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After secondary organic aerosol (SOA) forms, its composition changes through various aging
processes. In the laboratory setting, aging is sometimes studied in dilute aqueous systems
as models for chemistry occurring in cloud and fog droplets. While pure water is often a
good model for cloud and fog droplets, these droplets always contain small concentrations
of inorganic salts such as ammonium sulfate or ammonium nitrate. Additionally, the aging
of SOA may also occur in aerosol particles, which can include areas of concentrated aque-
ous solutions of these salts or semi-solid organic and inorganic phases containing less water.
These differences in aging matrices can have important effects on the reaction mechanisms
and kinetics of SOA aging, and it is important to understand the effects relative to dilute

aqueous solutions for a comprehensive understanding of SOA evolution in the atmosphere.

Atmospheric cloud water contains low concentrations of inorganic salts (0.01 to 10 mM).
The first study discussed in this thesis looks at the effect of ammonium and nitrate ions on
the photochemical and dark aging of a-pinene or a-humulene ozonolysis SOA in cloud water
mimics. SOA particles were produced from dark ozonolysis of a-pinene or o-humulene and
collected on filters, then extracted and aged for 4 h in the dark or with photolysis in pure

water or aqueous solutions containing 0.15 mM NaNOj or NH4;NOj3. Changes in the chemical
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composition of the SOA during aging were monitored by direct infusion high-resolution elec-
trospray ionization mass spectrometry. The presence of nitrate ions decreased the average
carbon atom number of compounds, even in the dark, in a-pinene SOA but not a-humulene
SOA. This work demonstrated that inorganic salts in cloud water-type matrices may affect

aging for certain SOA types.

Water in deliquesced aerosols has much higher concentrations of inorganic salts than cloud
water, with ionic strengths from 1 M up to greater than 10 M. The second study in this thesis
examines the effects that ammonium-containing salts at these high ionic strengths have on
the decarboxylation of 3-oxocarobxylic acids. Solutions of oxaloacetic acid (OAA) — a rep-
resentative 3-oxocarboxylic acid — and ammonium salts were prepared, and decarboxylation
was monitored using UV-visible spectroscopy. Increasing concentrations of ammonium lin-
early decreased the decarboxylation lifetime of OAA. Comparing decarboxylation lifetimes
and OH lifetimes suggests decarboxylation will be the dominant loss pathway for OAA and
likely other 3-oxocarboxylic acids in the atmospheric aqueous phase. Additionally, the inor-
ganic ions in the aging matrix of deliquescent aerosols can have strong effects on the aging

of organics under these conditions.

Both the high ionic strength conditions of deliquesced aerosols and the low water content
of dry organic particles are considered in the third project discussed in this thesis. Toluene
SOA was prepared in a smog chamber by photooxidation in the presence of NOy to inves-
tigate the effects of various matrices on the photodegradation of SOA that absorbs UV and
visible radiation. The SOA was collected and photolyzed under different conditions: directly
on the filter, dissolved in pure water, and dissolved in 1 M ammonium sulfate. UV-Visible
spectroscopy and electrospray ionization high-resolution mass spectrometry coupled to lig-
uid chromatography separation were used to observe changes in mass absorption coefficient

(MAC) and composition during irradiation. The MAC changes over the irradiation time
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were used to determine photobleaching rates, which were fastest in water, slightly slower in
1 M ammonium sulfate, and much slower directly on the filter. Conversely, the mass spec-
trometry analysis revealed an efficient photodegradation of nitrophenol compounds, which
are expected to be major chromophores in this type of SOA, on the filter but not in the
aqueous phases. This study demonstrated that the SOA absorption coefficient lifetime with
respect to photobleaching and lifetimes of individual chromophores in SOA with respect to
photodegradation will depend strongly and possibly independent of each other on the matrix

during aging.

In the atmosphere SOA particles exist under a range of different aqueous or dry condi-
tions, providing a range of matrices for aging. This thesis demonstrates that both dark and
photolytic aging can be affected by the differences in these aging matrices compared to dilute
aqueous solutions, with changes in both the aging mechanisms and rates. Understanding
these effects is crucial in determining the fate of individual compounds and complex SOA

particles in the atmosphere.
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Chapter 1

Introduction

1.1 Atmospheric Aerosols

Aerosols are solid or liquid particles suspended in a gas,' and they have been shown to affect
climate, air quality, and health.? In the atmosphere, aerosols are typically classified as organic
or inorganic, meaning composed primarily of organic compounds or inorganic compounds,
respectively. Field observations, however, show that aerosols in the atmosphere most often
contain varying contributions of both organic and inorganic components, either in separate
phases or mixed together in one phase.® The organic constituents of aerosols are relatively
complex as compared to the inorganic constituents, and so the study of organic aerosols
is an important and evolving frontier in the field of atmospheric chemistry.! Atmospheric
aerosols may additionally be classified as primary or secondary in nature, meaning they are
either directly emitted or they form from the condensation of oxidized gases into particles,
respectively.!™ Contributions by secondary aerosols, at a few hundreds of Tg y!, tend to
outweigh contributions by primary aerosols, estimated to be around 30 Tg y!.145 Also,

the distinction between primary and secondary aerosols quickly becomes blurred as aerosols



spend time in the atmosphere, as different aerosols mix and aging processes change the

composition of both primary and secondary aerosols.’

1.1.1 Volatile Organic Compounds and Secondary Organic Aerosol

Formation

Secondary organic aerosol (SOA) is formed from the reactions of oxidants and volatile or-
ganic compounds (VOCs) in the atmosphere.” Common oxidants include the OH radical,
ozone, and the chlorine radical during the day and the nitrate radical during nighttime.!®
VOCs may be emitted from biogenic or anthropogenic sources, and different regions of the
globe experience varying contributions from either classification of VOC. Some important
biogenic VOC precursors include monoterpenes (CigHig), and sesquiterpenes (Cy5Hay), and
these are important in both the urban and remote/rural environments.® The lifetimes of
monoterpenes and sesquiterpenes with respect to atmospheric oxidants are on the order of
minutes to hours,'” so they have the potential to form SOA efficiently. Atmospheric concen-
trations of monoterpenes are hundreds to thousands of ppt,'! which has encouraged many
studies on SOA formation from these precursors.'®!2714 Sesquiterpenes are less abundant
in the atmosphere, with concentrations of tens of ppt,'! but their higher molecular weights
give them greater SOA formation potential, and they also have been studied as SOA pre-
cursors.! Globally, biogenic VOCs are emitted at about an order of magnitude higher rates
than anthropogenic VOCs,'>!¢ but anthropogenic VOCs also become important in areas
with high levels of human activity. Aromatic compounds have garnered particular interest
as anthropogenic VOCs, as they are important emissions that contribute significantly to
SOA formation in urban environments.”'” Urban environments also experience high levels

of nitrogen oxides (NOy), which will participate in the SOA formation reactions to influence

the composition of the SOA.*®



1.1.2 Aerosol Composition

The oxidation pathways during SOA formation result in oxygen-containing functional groups,
such as a carbonyl, carboxyl, or hydroxyl groups, and often more than one of these groups
is required for sufficiently low vapor pressures to partition into existing particles or nucleate
new particles.!® As a result, multifunctional compounds such as oxocarboxylic acids and di-
carboxylic acids are common types of compounds in aerosol particles.!® However, while SOA
constituent molecules generally have a limited number of functional group types, the chem-
ical composition of SOA is extremely complex in terms of the number of different molecules
it contains. Even laboratory SOA generated from a single VOC precursor may contain thou-
sands of individual compounds in each particle, and many studies have been conducted to
elucidate formation mechanisms and SOA composition from individual precursors and mix-
tures of precursors alike.! SOA composition, in turn, has a large influence on the properties
of the SOA. SOA formed from different precursors and under different conditions will have
different composition, leading to differences in properties such as viscosity,?*?! hygroscopic-

21-23
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ity,?? relative humidity at which particles become phase-separate ability to act as cloud
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condensation nuclei, and the wavelengths at which light is absorbed and scattered.?

1.1.3 Aerosol Optical Properties

Aerosol optical properties, which describe how aerosol particles absorb and scatter solar ra-
diation, have been an important research topic on the basis of their climate relevance.?25
Aerosol optical properties are quantified using scattering and absorption coefficients. The
scattering coefficient is the product of the number concentration and the scattering cross-
section, while the absorption coefficient is the product of the number concentration and the

absorption cross-section. The addition of the scattering and absorbing coefficients describes

the total attenuation of incoming radiation by the aerosol and is termed the extinction coef-



ficient. The most common method for quantifying aerosol scattering is the Single Scattering
Albedo, which is defined as the ratio of scattering to total extinction by the aerosol.?6 There
are various methods for measuring and expressing absorption by aerosol particles. Most

relevant to this thesis will be mass absorption coefficient, defined in equation (1.1).

_ A10(>\) X ln(lO)

b X Cmass

M AC(N)pu is the wavelength-dependent mass-normalized absorption coefficient of the bulk
SOA extract, Ajp(\) is the base-10 absorbance measured by the UV-Vis spectrometer, b is the
pathlength, and c¢,,.ss is the mass concentration of the solution. Determining M AC(\)pu
requires the aerosol particles to be extracted into a solvent, and so it is convenient to mea-
sure using UV-Visible spectroscopy. However, it only reflects the absorption properties of
the material from which the aerosols are made. In order to take into account absorption
properties depending on the chemical composition of the aerosol, particle size, and particle

shape, equation (1.2) is used.

MAC (N aerosot = KAX™A4E (1.2)

MAC(XN) aerosor 18 the wavelength-dependent mass-normalized absorption coefficient, K is a
preexponential factor which includes the aerosol mass concentration, and AAFE is the Ab-
sorption Angstrom Exponent which describes how the absorption coefficient is related to
wavelength.?” The relationship between M AC(\)aerosor and M AC (N)pur depends on the dis-
tribution of particle sizes and shapes in the suspended aerosol. This relationship is dependent
on individual aerosol particles and so is complex and beyond the scope of this dissertation.
Although measurements of aerosol optical properties are available, SOA represents the great-
est uncertainty in net climate effects,?® and this in large part is due to uncertainties in aerosol

chemistry.



1.2 Secondary Organic Aerosol Aging

1.2.1 Aging Processes and Changes to Aerosol Composition

After formation, the lifetime of SOA with respect to deposition, which is the most important
loss mechanism of SOA from the atmosphere, is 1 to 2 weeks.?? During this time, SOA un-
dergoes a variety of physical and chemical aging processes. Some physical processes include
coagulation,*® water uptake or loss,' phase transitions,*? and gas-to-particle partitioning.®?
Of greater interest to this thesis, chemical processes also change the composition of the
SOA particle. Chemical processes can be divided into photochemical and dark processes.
Photochemical processes include heterogeneous reactions of photochemically-produced gas-
phase free radicals with particle surfaces as well condensed-phase reactions initiated by solar

photons directly inside the particles. Some dark processes specific to the condensed phase

34,35 36

include hydrolysis, oxidation reactions with oxidizing solutes, such as iron complexes,
and the formation of salts between carboxylic acids and inorganic cations.?”3® As they are
of particular interest to this thesis, interactions with inorganic ions will be discussed in more

depth in Section 3.

Condensed-phase photochemical processes can be further categorized as indirect or direct.
Indirect photolysis reactions occur when excitation energy from an organic chromophore is
transferred to another molecule to produce reactive species, such as OH radicals, singlet oxy-
gen, or triplet states, which then react with SOA compounds. These processes often result in
more functionalized products with lower volatility for at least the first few minutes of aging,
although eventually, fragmentation reactions begin to outweigh functionalization.??° Direct
photolysis involves the direct absorption of UV radiation by a compound that breaks down

following the excitation. Common compounds that efficiently undergo direct photolysis in



particles include carbonyls, peroxides, and organic nitrates, with varying relative importance

depending on the SOA type and formation conditions.*?46

1.2.2 Effect of Photochemical Aging on Optical Properties

In addition to changing the SOA composition, photochemical aging leads to changes in
optical properties. Since indirect photolysis leads to more functionalized compounds in
the SOA particles,?*40 this often translates to a greater abundance of chromophores and
can therefore lead to more absorbing SOA particles. Direct photolysis, on the other hand,
often leads to chromophore destruction and subsequent photobleaching of absorbing SOA
particles.® These two processes sometimes occur in parallel, as well. For instance, when a
hydroperoxide (ROOH) is photolyzed, the original chromophore is chemically altered, but
an OH radical is also produced to participate in further indirect photolysis pathways.*> The
optical properties of SOA can therefore have a complex response to UV irradiation depending

on the starting SOA composition.

