresponding to

negative pH, SOA compounds undergo chemical reactions producing light-absorbing com-

pounds as well as compounds containing sulfur. These conclusions are important for the

upper troposphere and lower stratosphere (UTLS), as sulfuric acid is ubiquitous in this re-

gion, and organic compounds have been observed at these altitudes as well. The experiments

described here were performed at ambient temperatures, and it is expected that lower tem-

peratures, such as those in the UTLS, can affect the rate of the acid-catalyzed browning

processes. Investigating the kinetic limitations of these reactions and the effect of temper-

ature will provide a better understanding of the chemical reactions and their temperature

dependence in the upper troposphere and lower stratosphere. In addition, it would be of

interest to collect enough aerosol at these altitudes to perform mass spectrometric analysis

that would compare the compounds observed in this study and in the field.

Chapter 4 identified the key mechanistic steps in the formation of the chromophores from

acid-catalyzed reactions of α-pinene oxidation products, in support of measurements pre-

sented in Chapter 3. To broaden the scope of this research, it would be desirable to study

how other major classes of organic compounds found in atmospheric aerosols behave in pres-

ence of concentrated sulfuric acid. It can be expected that in addition to carbonyl compounds

studied in this work, sulfuric acid can react with carbohydrates (found in biomass burning

smoke), polyols (found in isoprene SOA), nitrophenols (common in combustion aerosols) and

organonitrates (found in high-NOx SOA). Such targeted laboratory studies will improve our
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understanding of chemical transformations in atmospheric particulate matter.

Chapter 5 offered evidence that biogenic and anthropogenic SOA form light-absorbing and

fluorescent compounds upon exposure to strong acids. The next step would be to look for

evidence of this chemistry by examining fluorescent properties of atmospheric particles such

as those found in UTLS or downwind from strong sulfur dioxide emission sources.

In conclusion, this work provides compelling evidence that sulfuric acid plays a significant

role in driving the aging processes in secondary organic aerosols. However, the discussed

topics and methods only scratch the surface of the diverse reactions and properties exhibited

by organic aerosols when they interact with acids, under conditions typical of the upper

troposphere and lower stratosphere. Consequently, further research is necessary to fully

comprehend the chemical fate of organic aerosols throughout their lifespan aloft.
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