1.3 Types of Condensed Phases for Aerosol Aging

1.3.1 Importance of Surrounding Matrix for Aerosol Aging

Aerosol particles are estimated to spend 15% of their lifecycle under cloud conditions, and
the other 85% as a deliquesced aerosol or a phase-separated aerosol with both concentrated
organics and concentrated inorganics present in individual pockets.4” All three of these envi-
ronments have unique implications for the aging of SOA. Two significant differences between
the three environments are the concentration of organic molecules and the concentration of

inorganic ions, providing unique matrices for the aging of the SOA compounds. Cloud and



fog water is relatively dilute, with organic concentrations on the order of 10 to 100 mgC
L and ionic strengths of 10 to 102 M.#84% Aerosol particles are distinguished from cloud
droplets by their smaller size and higher solute levels. Aerosol particles, as shown in Fig-
ure 1.1, can have particle domains that are nearly 100% organic in composition, as well as
aqueous phase domains that have ionic strengths greater than 1 M, sometimes measured to
be greater than 10 M.*® The domains with concentrated organics are much more viscous
than the aqueous phases, with viscosities ranging from 10? to 10® compared to 102 Pa-s.?’
The dominant inorganic species in the aqueous domains contributing to ionic strength in
the atmosphere are ammonium, sulfate, and nitrate, particularly in urban areas with high
emissions of anthropogenic ammonia, sulfur dioxide, and NO,.%® Other ions which contribute
to ionic strength in the atmosphere include sodium and chloride, and these become more im-
portant in areas impacted by sea spray.*® Aging processes can be impacted by the conditions
in these different matrices, depending on the viscosity, proximity of other organic molecules,
ionic strength, and identity of nearby ions as described below.

] Organic domain

o Viscosity 102 to 108 Pars
o Lower water content

N Aqueous domain
o Viscosity 10-2Pa-s
o lonic strengths >1 M

Figure 1.1: Representation of organic and aqueous domains in a phase-separated aerosol

1.3.2 Cloud Conditions

Cloud- and fog-droplet chemistry is important both to SOA formation and aging.*® Five
to 60% of global SOA is estimated to result from in-cloud processing,”® and aqueous-phase
reactions have been suggested to explain the differences in oxidation level measured in field

studies compared to laboratory studies.?®®® Importantly, in-cloud processing of isoprene ox-



idation products is thought to be a major contributor to SOA production.?*>

Important SOA aging processes also occur in cloud and fog water. Studies on the direct
photolysis of aqueous-phase SOA extracts in pure water or mixtures of water and methanol
have provided insight into cloud and fog water chemistry.?¢"%* Composition changes were ob-
served with photolysis for the SOA, with irradiation generally reducing the average molecule

size and degrading chromophores.?¢-6°

While the concentrations of inorganic ions in cloud water are low, they still have effects on
SOA chemistry in this phase. An important example is the production of OH radicals with
the photolysis of NO3~ ions in cloud water.%! It was demonstrated that SOA formed more
efficiently from syringaldehyde and acetosyringone in solutions with micromolar concentra-
tions of ammonium nitrate than in solutions with micromolar concentrations of ammonium
sulfate with photolysis, likely because of the formation of OH radicals with nitrate photoly-
sis.%2 Other types of aqueous reactions are possible at low concentrations of inorganic ions,
as well. For instance, ammonium ions are known to be catalysts for various reactions.®3:64

Also, many inorganic ions are weak acids or bases and may therefore change the pH or other

equilibria of solutions or act as buffers.

1.3.3 Concentrated Inorganics

With the much higher ionic strength of deliquesced aerosols, photochemical processes occur-
ring in this phase have more potential to be altered by inorganic species. There have been
a few studies looking into the effect of high ionic strength on the photochemistry of SOA
compounds, although they have largely focused on the photolysis of single molecules in the
presence of sodium salts.> % Generally, all of the work done has shown a red shift in the

absorption spectrum with ionic strength.%5%7% However, the changes in the photodegrada-



tion rates have varied between experiments, with some finding accelerated photodegradation
at high ionic strength,%>% and others finding decelerated photodegradation at high ionic
strength.5"% Photo-bleaching has also been shown to be decelerated for rice-straw smol-
dering primary organic aerosol when ionic strength was adjusted with NaCl, NaNOgj, and
NayS0,.% High concentrations of inorganic ions clearly have an effect on the photochemistry
of SOA in the aqueous phase, but there is no consensus on what the effects are. Also, the
most common salts in the atmosphere — ammonium sulfate and ammonium nitrate — are not

represented in the studies that were conducted prior to the work in this thesis.

1.3.4 Organic Matrices

Some areas of aerosol particles can differ dramatically from the two conditions already dis-
cussed (cloud conditions and concentrated inorganics), consisting almost entirely of solid or
semisolid organic material and limited water. Direct photolysis has for some years been con-
sidered a potentially important sink for SOA compounds, particularly those found in SOA
from aromatic precursors, in this environment based on the absorption coefficients of several
SOA types.”™ The measurement of volatile product formation with direct photolysis demon-
strated that SOA in this phase is in fact labile to direct photolysis.”* ™ Further studies found
that peroxide and carbonyl groups were responsible for driving photochemistry for low-NO,
terpene ozonolysis SOA.# 467 Meanwhile, it was observed that photodegradation was actu-
ally slower with direct photolysis of aromatic-derived SOA in spite of its greater absorption
coefficients.” 7" Additionally, some individual chromophores were observed to photolyze at
different rates between organic and aqueous matrices as well as between different organic

matrices. 881

When considering the effects of the range of matrices described above, it be-
comes clear that these matrices have important effects on aerosol aging in the atmosphere.
Therefore it is important to better understand the influence of the aerosol aging matrix on

the aging processes occurring in the atmosphere.



1.4 Goals of the Thesis

The overarching goal of this thesis is to explore the influence of the surrounding matrix on
dark and photochemical aging processes occurring in atmospheric organic aerosols, with a
focus on the indirect effects of inorganic salts on the photochemistry of organic compounds.
Conditions representing cloud water, deliquesced aerosols with high ionic strength, and or-
ganic aerosols with low liquid water content are examined, and changes in aerosol composition
and optical properties are explored as part of this work. The relevant background for each
project will be described in depth at the beginning of each corresponding chapter. A brief

overview of the goals of each chapter is provided below.

Chapter 2 describes the effect of varying concentrations of ammonium salts on the rate
of decarboxylation of a representative 3-oxocarboxylic acid. The decarboxylation rate of
oxaloacetic acid was measured in aqueous solutions of ammonium sulfate, ammonium bisul-
fate, ammonium chloride, and sodium sulfate, with cation concentrations ranging from 0
to 5 M and pH values ranging from 4.0 to 0.2. Lifetimes with respect to decarboxylation
are compared to estimated OH lifetimes for oxaloacetic acid. The main result is that dark

decarboxylation competes efficiently with other sink mechanisms for these types of molecules.

Chapter 3 explores the effect of common atmospheric solutes on the aqueous-phase ag-
ing of SOA. SOA from o-pinene or a-humulene ozonolysis was produced as representative
monoterpene or sesquiterpene SOA, respectively, and aged in solutions of 0.010 mM H;Os,
0.15 mM NaNOsg, or 0.15 mM NH4NOj3 with or without photolysis. The SOA composition
was monitored over time using direct infusion electrospray ionization high-resolution mass
spectrometry. The results from this study have implications for the role of salts in the aging

of SOA dissolved in cloud and fog water.

10



Chapter 4 investigates the differences in the photodegradation of toluene high-NO, SOA
in various atmospheric matrices. Toluene SOA was prepared in a smog chamber by pho-
tooxidation in the presence of NO,. The SOA was collected and photolyzed under different
conditions: directly on the filter, dissolved in pure water, and dissolved in 1 M ammonium
sulfate. UV-Visible spectroscopy and electrospray ionization high-resolution mass spectrom-
etry coupled to liquid chromatography separation were used to observe changes in MAC
and composition during irradiation. The results show that the SOA absorption coefficient
lifetime and lifetimes of individual chromophores in SOA will depend strongly on the matrix

during aging.

This thesis explores the aging of SOA compounds in a range of atmospherically-relevant
matrices. It is demonstrated that both dark and photochemical aging processes can be af-
fected by the surrounding matrix. Changes in both the aging mechanisms and rates are
observed as compared to in aqueous solution. It is concluded that understanding the in-
fluence of the matrix during aging is crucial in determining the fates of both individual

compounds and complex SOA particles in the atmosphere.
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Chapter 2

Effect of Ammonium Salts on the
Decarboxylation of Oxaloacetic Acid

in Atmospheric Particles

Reprinted with permission from Klodt, A.L.; Zhang, K.; Olsen, M.W.; Fernandez, J.L.;
Furch, F.; Nizkorodov, S.A., Effect of ammonium salts on the decarboxylation of oxaloacetic
acid in atmospheric particles, American Chemical Society Earth and Space Chemistry, 2021,
5(4), 931-940, https://doi.org/10.1021/acsearthspacechem.1c00025. Copyright 2021

American Chemical Society.

2.1 Abstract

Oxaloacetic acid (OAA) is a 3-oxocarboxylic acid formed from the oxidation of succinic
acid. OAA and other 3-oxocarboxylic acids experience a decarboxylation reaction in aqueous

solutions which can be catalyzed by ammonium and amines. This catalysis has not been
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studied under atmospherically relevant conditions despite interest in OAA in the atmosphere.
To address this, 1 mM solutions of OAA were prepared with varying concentrations of
ammonium sulfate, ammonium bisulfate, ammonium chloride, and sodium sulfate to simulate
various atmospheric conditions. The extent of the decarboxylation was monitored using UV-
Visible absorption spectroscopy. OAA’s uncatalyzed decarboxylation lifetime was around 5
h. Under moderately acidic conditions representative of aerosol particles (pH = 3-4), the
decarboxylation rate increased linearly with ammonium concentration up to about 2.7 M,
after which additional ammonium had no effect. The effective lifetime of OAA reduced to
approximately 1 h under these conditions. Density functional theory calculations support the
proposed catalytic mechanism, predicting the free energy barrier height for decarboxylation
to be approximately 21 kcal mol! lower after OAA has reacted with ammonium. In more
acidic solutions (pH<1), OAA’s decarboxylation was suppressed, with lifetimes of tens of
hours, even in the presence of ammonium. Comparison of the decarboxylation rate with the
expected rate of oxidation by OH suggests that decarboxylation will be the dominant loss
mechanism for OAA, and presumably other 3-oxocarboxylic acids, in aerosol particles and
cloud/fog droplets. This result explains why OAA is difficult to detect in field measurements

even though it is a known oxidation product of succinic acid.

2.2 Introduction

The importance of secondary organic aerosol (SOA) formation and aging has been recognized
based on SOA’s ability to affect climate, air quality, and health.? SOA is generally comprised
of molecules containing carbonyl, carboxyl, and hydroxyl functional groups.!® Oxocarboxylic
acids and dicarboxylic acids comprise a major fraction of SOA mass as a result of their low
vapor pressures.!? Their abundance in atmospheric water is also high as a result of their

high polarity.®? Their prevalence in SOA and water solubility makes dicarboxylic acids, ox-
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ocarboxylic acids, and oxodicarboxylic acids (molecules that have two carboxyl groups and
at least one keto group) good representative molecules for SOA found in the aqueous phase,
such as aerosol liquid water or cloud droplets, and studying their possible aqueous reactions
is important for understanding the fate of SOA constituent molecules dissolved in atmo-

spheric water,19:49:50,83-87

The ionic strengths for atmospheric water generally fall between 10~ and 102 M for cloud /fog
water and in excess of 1 M in deliquescent aerosol particles.* The major contributors to the
ionic strength are sulfate and ammonium ions, especially in areas dominated by anthro-
pogenic emissions of ammonia and sulfur dioxide, although other inorganic ions including
nitrate, chloride, and sodium also contribute. These hygroscopic species have the potential
to affect the chemistry of SOA in the aqueous phase through various mechanisms. Ammo-
nium ions are especially interesting in this regard because they directly affect the pH, and
they can act as a catalyst for various processes by reacting with carbonyl and other oxygen-

63,64 One such ammonium-catalyzed process is the main focus of this work.

containing groups.
Oxaloacetic acid (OAA) is a 3-oxodicarboxylic acid — a class of compounds which are known
to undergo the decarboxylation reaction shown in simplified Figure 2.1. OAA can be formed
by the oxidation of succinic acid,® which is prevalent in the atmosphere,3*%* and OAA has
recently been observed in atmospheric aerosols.8878 Previously, the decarboxylation reac-
tion of 3-oxocarboxylic acids has been suggested by Rompp et al.*® to explain the absence
of 3-oxodicarboxylic acids detected in field data, despite their assumed formation and de-
tection in laboratory-generated SOA. In fact, it has been known for some time that OAA’s
decarboxylation reaction can be catalyzed by ammonium and other amines.”® Since OAA is
an important molecule in the citric acid cycle,”! this decarboxylation reaction and response
to ammonium and amines has been reported in previous studies, usually under more neutral

or basic conditions and ionic strengths and temperatures more representative of the human
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body.?? % The behavior of OAA under the higher ionic strength conditions of deliquescent

aerosol particles has not been studied.

O O O O \ O (IDI
_ " )
HO 4 21OH HO 4 210 1O+%
3 3 @]
) O O
+ NH3
- H,0
O NH , 0 0
Ho ™~ © ‘Oﬁ+g+NH3
3
O O

Figure 2.1: The decarboxylation reaction of OAA reported by Thalji et al.?>adjusted to

represent majority species at pH 3 to 4 by not deprotonating the carboxylic acid at carbon
4. The reaction is catalyzed by forming an imine as shown.

The ammonium-catalyzed decarboxylation of OAA has not been studied with theoretical
methods. Previous theoretical calculations have provided many mechanistic insights into
the catalysis of reactions by diamines, although with the important limitation that they do

1.9 reported a detailed

not exhaustively explore possible decarboxylation pathways. Song et a
mechanism and proton-transfer pathway for the uncatalyzed and ethylenediamine-catalyzed
decarboxylation of undissociated OAA in the gas phase and aqueous phase proposed using
semilocal density functional theory (DFT). They found an uncatalyzed free energy barrier of
about 24 kcal mol™! and an ethylenediamine-catalyzed free energy barrier of approximately 14
kcal mol™?, and the dehydration of the carbinolamine to form an imine was the rate-limiting
step for the catalyzed reaction. A detailed mechanism for fully deprotonated OAA at pH 8.0
with and without catalysis by protonated ethylenediamine was calculated by Cheng et al.””
When fully deprotonated, the dehydration of the carbinolamine was still the rate-limiting
step, but the free energy barrier was greater: 49 kcal mol? with ethylenediamine cataly-

sis (the free energy barrier and rate-limiting step without a catalyst were not discussed).

Finally, Fan et al.”® used DFT to compare several protonated diamine catalysts in the decar-
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boxylation of OAA’s anions (OAA™ and OAA?). They calculated the decarboxylation step
to have the highest free energy for OAA? in the presence of all diamine catalysts, while the

dehydration of the carbinolamine was rate-determining for OAA” with most of the catalysts.

Here the chemistry of OAA in the presence of varying, atmospherically relevant concen-
trations of NHyTand SO4%~, as well as Na® and Cl~ for comparison, simulating a number
of aqueous conditions found in the atmosphere, is studied. Electronic structure calculations
are also reported in order to generate the energy diagrams of both the uncatalyzed and
ammonium-catalyzed decarboxylation of OAA. It is proposed that the ammonium-catalyzed
reaction goes through a six-membered ring transition state which is analogous to the known
transition state of the uncatalyzed reaction, as presented in Figure 2.2. The activation ener-
gies of both mechanisms are compared to validate the experimental results. It is shown that
decarboxylation in the presence of ammonium occurs on time scales of hours, and therefore
controls the lifetime of OAA, and likely all other 3-oxocarboxylic acids, in the presence of

ammonium sulfate aerosols.

jH\)oH‘/

Figure 2.2: The proposed mechanism for OAA’s decarboxylation including the six-membered
ring transition state a) without catalyst and b) in the presence of ammonium.
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2.3 Matericals and Methods

2.3.1 Sample Aging

OAA (97% purity) was purchased from Millipore Sigma. Ammonium sulfate (99% purity),
ammonium bisulfate (98% purity), ammonium chloride (99% purity), and sodium sulfate
(99% purity) were purchased from Fisher Scientific. All compounds were used without further
purification. OAA was dissolved in pure Milli-Q water or solutions of varying concentrations
of ammonium sulfate, ammonium bisulfate, sodium sulfate, or ammonium chloride to make
1 mM solutions of OAA. The OAA dissolved promptly upon contact with the solution, so
minimal mixing was required. The time between solution preparation and the beginning of
measurements was minimized (<5 min) to control the amount of time spent in the aqueous
phase, allowing for the observation of as much of the decarboxylation reaction as possible.
The rate of the decarboxylation reaction shown in Figure 2.1 was monitored using the peak
in absorbance at 260 nm using a UV-Vis spectrometer (Shimadzu UV-2450) which was
programmed to collect a spectrum at set time intervals, ranging from 10 to 30 min depending
on the rate at which the absorbance decayed. The 1 mM OAA concentration was specifically
chosen to provide a starting 260 nm absorbance around one to ensure a good signal-to-noise
ratio. The starting concentration was not varied in these experiments since OAA exhibited
first-order decay. The pH value for each starting sample was measured using a Mettler Toledo
SevenEasy pH meter. The pH of the solutions did not change significantly throughout the
experiments, which agrees with previous work.?>'% A summary of experimental conditions

and measured pH values is provided in Table 2.1.
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Table 2.1: A summary of individual decarboxylation experiments performed: type of salt
added to the experimental solution, the concentration of salt added, measured solution pH,
calculated rate constant from pseudo-first-order fit (as well as the fit’s standard deviation),
the lifetime of OAA in this solution, and branching ratio to compare the lifetime of OAA
with respect to OH-oxidation and decarboxylation. The rate constant and branching ratio
calculations are discussed in the next section. Branching ratios are calculated at pH 3.7 for

all conditions except solutions containing ammonium bisulfate, which are calculated at pH
1.

Salt Added | Salt Concentration | pH Rate Constant Lifetime | Branching

4.49 4+ 0.03) x 1076 62.0 7.60 x 1072
2.37+£0.04) x 1076 117 1.44 x 107¢
4.36 +0.04) x 107° 63.7 7.82 x 1072
5.83 4+ 0.05) x 107° 4.8 5.11 x 1073
3.554+0.10) x 107° 7.8 8.39 x 1073
5.44 4 0.04) x 107° 5.1 5.48 x 1073
4.9440.03) x 107° 5.6 6.03 x 1073

NH,HSO, 1.5 0.4
NH,4HSO, 2.0 0.2
H,SO4 0 1.0
Nay SOy 0.25 3.5
Nay SOy 0.75 3.5
NaySOy 1.0 3.5
NagSO4 1.34 3.5

(M) +1 std dev (h) Ratio (Q)

(s)
none 0 (4.57+0.01) x 107 6.1 6.53 x 1072
none 0 3.1 (5.914+0.15) x 107° 4.7 5.05 x 1073
(NH4)2S04 0.10 (8.754+0.03) x 107° 3.2 3.41 x 1073
(NH,)»S0, 0.25 3.9 (8194+0.10)x 107 | 34 | 3.65x 1073
(NH,)5SO4 0.50 3.9 | (1.244£0.02) x 104 | 2.2 |240x 1073
(NH,)2SO, 0.50 (154+£0.01) x 1074 | 1.8 | 1.94x 1073
(NH,)5SO4 0.75 35| (145+0.02) x 1074 | 1.9 | 2.06x 1073
(NH4)2S04 1.0 4.0 | (1.86 +0.01) x 10~* 1.5 1.60 x 1073
(NH,)»S0, 1.0 40| (1.89+0.02) x 1074 | 15 | 1.58x 1073
(NH,)»SO4 1.35 35| (2544£001) x 1074 | 11 |117x10°3
(NH,)2SO, 1.48 3.7 (2524£0.02) x 1074 | 1.1 | 119x 1073
(NH,)2SO, 1.5 40| (230£0.04) x 1074 | 1.2 | 1.25 x 1073
(NH,)2SO, 1.85 3.8 | (253+£0.02) x 10 | 1.1 | 118x 1073
(NH,)»S0, 2.0 40| (270£0.03) x 1074 | 1.0 | 1.10 x 1073
(NH4)2S04 2.25 3.9 | (2.6340.02) x 10~* 1.1 1.13 x 1073
(NH,)2SO, 2.5 40| (232£001) x 1074 | 1.2 | 1.20x 1073
NH,Cl 0.25 3.1 (6.92+£0.12) x 107 | 40 |4.31x 1073
NH,C1 0.5 3.0 | (7.38£0.10) x 107° 3.8 4.04 x 1073
NH,CI 1.0 3.0 (9.114+0.16) x 107° 3.1 3.28 x 1073
NH,C1 1.5 2.9 | (1.57£0.01) x 1074 1.8 1.90 x 1073
NH,CI 2.0 29 | (LO7T£0.09)x 104 | 14 |1.51x10°%
NH,CI 2.5 2.7 (2.354£0.01) x 104 | 12 | 127x 1073
NH,HSO, 0.5 1.3 | (8.0540.12) x 107° 35.5 4.23 x 1072
NH4HSO, 0.8 1.0 | (6.1540.10) x 107° 45.2 5.54 x 1072

( )

( )

( )

( )

( )

( )

( )
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2.3.2 Rate Constant and Branching Ratio Calculations

Rate constants and standard deviations were determined by fitting the absorbance at 260
nm over time to a first-order rate law. Sample fits to the data are shown in Figures 2.4-2.6.

The decarboxylation reaction has also been shown to be first order in previous studies.”?10!

To determine the importance of the decarboxylation reaction relative to other loss processes,
the measured rate constants were converted into lifetimes with respect to decarboxylation,
and compared to calculated lifetimes with respect to oxidation by OH using the method
described in Ref.'%? Below, Q is defined as the ratio of the rate of oxidation of OAA by OH

to the rate of decarboxylation:

Td _ kOH [OH]

TOH kq

Q- (2.1)

where 74 is the lifetime of OAA with respect to decarboxylation, 7oy is the lifetime of OAA
with respect to OH oxidation, ko is the bimolecular rate constant for OAA’s reaction with
OH, and k4 the measured unimolecular rate constant for OAA’s decarboxylation. OH con-
centrations for deliquescent particles and cloud/fog water have been estimated to be 1076
to 10715 M.1937105 Therefore, for the purposes of this comparison, OH concentration was as-
sumed to be 105 M for most of the discussion, although the implications of higher OH

concentrations are addressed briefly.

The reaction rate of OAA with the OH radical has not been previously determined, so
the structure-activity relationships (SARs) for aqueous OH-oxidation developed by Monod

106,107 were used to estimate koy for OAA. OAA has multiple acid-base sites and

and Doussin
can form a gem-diol or enol in the aqueous phase, so the mixture of compounds contributing
to its OH reactivity is complex. Equilibrium ratios of all possible forms of OAA present

in aqueous solutions at various pH values, shown in Table 2.2, were previously determined
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1.94

by Kozlowski et al.”* and were used here to determine a weighted rate constant for the

OH-oxidation of OAA.

Table 2.2: The equilibrium ratios of OAA’s forms in solution and the abundances as deter-
mined by Kozlowski et al.?* at pH 3.7 and pH 1.

Structure pH 3.7 (%0) pH 1 (%4)
a ot 0 34
J\)'\ﬂ,m
HO
Protonated keto form
o o 0.2 10.6
T o
HO
4] H:A keto form
o oM 0.4 34
m/u\f/’lm/m
H:A enol form
O wo oM 1.3 755
Ay
HO
H:A gem-diol form
o o 455 4.6
J\,U\n/o-
HOY
c  HA- keto form
o oH 59 0.6
J\f)\ﬂ/o‘
HO
HA- enol form
HO ©OH 19 1.0
o
HOY
HA- gem-diol form
9 o 24 0
_J\)\n/cr
o]
la) A leeto form
=] OH 32 0
D-J\K/HLTG
AT enol form
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The rate constants for the OH-oxidation of unsaturated compounds were not included in the
SARSs’ training data set,'%107 5o the enol forms of OAA could not be calculated. Instead,
the OH-oxidation rate of the closely related but-2-enedioic acid was used to estimate the OH
reactivity of the enol forms of OAA. But-2-enedioic acid, which has the same structure as
enol OAA with the exception of enol-OAA’s vinylic alcohol group, reacts quickly with the OH
radical (6 x 10° M s!; see fumaric acid and maleic acid in Buxton et al.).!%® Additionally,
but-2-enedioic acid only has two equivalent hydrogens which may be abstracted by OH, so the
reactivity of each hydrogen should be about half of but-2-enedioic acid’s total OH reactivity,
or 3 x 102 Mt st The OH reactivity of enol-OAA’s vinylic hydrogen was therefore assumed
to be equivalent to the reactivity of one of but-2-enedioic acid’s vinylic hydrogens and the
OH reactivity of enol-OAA’s vinylic alcohol group to be 6.9 x 107 M s7!, which is the base
value for alcohol groups in the SAR.!% Charged species were also not included in the SARS’
training data set, so the protonated keto form also could not be included in the calculation
of the OH-oxidation rate constants. The values in Table 2.3, which shows the values used
to estimate the rate constant for OAA’s reaction with the OH radical, were renormalized
to exclude it from the calculation. This is not expected to have a significant effect on the
calculated OH-oxidation rate as the keto forms generally react an order of magnitude more
slowly than the gem-diol forms,'® and the protonated keto form only accounts for 3.4% of

the abundance at pH 1 and is not present at pH 3.7.%4
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Table 2.3: Equilibrium ratios used to calculate OH rate constants, OH rate constants for in-
dividual OAA forms calculated from the SAR, and final estimated aqueous OH rate constants
at pH 3.7 and pH 1.

Form OH-oxidation rate constant | Ratio used for Ratio used for
(M1sh) pH 3.7 (%) pH 1 (%)

HsA keto form 7.01 x 10° 0.2 11.0
H>A enol form 3.07 x 10° 0.4 3.5

HsA gem-diol form 2.61 x 108 1.3 78.2
HA"™ keto form 1.23 x 107 45.5 4.8
HA"™ enol form 3.07 x 10° 5.9 0.6

HA" gen-diol form 4.51 x 108 19.0 2.0
A% keto form 4.22 x 107 24 0
A% enol form 3.07 x 10? 3.2 0

Final rate constant

for OH oxidation 2.98 x 108 Mts! | 3.41 x 108 Mgt

2.3.3 Computational Details

To further analyze the experimental results, electronic structure calculations were performed
to obtain the energy diagrams for both the uncatalyzed and ammonium-catalyzed decarboxy-
lation of OAA. The main goal of these simulations was to establish the mechanism for de-
carboxylation, rather than quantitatively predict the rate constants, using resource-efficient
computational methodology. Geometries of the reactants, transition state intermediates, and
products were fully optimized within DF'T using the hybrid exchange correlation functional of
Perdew, Burke, and Ernzerhof (PBE0)''® in combination with the resolution-of-identity (RI)
approximation.'*! PBEO has been shown to give acceptably accurate barrier heights based on
previous work,%? so in the interest of computational cost, other hybrid exchange correlation
functionals were not tested. Polarized triple-zeta valence basis sets (def2-TZVPP)'"? were
used for all atoms. Very fine size four (grids) was used for numerical integration, and ground
state energies converged to 10 Ha.!'® Analytical second derivative (Aoforce)!** calculations
were performed to confirm that all optimized structures were minima of the potential en-

ergy surface. In addition to calculations for isolated molecules, calculations for molecules in
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a dielectric medium were also performed. To this end, the conductor-like screening model
(COSMO) !5 was employed with the dielectric constant for water, 80.1.1¢ For each proposed
mechanism, a search for transition states was performed by scanning the ground state po-
tential energy surface along the carbon Cs-C, bond distance, followed by an unconstrained
transition state optimization. The validity of the transition state structures was checked
using numerical finite differences of analytical gradients!'” to ensure there was one imag-
inary frequency. The Gibbs free energies of each species within the rigid-rotor harmonic
oscillator approximation at 25 °C and 1 atm were subsequently calculated. Energy diagrams
for OAA’s decarboxylation were generated by setting the reference energy of all the reac-
tants to zero. All electronic structure calculations were carried out with the TURBOMOLE

electronic structure program suite, version V7.3.118

2.4 Results and Discussion

2.4.1 Sample Fits and Uncatalyzed Decarboxylation

A sample UV-Vis plot of OAA in water with the peak at 260 nm decreasing over the course of
an experiment is shown in Figure 2.3. When monitoring the decarboxylation of OAA by UV-
Vis, it can be seen in Figures 2.4-2.6 that the decrease at 260 nm is not strictly a first-order
decay until after some time has passed, corresponding to the keto/enol and keto/gem-diol
conversions both reaching equilibrium. Since the conversion between OAA’s keto and gem-
diol forms is faster in water than between the keto and enol forms,'? it is likely the keto/enol
interconversion that controls the change in the pre-equilibrium absorbance. However, the
rate of keto/enol interconversion has not been determined at pH values lower than 5. At

119
)

pH values above 5, the rate has been shown to be highly pH dependent,™™ so it would not

be reasonable to apply rate constants obtained at higher pH values to the data. In any
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case, the expected first-order kinetics are observed after the solution has had time to reach
keto/enol equilibrium. To avoid interference from the solution equilibration, fitting began
once the data had adopted a first-order decay pattern. The first point for the fit was chosen
by performing sample fits beginning at each data point, then using the one with the earliest
starting point with which the later fits agree within the standard deviation of the chosen fit.
This difference is small under conditions of high ammonium concentration (0 to 5% — Figure
2.5), but much larger with low ammonium concentrations (5 to 10% — Figure 2.4) and/or

high acidity (10 to 25% — Figure 2.6).

1.2
0
1.0
F50
0.8 100
8 =
c 1150 3
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5 O 2003
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Figure 2.3: The absorption spectrum of OAA in water over time.

The uncatalyzed rate constant (Figure 2.4) for the decarboxylation was determined to be
(5.24 4+ 0.95)x10° s as an average and standard deviation of two measurements, which
shows good agreement with previous work (5.5x10® s71).% This gives OAA a lifetime of
about 5 h in a dilute aqueous solution, such as a cloud droplet. This is more than two orders
of magnitude shorter than the lifetime with respect to the oxidation by OH in cloud/fog
water (predicted @ = 0.005), so decarboxylation will be the major removal pathway for

aqueous OAA under these conditions.
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Figure 2.4: Absorbance at 260 nm, normalized to time 0, for 1 mM OAA in pure water. The
data is shown with individual dots and the fit with a solid line.
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Figure 2.5: Absorbance at 260 nm, normalized to time 0, for 1 mM OAA in 1 M ammonium
sulfate solution. The data is shown with individual dots and the fit with a solid line.
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Figure 2.6: Absorbance at 260 nm, normalized to time 0, for 1 mM OAA in 1.54 M ammo-
nium bisulfate solution. The data is shown with individual dots and the fit with a solid line.

2.4.2 Effects of Ammonium in Weakly Acidic Solutions (pH 3-4)

The measured pseudo-first-order rate constants (k) and their dependence on salt concen-
trations are shown in Figure 2.7. The rate constants are plotted as functions of cation
(ammonium or sodium) concentration rather than the overall ionic strength because it is
observed that ammonium ion concentration better correlates with changes in the observed
rate constants. An increase in ammonium sulfate linearly increases the rate constant for
the decarboxylation reaction, with a slope of about 7x10° s per molar ammonium. The
dependence of the rate on ammonium concentration appears to reach an asymptote above
about 2.7 M ammonium. The lifetime of OAA at the point the rate levels off is about 1 h. It
was confirmed using the E-AIM model IT (http://www.aim.env.uea.ac.uk/aim/aim.php)
that the activity of ammonium ion increases smoothly with ammonium sulfate concentration
over this concentration range, so the saturation above 2.7 M is not due to the changes in

activity of ammonium ion.

26


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

_25x10"- @ Ammonium Sulfate * = -
i ® Ammonium Chloride L) -
® Sodium Sulfate

Ammonium Sulfate
Coefficient values * one standard deviation

y-intercept s") = 5.79e-05 + 7.4e-06
slope (s'M") = 6.90e-05 + 5.3e-06
Ammonium Chloride
Coefficient values + one standard deviation

y-intercept (s') = 4.49e-05 + 7.1e-06

slope s'M") = 7.32e-05 + 5.4e-06
Sodium Sulfate
Coefficient values + one standard deviation

y-intercept (s') = 5.04e-05 + 7.0e-06
slope s'M') = -1.3e-06 + 4.3e-06

0.0

Pseudo-First Order Rate Constant (s

I T I I I 1
0 1 2 3 4 5
Cation Concentration (M)

Figure 2.7: Pseudo-first order rate constants for the decay of OAA’s absorbance peak at 260
nm as a function of cation concentration (ammonium concentration for ammonium sulfate
and ammonium chloride; sodium concentration for sodium sulfate). The data for ammonium
sulfate is shown in red, ammonium chloride in black, and sodium sulfate in blue. Error bars
represent standard deviations computed from the individual fits. As the temperature and
pH were not intentionally fixed, some spread in the rate constants obtained may be expected
due to variations in the room temperature or differences in the solution pH. This particularly
applies when comparing the ammonium sulfate (pH = 3.7 £+ 0.3) and ammonium chloride
conditions (pH = 3.0 & 0.3). See Table 2.1 for more detailed information on the pH of
individual experimental trials.

Figure 2.7 compares the measured rate constant for both ammonium sulfate and ammonium
chloride. The dependence of the measured rate constant on ammonium ion concentration is
the same regardless of whether the sulfate or chloride salt of ammonium is used, so there
are no strong anion effects on decarboxylation. Control experiments were performed based
on previous work which has shown some atmospheric aqueous processes to be influenced
by ionic strength.465:66:120 However, the rate constant for decarboxylation does not show
a dependence on salt concentration with the addition of sodium sulfate. While the data is
not plotted as a function of ionic strength in Figure 2.7, the ionic strength increases with
increasing sodium sulfate concentration, so it can be concluded that the reaction is not ap-

preciably affected by ionic strength in this case.
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The observed behavior of the effective rate constant on [NH4T| can be explained if it is
assumed that ammonia present in solution converts a small fraction of the carbonyl species
into imine (Figure 2.1), which then decarboxylates at a much higher rate (Figure 2.2). The
measured relative rate of decarboxylation in the presence and absence of dissolved ammonia

in the limit of a rapid imine-carbonyl equilibrium can be expressed as follows:

Rat@withNHg o kimme [lm@ne] + kcarbonyl [CGTbOnyl] ~ 1 + kimineKeq [NH?)]

RatewithoutNHg, kcarbonyl [C(N’bOnyl] kcarbonyl

(2.2)

Here, [carbonyl] is the starting concentration of OAA, [imine] is the concentration of imine
assumed to be a minority species in solution ([imine] << [carbonyl]), kearpony: is the rate
constant for decarboxylation from the carbonyl species (measured to be 5.24 x 10 s‘l), Kimine
is the unknown rate constant for decarboxylation from the imine species, and K, is the
equilibrium constant between the imine and carbonyl species.

[imine]

Keq = [carbonyl] [N Hj)] (2:3)

Ammonia is a minor species in solution under acidic conditions, but its concentration can

be calculated from the acid ionization constant K, of the ammonium ion:

[H;O07] [N Hs|

Ko = [NH]]

=5.6x 1071 (2.4)

Combining these equations results in a predicted proportionality of the relative decarboxy-

lation rate on the ammonium ion concentration,

Ratew“hNHs — 14 kimineKeq K, [NHI]
Ra'tewithoutNH;; kcarbonyl [HS O+]

(2.5)

28



This can be related to the pseudo-first-order rate constant shown in Figure 2.7

K, [NH{]

oM (2.6)

k:effective = kcarbonyl + kimineKeq X

which is consistent with the observed linear dependence on [N Hf } below [N H } ~ 2.7
M. The linearity breaks down at higher concentrations, likely because equilibrium equations

(2.3) and/or (2.4) no longer work at high ionic strengths.

2.4.3 Effects of Ammonium in Highly Acidic Solutions (pH near

or less than 1)

Pseudo-first-order rate constants were also measured for solutions of OAA with varying con-
centrations of ammonium bisulfate, shown in Table 2.4. These experiments showed much
slower rates of decarboxylation. At these low pH values, there is a strong contribution by the
gem-diol form of OAA,%* which should decrease the decarboxylation rate because the most
likely reaction intermediate requires the keto form.? In addition, the rate is suppressed by
the low concentration of ammonia needed to produce the imine, resulting in anticorrelation
between the effective rate constant and hydronium ion concentration (equation 2.6). As a
control experiment, the decarboxylation rate of OAA was measured in an aqueous solution
acidified to pH 1.0 with sulfuric acid in the absence of ammonium and a lifetime of 63.7
hours was found. This is longer than for the solution containing ammonia at the same pH
1.0 (45.2 hours), showing that ammonia does still catalyze the decarboxylation even at these
highly acidic pH values. However, the catalytic effect of ammonia is not strong enough to

counteract the suppression of the decarboxylation rate by the increased acidity.

29



Table 2.4: Data from individual decarboxylation reactions in the presence of ammonium
bisulfate.

Ammonium Bisulfate Concentration | Solution pH Rate Constant Lifetime
(M) +1 std dev (s1) (h)
0 (HySO4 added) 1.0 (4.36 +0.04) x 107° 63.7
0.5 1.3 (8.054+0.12) x 107° 35.5
0.8 1.0 (6.15 4+ 0.10) x 107 45.2
1.5 0.4 (4.49 +0.03) x 107¢ 62.0
2.0 0.2 (2.37 £ 0.04) x 107 117

Although the gem-diol reacts more readily with the OH radical than the keto form of OAA,
decarboxylation is still the faster process at an OH concentration of 101> M, with branching
ratio Q ranging from 0.042 for 0.5 M ammonium bisulfate to 0.14 for 2.0 M ammonium
bisulfate. If particle OH concentrations are higher, for instance 107'? M as suggested by
Ervens et al. in their 2011 review,'?! OH oxidation lifetimes would be much shorter, and
the branching ratios would shift to 42 for 0.5 M ammonium bisulfate and 140 for 2.0 M
ammonium bisulfate. The importance of OAA’s decarboxylation reaction will therefore be
highly OH-concentration dependent under acidic conditions, as acidity greatly decreases the

decarboxylation rate.

2.4.4 Electronic Structure Calculations

Electronic structure calculations were performed by Kimberly Zhang. Two possible reaction
pathways for the ammonium-catalyzed decarboxylation of OAA are presented in Figure 2.8,
one starting from the imine form and one starting from the enamine form of the reaction
intermediate. Because most of the experiments were conducted at pH 3 to 4, which is
higher than the pKa at carbon 1 (pH = 2.15) and lower than the pKa at carbon 4 (pH
= 4.06),'?? the simulations were begun with the mono-deprotonated form of OAA as this
should be the majority species in solution. To determine which of these pathways is more

thermodynamically favorable, the stability of both compounds was compared to that of the
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decarboxylation enamine product. In the gas phase, the starting enamine species has a lower
free energy (5 kcal mol!) than the imine (7 kcal mol™?) relative to the product. However,
the energy order switches in the aqueous phase (14 kcal mol™ for the imine versus 9 kcal

mol! for the enamine). In both the gas and aqueous phases, the reaction is predicted to be

exergonic.
NH OH
o@
o
o
14 kcal/mol
(5 keal/mol)
NH, 0
N g
1
o) (e]
0 kcal/mol
o NH, OH
o
o
9 kcal/mol
(7 keal/mol)

Figure 2.8: The electronic energies of species likely involved in the ammonium-catalyzed
decarboxylation of OAA. The reference energy of the product was set to 0 kcal mol!, and
the reference energy of the imine and enamine species were calculated accordingly. Values
without and with parentheses are the relative free energies in the aqueous phase and the gas
phase, respectively. All energies were calculated at PBE0/TZVPP level and reported in kcal
mol .

Figure 2.9 shows the energy diagrams for the ammonium-catalyzed and uncatalyzed decar-
boxylation processes in the gas and aqueous phases. The calculations found the transition
state for the uncatalyzed decarboxylation is stabilized by the formation of a six-membered
ring as shown in Figure 2.2 and Figure 2.9, in agreement with previous theoretical studies
on the uncatalyzed decarboxylation of OAA and related molecules.?®123:124) The calculated
activation energy of 32 kcal mol™! for the aqueous-phase uncatalyzed reaction is higher than
the experimentally determined activation energy of 23.6 kcal mol™ reported by Ito et al.,'®

but still within a range expected of the lower target accuracy. The calculated energy barriers

may be high because tunneling was not allowed for in the calculations. In the catalyzed re-
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Figure 2.9: (a) Select stationary points of the uncatalyzed (black) and ammonium-catalyzed
(blue) decarboxylation reaction of OAA. Values without and with parentheses are the rel-
ative free energies with COSMO (representing the aqueous phase) and without COSMO

(representing the gas phase), respectively. (b) Select stationary points of the uncatalyzed
decarboxylation of OAA without COSMO (gas phase) shown in blue and with COSMO

(aqueous phase) shown in black. (c) Select stationary points of the ammonium-catalyzed
decarboxylation of OAA without COSMO (gas phase) shown in blue and with COSMO

(aqueous phase) shown in black. All energies were calculated at PBE0/TZVPP level and
reported in kcal mol™.
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action, the decarboxylation proceeds from the imine form, and an analogous six-membered
ring is formed for the ammonium-catalyzed transition state. The activation energy of the
ammonium-catalyzed decarboxylation is significantly lower than that of the uncatalyzed
decarboxylation in both the gas and aqueous phase, which is consistent with the relative
experimental decarboxylation rates. Replacing OAA’s carbonyl with an imine lowers the
activation energy for decarboxylation, leading to shorter lifetimes in solutions containing
ammonium. Comparing the gas and aqueous phase energy levels, it can also be seen from
Figure 2.9 that the solvation effect of water stabilizes all the species except for the uncat-

alyzed transition state.

The Curtin-Hammett principle was used to calculate the relative free energies of the transi-

tion states (AAGH).1%

AAGH = AG oy = DG + AGE, (2.7)
AGiarbonyl and AG! ~ are the activation energies for decarboxylation from the carbonyl

and imine, and AG¢, is the free energy of the carbonyl and imine equilibrium (assumed
to be achieved faster than the time scale of the decarboxylation process). The gas phase
theoretical value of AAG? is 14 kcal mol!. Calculating AAG* while including the dielectric

constant of water to represent the aqueous phase gives 24 kcal mol™.
The Curtin-Hammett principle also makes it possible to estimate AAG* from the exper-
imental results using the following equation:

kimine Keq aact

— 2RF (2.8)

kcarbonyl
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Using equation (2.6), it was determined that Kjninefeq = 12.5 at pH of 4 (see Table 2.1
for experimental pH values) from the experimentally determined slope in Figure 2.7. Plug-
ging this value into equation (2.8), along with the measured kqrpony rate constant, gave
an experimental AAG?* value of about 7.3 kcal mol!. The experimentally derived value is
considerably lower than the theoretical value suggesting that the calculation overestimates
the barrier height for the carbonyl species (by about 8 kcal mol™! as discussed above) but
underestimates the barrier height for the imine species. It is also possible that other forms of
OAA than the ones shown in Figure 2.2 can decarboxylate making the direct comparison be-
tween the theory and experiment more challenging. Despite these quantitative discrepancies,
which may in part be due to the neglect of proton tunneling on the computed barriers, the
computations support the experimental observations by suggesting that the decarboxylation
reaction proceeds more efficiently along the catalyzed pathway due to a lower transition state

energy along this pathway.

2.4.5 Effect of Ionic Strength on the Initial Absorbance Spectra

It has been demonstrated that increasing salt concentrations can affect the absorption spec-
tra of aqueous molecules and impact their direct photolysis rates.®> % This prompted an
examination of the effect of the added salts on the initial absorption spectrum of OAA
before decarboxylation (Figures 2.10-2.13). For these Figures, although all solutions were
prepared at close to 1 mM concentrations of OAA as possible, the actual concentration of
each solution was used to scale each spectrum by 1 mM divided by the exact concentration

to make the peak heights more directly comparable.
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Figure 2.10: Initial absorbance spectra for solutions containing ammonium sulfate. 1 mM
OAA without added salts is shown in black. Traces are also shown for 1 mM OAA in 0.5 M
(red), 1.0 M (orange), 1.5 M (green), 2.0 M (blue), and 2.5 (purple) M ammonium sulfate.
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Figure 2.11: Absorbance spectra for OAA in ammonium bisulfate at their maximum value.
1 mM OAA without added salts is shown in black. Traces are also shown for 1 mM OAA
in 0.5 M (red), 0.8 M (orange), 1.5 M (green), 2.0 M (purple) ammonium bisulfate, and
acidified to pH 1.0 using sulfuric acid(gray).
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Figure 2.12: Initial absorbance spectra for solutions containing ammonium chloride. 1 mM
OAA without added salts is shown in black. Traces are also shown for 1 mM OAA in 0.25
M (red), 0.5 M (orange), 1.0 M (yellow), 1.5 M (green), 2.0 M (blue), and 2.5 (purple) M
ammonium chloride. The traces in dashed lines have the pH adjusted to 4.0 so that the enol
band is present as in the ammonium sulfate conditions.
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Figure 2.13: Initial absorbance spectra for solutions containing sodium sulfate. 1 mM OAA
without added salts is shown in black. Traces are also shown for 1 mM OAA in 0.25 M (red),
0.75 M (yellow), 1.0 M (green), and 1.3 M (blue) M sodium sulfate.
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In all conditions, the addition of small concentrations (less than 1 M) of salts resulted in an
increase in the height of the main absorption peak at 260 nm. However, further addition of
salt decreased the 260 nm absorption. The decrease holds true for the solutions containing
sodium sulfate as well as for the solutions containing ammonium, so it is not attributable to
faster decarboxylation with ammonium. This effect was not observed in previous studies on
pyruvic acid®7 (another atmospherically important keto-acid and the product of the OAA
decarboxylation) and is likely a result of changing OAA’s complex equilibrium of species in
solution. Since the enol form is the major absorbing species for OAA®* any change in the
enol concentration will change the absorption intensity. Other single-molecule experiments
have shown that salts can affect absorption spectra by changing the ratios of species present

66,67 although these other studies have been on molecules with a less complex set

in solution,
of forms at equilibrium. A decrease in relative enol concentration explains why lowering the
pH of the solutions (in the ammonium bisulfate and sulfuric acid conditions) significantly
decreased the main absorption peak, as there is a greater fraction of gem-diol and a lower
fraction of enol present at acidic conditions.’* An additional consequence of increased acidity
is reduced absorption above 300 nm. OAA will absorb less of the sun’s energy under very

acidic conditions (pH near or less than 1) than at more moderately acidic pH’s, which may

affect its photochemistry.

Another interesting effect is the growth of a shoulder on the main absorption peak with the
addition of ammonium sulfate (Figure 2.10), providing more absorption of tropospherically-
relevant wavelengths. This shoulder, characterized by an increase in absorbance between 270
and 315 nm, is attributable to the formation of an enamine,'?® which would be particularly
interesting if the enamine form is not active in the decarboxylation process as could be the
case based on these and previous calculations.”®® Therefore, enamine formation may be a
potential pathway for direct photolysis to compete with OAA’s decarboxylation. The enam-

ine peak is only visible at pH values above about 3.5, as demonstrated by the ammonium
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chloride-containing absorbance spectra (Figure 2.12). Since ammonium chloride is more
acidic than ammonium sulfate or sodium sulfate, the ammonium chloride solutions were
generally near pH 3 and the enamine peak was not present. However, when a drop of 1 N
potassium hydroxide was added to the sample solution the pH changed from ~ 3 to ~ 4 and
the enamine band became visible. It is clear from the comparison of the initial absorbance
spectra that pH, ionic strength, and ionic species can alter the absorption spectrum of OAA

significantly, and potentially affect its direct photolysis rate.

2.5 Conclusions

The decarboxylation rate of OAA was observed in solutions of ammonium and sulfate salts
under varying concentrations and compared to the reaction rate in pure water, and electronic
structure calculations were performed to validate the experimental results. At weakly acidic
pH values, the rate at which OAA was converted to pyruvic acid linearly increased with
the addition of ammonium up to about 2.7 M ammonium but had no further observable
change in rate at higher ammonium concentrations. At pH values near and less than 1, the
decarboxylation reaction rate was reduced by about an order of magnitude, although ammo-
nium still catalyzed the reaction. Salts that did not contain ammonium did not accelerate
the observed reaction. The DFT calculations performed suggest that the energy barrier for
decarboxylation is significantly lower from the imine (after reaction with ammonium) than

from the uncatalyzed carbonyl form: 11 kcal mol™ compared to 32 kcal mol™.

When decarboxylation lifetimes were compared to the lifetimes of OAA with respect to
OH oxidation under corresponding atmospheric conditions, decarboxylation was found to be
dominant in nearly all cases. These results suggest that the lifetime of OAA will be highly

dependent on the aqueous system in which it is dissolved. In dilute solutions (such as cloud

38



water) and aerosols with low ammonium concentrations, decarboxylation reactions of the
type studied here will be ammonium (or amine) concentration dependent, but the exact
ammonium concentration will not be as important in deliquescent particles in cases where
the ammonium concentration is sufficiently high. At highly acidic pH values, the importance
of decarboxylation will depend on the OH concentration, but decarboxylation is still likely
to be the dominant removal pathway. The decarboxylation lifetimes calculated here can be
summarized as follows: 5 hours in dilute water/weakly acidic water without ammonium ions,
less than 5 hours and as short as 1 hour in water neutralized by ammonium, and tens of

hours in more acidic waters.

Decarboxylation and OH oxidation do not exhaustively describe all possible fates for OAA
in atmospheric water. For instance, reactions between carboxylic acids and ammonium or
protonated amines have been shown to contribute to nanoparticle growth.'?” Formation of
a carboxylate salt of this type with the carboxylic acid at OAA’s carbon 4 would inhibit
the decarboxylation pathway shown in Figure 2.2, suppressing decarboxylation in freshly
nucleated particles. Sulfate-esterification may also occur in sulfate-containing atmospheric
solutions, particularly at low pH values.!?® The methods presented here do not allow sulfate-
esterification to be differentiated from decarboxylation in highly acidic conditions where
sulfate-esterification is expected to gain in importance. However, formation of sulfate esters
has been shown to result from the reactions of epoxides, while their formation from the
reactions of alcohols (i.e., enol form of OAA) is kinetically unfavorable under atmospheric
conditions.!?*130 Finally, small ketone-containing molecules can undergo aldol condensation
catalyzed by the presence of ammonium,'! which could also compete with decarboxylation.
The rate of aldol condensation has not been measured for OAA, so the lifetimes of OAA with
respect to decarboxylation and aldol condensation cannot be directly compared. However,
rates of aldol condensation for other small carbonyl compounds are on the order of 107

to 107 ! — one to three orders of magnitude slower than the decarboxylation of OAA is
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predicted to be under similar conditions.®® Therefore, decarboxylation is expected to be the

most important process for OAA in atmospheric particles containing ammonium.

Decarboxylation is also expected to be an important removal pathway for other 3-oxocarboxylic
acids, although the reactivity of OAA may not translate directly. Other 3-oxocarboxylic
acids, such as acetoacetic acid and o,a-dimethylacetoacetic acid, have decarboxylation rates

132,133 and ammonium salts are ex-

of the same order of magnitude as OAA in pure water,
pected to catalyze the decarboxylation reactions of other molecules similarly. However, the
OH reactivity of these other molecules may differ from OAA. OAA has an especially unreac-
tive keto form as a result of its structure (it only has one carbon where hydrogen atoms can
be abstracted by OH radicals). However, it also has a strong tendency to form a gem-diol
(which reacts more quickly with OH) and exists as an enol in small abundances (which reacts
very readily with OH). Other molecules will likely have a more OH-reactive keto form, be less
likely to form a gem-diol, and may not have an enol form. It will be useful for future work to
determine if /how the structure of 3-oxocarboxylic acids affects the ammonium-catalyzed de-

carboxylation, and if OH oxidation becomes more important than decarboxylation for other

3-oxocarboxylic acids.
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Chapter 3

Aqueous Photochemistry of
Secondary Organic Aerosol of
o-Pinene and «-Humulene in the
Presence of Hydrogen Peroxide or

Inorganic Salts

Reprinted with permission from Klodt, A.L.; Romonosky, D.E.; Lin, P.; Laskin, J.; Laskin,
A.; Nizkorodov, S.A., Aqueous photochemistry of secondary organic aerosol of o-pinene and
a-humulene in the presence of hydrogen peroxide or inorganic salts, American Chemical
Society Earth and Space Chemistry, 2019, 3(12), 2736-2746, https://doi.org/10.1021/

acsearthspacechem.9b00222. Copyright 2019 American Chemical Society.
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3.1 Abstract

The effect of common atmospheric solutes on the aqueous-phase aging of secondary organic
aerosol (SOA) was explored under irradiated and dark conditions. SOA particles were pro-
duced from dark ozonolysis of a-pinene or o-humulene in a photochemical smog chamber,
collected on filters, and extracted in either pure water or in aqueous solutions containing
0.010 mM H50O,, 0.15 mM NaNOg, or 0.15 mM NH4;NOj3. These aqueous samples were then
irradiated for up to four hours to simulate photochemical aqueous aging by sunlight or kept
in the dark for the same amount of time to simulate nighttime aqueous chemistry of SOA.
The chemical composition of the SOA was monitored over time using direct infusion elec-
trospray ionization high-resolution mass spectrometry. The presence of salts accelerated the
loss of high-molecular-weight compounds, both under irradiated and dark conditions, mak-
ing the dissolved SOA compounds smaller and more volatile. These effects of atmospheric

salts have important implications for understanding SOA evolution in cloud and fog water.

3.2 Introduction

Secondary organic aerosol (SOA) has a significant impact on human health and climate,
and it is, therefore, important to understand how SOA particles are produced from volatile
organic compounds (VOCs) and age during particle transport through the atmosphere.”
Monoterpenes (C1gHig) are the major atmospheric SOA precursors with atmospheric concen-
trations of hundreds to thousands of ppt,'! and SOA formation from various monoterpenes,
particularly o-pinene,* has been studied extensively.!%!2714 There have also been studies on
SOA formation from sesquiterpenes (Cy5Hay) such as o-humulene,?* which are less abundant
in the atmosphere (measured to be tens of ppt)!! but have greater SOA yield due to their

higher molecular weights.! The lifetimes of monoterpenes and sesquiterpenes for reaction

42



with atmospheric oxidants are generally minutes to hours!? and so they are quickly oxidized

to compounds that can be soluble in cloud and fog water.

Chemistry occurring in fog and cloud droplets is known to be a significant factor in both
the formation and aging of SOA.% For example, 5 to 60% of SOA globally is estimated to
result from in-cloud processing,®! and reactions occurring in the atmospheric aqueous phase
have been proposed to explain the discrepancies in SOA oxidation level observed between
laboratory and field studies.?>® Atmospheric fog and cloud waters often contain approxi-

8 as well as aqueous oxidants, such as HyO, with

mately 100 pg mL™ of dissolved carbon,*
normal concentrations of around 10° M, and inorganic salts.* These inorganic salts, usu-
ally ammonium nitrate or ammonium sulfate, result in ionic strengths ranging from 10
to 102 M in fog water and 10 to 102 M in cloud water,* and can potentially affect the
aging mechanisms of aqueous SOA. For instance, NO3™ can serve as a photochemical source
of OH radicals,®! NH4T can react with carbonyls and act as a catalyst for various reac-

63,64

tions, and changing ionic strength can affect acid-base or other aqueous equilibria as

salts can act as buffers in aqueous solutions. There have been only a few studies probing

the effects of common inorganic salts on the aqueous-phase photochemical aging of SOA.%%-66

Mechanisms of aqueous SOA aging can be photolytic or non-photolytic, and the photolytic
processes can be further categorized as direct or indirect. The direct aqueous-phase photol-
ysis of SOA extracts in pure water and in water/methanol mixtures has been examined in
several studies.?9 5859 The irradiation of SOA solutions resulted in a reduction in the average
molecular size of SOA compounds driven by Norrish splitting of carbonyls and photolysis of
peroxides.!3%136 Indirect photolysis occurs in parallel when reactions with sunlight produce
reactive species, such as OH radicals, singlet oxygen, or triplet-excited states, and then these
species react with SOA components. In contrast to the direct photochemical processes, the

indirect processes normally result in more functionalized and less volatile products.?® Non-
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photolytic aging pathways include hydrolysis,**3° functional group exchange with inorganic
ions, and reactions with other oxidizing solutes — HyO5 in this work. In the hydrolysis of
esters, the starting compounds are fragmented to smaller molecules with carboxyl and al-
cohol groups, resulting in smaller products with higher vapor pressures. Certain reactions
with inorganic salts can decrease vapor pressure as salts are formed between carboxylic acids
and inorganic cations.?”3® Finally, the presence of HyO, can have a myriad of consequences.

Neglecting its host of influences on photochemical reactions, HyOs is an important aqueous-

t,49 137

phase oxidant,* its reactions with carbonyls and alcohols can produce peroxides, "’ it is well

138

known to be an important part of sulfate formation from SO,,">® and can be a source of

radicals in the dark through Fenton-type reactions.'®”

Previous studies have explored the aging of SOA from various terpenes, including those
studied here, in pure water.’>% The present work is intended to implement a more atmo-
spherically relevant approach by adding solutes as would be present in atmospheric cloud
and fog waters. Thus, the goals of this study are (1) to ascertain whether the photolysis and
dark aging of aqueous SOA in the presence of common atmospheric solutes proceeds via a
different mechanism compared to in the absence of these solutes and (2) to compare pho-
tolytic and dark aging of SOA in the presence of ionizable versus non-ionizable solutes. To
accomplish these goals, aging of SOA produced from ozonolysis of a common monoterpene,
o-pinene (APIN), and a common sesquiterpene, o-humulene (HUM), was studied using high-
resolution mass-spectrometry after the SOA was aged in various conditions. These conditions
included the presence or absence of both sunlight and solutes such as hydrogen peroxide (as
a non-ionizable solute), sodium nitrate (an ionizable solute), and ammonium nitrate (an

ionizable solute that also provides ammonium as a reactant).
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3.3 Methods

3.3.1 Secondary Organic Aerosol Generation

APIN and HUM SOA were prepared through dark reaction with O3 as described in previous
papers.?%0%:140 APIN and HUM were purchased from Sigma-Aldrich at the highest available
purity, and no further purification was performed. Approximately 600 ppb Oz and 500
ppb of precursor were injected into a 5 m? teflon chamber, and ozonolysis was allowed to
proceed under dry conditions at 21 to 25 °C without seed particles. These relatively high
concentrations were necessary to obtain enough material for subsequent photochemical and
mass spectrometric experiments. Particle sizes were monitored using a TSI model 3936
scanning mobility particle sizer (SMPS) and ozone concentrations were monitored using a
Thermo Scientific model 49i ozone analyzer. An Aerosol Mass Spectrometer (AMS) was not
used during the generation of the SOA used for aging, but AMS data was collected during the
generation of HUM SOA produced under the same conditions for later solubility experiments.
Aerosol particles were subsequently collected onto poly(tetrafluoroethylene) (PTFE) filters
(Millipore 0.2 nm pore size) after passing through an activated carbon denuder with a flow
rate of about 10 SLM (standard liters per minute). Two filter samples were collected over 2
to 3 h during each chamber experiment. A breakdown of SOA production details is provided
in Table 3.1. After collection, the samples were vacuum sealed and frozen at -20 °C pending

aqueous photolysis experiments.
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Table 3.1: Conditions used for SOA preparation. SOA concentration represents the average
during the collection of two sequentially collected filters, and so the concentrations are dif-

ferent.
Filter | VOC | Initial | Initial | Reaction Peak SOA Collection SOA
# VOC O3 Time concentration time collected
(ppb) | (PPb) (h) (mg m™) (h) (mg)
1 APIN 500 600 0.8 1.5 1.5 1.8
2 APIN | 500 600 0.8 0.96 1.5 1.8
3 HUM | 500 600 2 1.7 1 2.1
4 HUM | 500 600 2 1.4 1 2.0

3.3.2 Secondary Organic Aerosol Aging Experiments

Samples were thawed, and each filter was extracted with 10 mL of HPLC-grade water. After
sonicating for about 10 min, the water and SOA solutions were split into 4 aliquots of 2.5 mL
and 100 pL of concentrated aqueous oxidant or salt solution was added with final concen-
trations as shown in Table 3.2. No precipitation of SOA was observed after the addition of
these small concentrations of salts, so it is not believed that the added salts had a significant
impact on the SOA solubility. The concentrations in Table 3.2 assume complete dissolution
of SOA. Under these conditions, all APIN SOA is expected to dissolve.'*! The solubility of
HUM SOA in water was unknown, and the extraction efficiency was determined, as shown
in Figure 3.1, to be about 40%. Because some HUM SOA remains undissolved after extrac-
tion with water, the results of these experiments only apply to the water-soluble fraction.
Photolysis occurred similarly to previous work;%® control samples were simultaneously aged
under dark conditions. Briefly, a Xenon UV lamp (Newport model 66905) was used with a
U-330 bandpass filter (Edmund optics #46-438) to decrease levels of hard UV, visible, and
IR radiation. The majority of the radiation fell between 280 and 400 nm. Using the “Quick
TUV” 12 calculator the lamp’s flux was determined to be comparable to that under ambient
conditions. A full analysis is provided in Figure 3.2 and Table 3.3 in section 3.3.4. Therefore,
the photolysis time under the UV lamp can be viewed as equivalent to photolysis in sunlight

during summertime in Los Angeles. OH steady-state concentrations were determined to be
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too low to have a significant effect on the aging of SOA, as they were estimated to be about
107'® M in all conditions where OH was produced (see section 3.3.5 below for further anal-
ysis). The photolysis and control (i.e., without photolysis) experiments were done for four
hours. Samples of the solutions were taken once every hour for offline analysis using direct

infusion electrospray ionization high-resolution mass spectrometry (ESI-HRMS).

Table 3.2: Summary of aqueous samples prepared from SOA filters. Aqueous SOA concen-
tration assumes full dissolution of SOA.

VOC | Filter Aqueous Aqueous SOA | Aqueous oxidant /salt
# | oxidant/salt | concentration concentration
(ng mL) (M)
APIN 1 N/A 184 N/A
APIN 1 H50, 177 0.010
APIN 2 NaNOj 180 0.15
APIN 2 NH4NO; 180 0.15
HUM 3 N/A 210 N/A
HUM 3 H504 202 0.010
HUM 4 NaNOs 196 0.15
HUM 4 NH4NO; 196 0.15

3.3.3 HUM SOA Extraction Efficiency

Figure 3.1 shows the results of a test of the extraction efficiency of HUM SOA from the filter.
A filter with HUM SOA was first sonicated in 10 mL water for 10 min and an absorbance
spectrum of the extract taken. Then the filter was removed from water and sonicated in
10 mL of methanol for 10 min. Based on the comparison of integrated absorbance over the
230-350 nm range, we estimate that approximately 40% of the SOA was dissolved in water,
and the rest dissolved in methanol. This is to be contrasted with the dissolution of APIN
SOA, for which the initial water extraction dissolved more than 90% of the material based

on the study of Updyke et al.'*!see supporting information Figure S3).

47



0.30 T

0.25+

0.20+ —— Extraction in methanol
—— Extraction in water

0.15+

Absorbance

0.05 1

0.00

240 260 280 300 320 340
Wavelength (nm)

Figure 3.1: A test for the extraction efficiency of HUM SOA in water.

3.3.4 Light Flux Characterization

Figure 3.2 provides a comparison of the spectral flux densities of the photolysis lamp used in
this project with the 24-hour averaged solar spectrum in June in Los Angeles, California and
the solar spectrum at a solar zenith and of zero generated by the ”Quick TUV calculator.” 42

Table 3.3 provides an analysis of the relative integrated fluxes of the lamp used in the work

as compared to the 24-hour average solar flux in June in Los Angeles.

The parameters used for the Quick TUV calculator were:
e Latitude/Longitude: 34 °N 118 "W or SZA =0

e Date and Time: June 20, 2017

e Overhead Ozone: 300 du

e Surface Albedo: 0.1

e Ground Altitude: 0 km

e Measured Altitude: 0 km

e Clouds Optical Depth/Base/Top: 0.00/4.00/5.00
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e Aerosols Optical Depth/S-S Albedo/Alpha: 0.235/0.990/1.000
e Sunlight Direct Beam/Diffuse Down/Diffuse Up: 1.0/1.0/0.0

e 4 streams transfer model
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Spectral Flux Density (photons * cm 2+ s™')

Figure 3.2: The spectral flux densities over the range of the electromagnetic spectrum of the
photolysis set-up used in these experiments (in red), the 24-hour averaged solar spectrum
in Los Angeles, California (Latitude/Longitude: 34°/118°) for the month of June (in blue),
and the solar spectrum at a solar zenith angle (SZA) of zero (in green).

Table 3.3: The integrated fluxes and the number of hours equivalent to one hour under the
photolysis set-up for the 24-hour average solar flux in June in Los Angeles. The calculation
was performed by integrating the flux in Figure 3.2 for the three UV wavelength ranges that
may potentially drive photochemistry. The values in the last column represent the ratios of
the UV lamp’s integrated flux to the solar integrated flux.

hotons cm™ gt
(p

Wavelength Integrated flux Integrated flux Equivalent
range of from our UV lamp from the hours at 24-h
comparison (photons cm™? s1) the 24h-average average

sunlight in
Los Angeles

UVB (280 to 315 nm) 1.46 x 10™
UVB-+UVA2 (280 to 340 nm) 2.40 x 10
Full UV (280 to 400 nm) 1.54 x 106

1.72 x 10*
1.54 x 101°
7.24 x 101°

0.85
1.56
2.13
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3.3.5 OH Steady-State Concentration Calculation

Approximate OH steady-state concentrations ([OH]gg) were calculated to understand the
relative amounts of OH present with photolysis of HyO, and NO3™ in the aqueous solutions.

First, the rate constants for OH production were found using the following equation:!43

j:c = /2303 X 103 X F)\ X Ex A X QZSOH,)\CD\ (I‘ = NO3_ or HQOQ) (31)

where F) represents the surface area normalized photon flux (mol-photon cm™?s'nm™) with
values shown in Figure 3.2, €, , is the base-10 molar absorptivity coefficient for z (M's?),
and ¢om,y is the OH quantum yield. Values for €, and ¢om; were retrieved from the
literature.'4 147 Calculated j values can be found in Table 3.4. Next, OH formation rates
(Rog) were calculated by multiplying the production rate constant by the concentration of
x. Finally, [OH]4q was found by multiplying the OH production rate by the OH lifetime

(1), where 7 can be found via the following equation:

7 = (ksoa [SOA] + k0, [H205]) ™ (3.2)

In the case of nitrate photolysis, the HyOy term will go to zero. The reaction of OH with
SOA was assumed to be diffusion limited, and so 1 x 10! M-'s! was used for kgos. The
rate constant for OH reaction with HoOy was 2.7 x 107 M's1.148 SOA concentrations were
estimated using the average molar mass for each condition. The final [OH]sg are shown in
Table 3.4 below. They are too small to compete with direct photolysis under our experi-

mental conditions.
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Table 3.4: Values of interest for OH steady-state concentration calculation. Values for the
concentration of SOA take into account extraction efficiency as described in Section 3.3.3.

SOA system Jx Ron formation | [SOA] T Theoretical
(s) (Ms') | (mM)| (s) | [OHss (M)

APIN + H,0, |[1.8x107%| 1.8x 107! 066 | 1.5x1077 |27 x 107
APIN + NaNO;3 | 1.3 x 1077 | 2.0x 1071 0.76 | 1.3 x 1077 | 2.7 x 10718
APIN + NH,NO; | 1.3 x 1077 | 2.0x 10°1 0.77 | 1.3x1077 | 2.6 x 1078
HUM + H,O, |1.8x1076%| 1.8x 107! 0.30 [3.7x1077|6.0x 1078
HUM + NaNO; | 1.3x 1077 | 2.0x10"" 028 [3.5x1077 | 7.0 x 10718
HUM + NH,NO; | 1.3 x 1077 | 2.0x 1071 028 | 3.5x1077| 7.0 x 107'8

3.3.6 Mass Spectrometry Analysis

Approximately 200 uL of sample was mixed in a 1:1 ratio with acetonitrile to achieve stable
electrospray ionization and then injected into the mass spectrometer using a direct infusion
mode. An LTQ-Orbitrap mass spectrometer (Thermo Scientific™) equipped with a modi-
fied ESI source was used to analyze the samples.?6:57:5%:140,149°152 N [agg spectra of the solvent
(water and acetonitrile) were also collected so that background spectra could be subtracted
from the sample spectra. All spectra were collected in the positive ion mode, and the resolv-

ing power of the instrument was ~ 10° at m/z 400.

The analysis of the mass spectra was carried out similarly to previous work.?1°3 Peak
positions and intensities were first determined using Decon2LS program (https://omics.
pnl.gov/software/decontools-decon2ls), and the resultant peak lists were clustered to-
gether according to experimental batch, such that 0, 1, 2, 3, and 4 h with photolysis was
a group for each experimental condition and 0, 1, 2, 3, and 4 h without photolysis was an-
other group. The clustered peaks were then assigned assuming a 0.001 m/z accuracy with
formulas of C.H;,O.N,Nag;. The number of nitrogen atoms per molecule was allowed to be
between 0 and 3. The number of sodium atoms was also allowed to be between 0 and 3. The
monosodium adduct was the most common ion peak in nearly all cases, but some adducts

corresponding to two sodium minus one hydrogen and even a few adducts corresponding to
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three sodium minus two hydrogens were observed. Sodium adducts are commonly observed
in direct infusion electrospray ionization, and they can be formed during ionization within
the instrument.!®*1% But since it is unusual to have adducts with more than one sodium
ion, additional checks were performed to make sure that these peaks could not be explained
by isotopes or possible impurities. It is assumed that the intentional addition of NaNOj3 in

some of the experiments enhanced the sodium adduct formation.

Nitrogen was allowed in the assignments in all conditions. In the case of the pure water and
H50s-containing samples, nitrogen-containing assignments with formulas that may reason-
ably be expected from terpene oxidation (Cr.10H14.16NO3 for APIN and Cy3.15H29.24NO3, for
HUM) were not observed. In the case of the sodium and ammonium nitrate salt-containing
samples, some reasonable nitrogen-containing formulas were assigned, although the abun-
dances were very low and may reasonably be considered negligible. Elemental ratios for
assigning were constrained to 0 <O/C <1.3 and 0.7 <H/C <2.0 to ensure the assignment
of physically reasonable formulas.'?® 13C isotopes and obvious impurities with anomalous
mass defects were not considered for the remainder of the analysis. Assigned peaks were
then used to check the internal calibration of the m/z axis. Peaks that were unassigned and
peaks with questionable suggested formulas were re-assigned manually using a molecular for-
mula calculator (http://magnet.fsu.edu/~midas/). In the case of the samples containing
ammonium nitrate, it was possible for peaks to have been ionized by ammonium. Therefore,
in these trials, peaks containing nitrogen were examined individually to determine whether
this was the case. Since the majority of the peaks were ionized by sodium, only peaks with a
large analogous sodium ion adduct peak and an unusually high H/C ratio (from the 4 extra
H-atoms in NH, ") were assumed to be ammonium ion adducts. Lastly, the formulas of the
assigned ions were converted to the neutral formulas by removing Na®, Ht, or NH,™, de-
pending on the ionization mechanism. Hereafter, all the identified compounds are presented

and discussed as neutral species with their corresponding masses.
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3.4 Results and Discussion

3.4.1 Effect of Aging on APIN SOA Mass Spectra

The presence of aqueous oxidants and salts in SOA extracts under irradiated and dark con-
ditions can be expected to foster different chemical pathways for SOA aging. In experiments
where only SOA is dissolved in pure water, photolysis and hydrolysis of SOA compounds

can occur in parallel:

1. SOA + hv, HyO — products

In the presence of hydrogen peroxide, there can be additional reactions between SOA and

H50, or reactions driven by oxidation of SOA compounds with OH:

2. H,O5 + SOA — products
H202 +hv -2 OH
SOA+ OH — products

Nitrate photolysis produces OH radicals and nitrating agents such as NO, which may react
with SOA to form nitrogen-containing organic compounds (NOC),%! so nitrate ions can

influence the products of photolytic SOA aging.

3. NO; + H) O+ hv — NO; + NOy+OH +OH~™
SOA+ NOy — NOC
SOA+ OH — products

For solutions where ammonium salts are present, competing reactions between carbonyls and

25,157

ammonia can occur, generating reduced NOC, as well as various reactions catalyzed by

ammonia;53:64
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+
4. 504 M products

Finally, the presence of inorganic ions changes the ionic strength of solutions, which can
indirectly affect reactions such as hydrolysis. The OH concentrations present in the solutions
in this work were very low, so OH and other radical reactions will be neglected during the
analysis. Evidence of the other processes described above will be the focus of analysis of the

mass spectra, as described below.
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Figure 3.3: Mass spectra for the APIN SOA aged in nanopure water at 0, 1, 2, 3, and 4 h.
Panel (a) shows aging with photolysis, and panel (b) shows dark aging.

Figure 3.3 shows the mass spectra of the APIN SOA solution in nanopure water over the 4
h aging period in both the photolysis and dark experiments. Peaks are normalized to the
highest peak in each spectrum. The unaged mass spectra are similar to previously reported
APIN SOA ozonolysis spectra,®09:1587161 for example, the monomer (<300 Da, a single
oxygenated APIN unit) and dimer regions (300 — 500 Da, two covalently-bound oxygenated
APIN units) can be clearly discerned. CioH1605 (MW 216), C10H1604 (10-hydroxypinonic
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acid), and C19H;603 (pinonic acid) appear as the most abundant monomers. Cy9H3yO7 (MW
370) and Cy9H300s (MW 386), which were identified as ester compounds when observed in

162 are the major detected dimers.!%® Some

boreal forest field studies in Hyytiala, Finland,
peaks of interest can be found in Table 3.5. Another feature of Figure 3.3 is a reduction in
the relative abundance of dimers as compared to monomers with photolysis, but not in the
dark condition, as observed previously in experiments in pure water.%° This relationship may
more easily be seen in Figure 3.4, which shows all dimer/monomer ratios for the systems

discussed.

Table 3.5: Some of the major compounds detected in the APIN SOA by mass spectrometry.
Photolyzable groups are shown in red, and hydrolyzable groups are shown in blue. Suggested

structures were retrieved from previous work.!62 167
Observed Molecular Relative Compound Formulas and Suggested Structures
Weight (Da) Abundance (%)
184 51 Pinonic Acid — C;¢H;50; — Monomer
2O
N oH
o
200 72 10-hydroxypinonic acid — Cy;H;,04 — Monomer
LK
HO™ ™ OH
Q
216 100 C1oH1605 — Monomer
HO._O
Q OH
0
340 30 CigH2506 — Dimer
HO. o o
356 40 CigH3307 — Dimer
__OH
o o
0
uj& o
HO -
370 60 CioH3007 — Dimer
Y
o
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Figure 3.4: Dimer/monomer ratios and Cy5/Cyq ratios for APIN SOA (a) and HUM SOA
(b), respectively, are shown for 0 h, the dark control at 4 h, and photolysis at 4 h. Data are
grouped by aqueous aging conditions. Ratios are calculated by dividing the total dimer by
the total monomer peak intensity or the total C;5 by the total Cyy peak intensity. These
ratios are analogous in the sense that monomer and C;( peaks both represent lower molecular
weight aging products in the performed experiments. Further explanation of Ciy and Cis
peaks is provided in the section discussing the effect of aging on HUM SOA mass spectra.
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Figure 3.5 shows the HRMS spectra acquired from the APIN SOA + HyO, experiment. The
spectra are qualitatively similar to those of APIN SOA in pure water (Figure 3.3). Again,
there is a greater decrease in the dimer region of the spectra in the presence of HyO, than in
the dark, as shown in Figure 3.4. However, the relative abundance of dimers is actually larger
in Figure 3.5 (after irradiation of SOA with HyO5) than in Figure 3.3 with photolysis (after
irradiation of SOA in pure water). This may be a result of the formation of peroxyacetals
from reactions of HyO, and carbonyls present in the SOA.'3" This would decrease the rate
of decay as the lifetimes of carbonyls™ have been estimated to be shorter than the lifetimes

of peroxides*® at wavelengths above 300 nm, as are present in this study.
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Figure 3.5: Mass spectra for the APIN SOA aged with 0.01 mM Hy0Os. Panel (a) shows
aging with photolysis and panel (b) shows dark aging.

The most interesting feature of Figure 3.6 is the effect of nitrate salts on APIN SOA aging in
the dark. Under these conditions, a large reduction in the relative abundance of dimers was
observed. This is a significant departure from the minor effect of dark reactions in the pure

water and HyO conditions (also illustrated in Figure 3.4). The reduction in dimers in both
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the photolysis and control conditions was much more significant in the presence of nitrates
than in the other conditions. One possible explanation for the observed dark chemistry is that
nucleophilic compounds, particularly oxyanions, have been shown to catalyze the hydrolysis
of esters,'® which are prevalent among dimers in APIN SOA. The final mass spectra of the
photolysis and dark reactions with nitrate were compared in hope of finding unique peaks
attributable to hydrolysis, but no systematic difference between peaks in irradiated and non-
irradiated solutions was observed. The hydrolysis reaction converts dimers to monomers,
which are also present in solution to begin with, making it hard to identify a signature of

hydrolysis chemistry.
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Figure 3.6: Mass spectra for the APIN SOA aged with 0.15 mM NaNOj;. Panel (a) shows
aging with photolysis and panel (b) shows dark aging.

In the APIN + NH4NOj3 experiment shown in Figure 3.7 is that the dimer region in the t=0
panels is already smaller than in the other experiments, even as compared to the analogous
APIN + NaNOj experiment (Figure 3.6). This implies that there was a significant reduction

in dimers already in the short time between the ammonium nitrate being added and the
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sample being analyzed by HRMS (about 10 minutes). Some of the reduction in the dimer
peak abundances may also be due to ionization suppression effects known to be caused by the
presence of salts in electrospray,'® but the apparently time-dependent further reduction in
the dimer peaks following hydrolysis and photolysis suggests that the ionization suppression
effects cannot be solely responsible for these observations.
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Figure 3.7: Mass spectra for the APIN SOA aged with 0.15 mM NH4;NOj3. Panel (a) shows
aging with photolysis and panel (b) shows dark aging.

3.4.2 Effect of Aging on HUM SOA Mass Spectra

Mass spectra of HUM SOA in nanopure water are shown in Figure 3.8. The majority of the
peaks are clustered around the C;5 region that makes up the HUM carbon backbone. The
largest peaks in the spectra are shown in Table 3.6 and have formulas C;5H9,O, where x
ranges from 4 to 8, with the most abundant compound in each spectrum being C5H5,07.
For the HUM SOA, the first-generation ozonolysis products of HUM have vapor pressures

sufficiently low to form particles, and dimers are low in abundance.!™ There are a few
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compounds in the Cyig region (clustered around a mass of 200 Da) which have been reported

60.134 and seem to be common products of the fragmentation of HUM.

in previous studies,
The abundances of Cyy peaks increase relative to those of Ci5 peaks with photolysis, but
there is no significant change in the overall Cy5/Cyy peak ratio under dark conditions in

water.
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Figure 3.8: Mass spectra for the HUM SOA aged in nanopure water. Panel (a) shows aging
with photolysis and panel (b) shows dark aging.
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Observed Molecular | Relative Abundance Compound Formula
Weight (Da) (%)
268 36 C15H2404
o) o]
284 31 C15H2405
300 63 C15H2406
316 100 Ci15H2407
332 29 C15H240s

Table 3.6: The major compounds detected in the HUM SOA before aging. The only previ-
ously identified HUM SOA compound structure is included.!3*

The effects of HyO5 and inorganics were less prominent for HUM SOA than for APIN SOA.
Figure 3.9 shows that HUM SOA experiences carbon chain shortening from photolysis with
H50s, as higher relative abundances of Cyy compounds were observed after four hours of
photolysis with HoO,. This is qualitatively similar to the results for APIN SOA. Comparing
the pure water experiment (Figure 3.8) with the HUM SOA + NaNOj experiment (Figure
3.10), the presence of NO3~ had little effect on the aging of the HUM SOA. This suggests
that esters, which are present in APIN SOA and may be hydrolyzed with nitrate, are not
as abundant in HUM SOA. There is a more dramatic decrease in the C;5/Cjo ratio in the
HUM SOA + NH4NOj; condition (Figure 3.11) but the final mass spectrum after four hours

is not too different from the mass spectra observed under other conditions.
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HUM SOA aged with NH;NO,
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Figure 3.11: Mass spectra for the HUM SOA aged with 0.15 mM NH4NOj. Panel (a) shows
aging with photolysis and panel (b) shows dark aging.

3.4.3 Effect of Aging on Elemental Ratios

O/C, H/C, and N/C values are reported in Figures 3.12 (APIN SOA) and 3.13 (HUM SOA)
as a function of reaction time. The average carbon number is also reported in these figures to
illustrate the average molecular size at each time point. These average values were calculated

from the neutral molecular formulas using Equation 3.3, where I; are the peak abundances:

) =<1

(x = #C, H/C, 0/C, H/C) (3.3)

As elemental ratios are of great interest to the AMS community, the O/C and H/C ratios
calculated from ESI-MS were compared to those measured by the AMS when making the
HUM SOA. Generally, O/C ratios calculated from ESI-MS are expected to be similar to

those calculated by the AMS and have comparable accuracy.'® In this study the O/C and
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Figure 3.12: Average values for the number of carbon atoms, O/C ratios, H/C ratios, and
N/C ratios are shown at each hour of the four-hour aging time of APIN SOA in nanopure
water, 0.01 mM H50,, 0.15 mM NaNOgs, and 0.15 mM NH4NOs3. Open circles denote the
dark control condition, and closed circles denote the photolysis condition.
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Figure 3.13: Average values for the number of carbon atoms, O/C ratios, H/C ratios, and
N/C ratios are shown at each hour of the four-hour aging time of HUM SOA in nanopure
water, 0.01 mM H50,, 0.15 mM NaNOgj, and 0.15 mM NH4NOs3. Open circles denote the
dark control condition, and closed circles denote the photolysis condition.
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H/C values were similar between the two instruments, though not exactly the same. The
O/C ratio was about 0.40 when determined by ESI-MS and 0.37 when determined by AMS.
The H/C ratios were 1.63 and 1.80 by ESI-MS and AMS, respectively. Some discrepancy
should be expected as the ESI-MS and AMS analyses were performed on different chamber

experiments.

Figures 3.12 and 3.13 show that APIN SOA and HUM SOA contain molecules of simi-
lar average carbon number (~Ci5). This is due to the comparable abundance of monomers
(Cyp) and dimers (Cqp) in the APIN SOA mass spectra and the predominance of monomers
(Cy5) in the HUM SOA mass spectra. The average carbon number decreased under all
irradiated conditions indicating that APIN SOA dimers are degraded and HUM SOA Cy;
compounds are converted to C;y compounds with photolysis. Most of the samples aged in
the dark did not exhibit a significant decrease in carbon number with reaction time. Two
exceptions are the APIN SOA control experiments containing nitrate salts and the HUM
SOA experiment containing ammonium. In these experiments, the photolysis and control
samples had similar decreases in average carbon number over the four hours, which agrees
with the shift toward lower molecular weights shown in these mass spectra in Figures 3.6,

3.7, and 3.11.

Average O/C ratios reflect the extent of SOA oxidation, which is indirectly related to the
volatility of the SOA compounds. Within the uncertainty for the calculated O/C ratios, they
do not change much with time, although subtle trends can be discerned. Previous studies
of APIN SOA reactions in pure water have shown average O/C ratios to increase slowly

171172 and the same trends are observed here

with photolysis and decrease with hydrolysis,
(Figure 3.12). In contrast, in presence of an aqueous oxidant, the average O/C ratio appears
to increase for both the photolysis and control conditions. A decrease in O/C ratios was

observed for HUM SOA photolysis and hydrolysis conditions in pure water (Figure 3.13),
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confirming the results of previous work.®® The same trend was observed in the presence of
Hy0,. However, in presence NaNO3z and NH4NOj, the average O/C ratio for the control
conditions was approximately constant over time. These subtle differences in the behavior of
aqueous SOA in the presence of aqueous oxidants versus in pure water show that SOA aging
in pure water does not fully represent the chemistry occurring in ambient cloud droplets.
Finally, the average N/C ratios were also calculated to check for the evidence of NH,T or
NO3~ driven chemistry leading to stable organonitrogen compounds. As pointed out above,
the peak abundances of NOC were small, typically below 2% of the highest peak, and not
visible in Figures 3.6, 3.7, 3.10 and 3.11.

3.5 Conclusions

Chemistry occurring in cloud and fog water is known to be an important aspect of SOA
formation and aging. These atmospheric waters contain small concentrations of oxidants
and inorganic salts, which may have various direct and indirect effects on aqueous reactions
of SOA compounds. This study analyzed the effect of atmospheric oxidants (HyO5) and
inorganic salts (NaNO3 and NH4;NO3) on the aging of aqueous SOA in the dark and under
UV irradiation conditions. The initial expectation was that the added solutes would not do
much under dark conditions but would strongly accelerate the photodegradation of dissolved
SOA. However, the presence of nitrate ions efficiently reduced dimer abundance in APIN SOA
without photolysis, possibly through catalysis of hydrolysis of dimeric esters. The unusual
effect of nitrate ions will be particularly important in urban areas where large amounts of
NO, from cars lead to significant amounts of NO3~ in the atmospheric waters (for example,
in the Los Angeles area). These results show that it is important to consider the presence
of inorganic salts in cloud or fog water when studying aqueous SOA aging, both in the dark

and under irradiated conditions.
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Chapter 4

Effects of the sample matrix on the
photobleaching and photodegradation
of toluene-derived secondary organic
aerosol compounds

Portions of this chapter were reproduced under the Creative Commons Attribution 4.0 Li-
cense from: Klodt, A.; Adamek, M.; Dibley, M.; Nizkorodov, S.; O’Brien, R., Effects of the
sample matrix on the photobleaching and photodegradation of toluene-derived secondary

organic aerosol compounds, Atmospheric Chemistry and Physics, 2022, 22, 10155-10171,

https://doi.org/10.5194/acp-22-10155-2022.
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4.1 Abstract

Secondary organic aerosol (SOA) generated from the photooxidation of aromatic compounds
in the presence of oxides of nitrogen (NO) is known to efficiently absorb ultraviolet and visi-
ble radiation. With exposure to sunlight, the photodegradation of chromophoric compounds
in the SOA causes this type of SOA to slowly photobleach. These photodegradation reac-
tions may occur in cloud droplets, which are characterized by low concentrations of solutes,
or in aerosol particles, which can have highly viscous organic phases and aqueous phases
with high concentrations of inorganic salts. To investigate the effects of the surrounding
matrix on the rates and mechanisms of photodegradation of SOA compounds, SOA was
prepared in a smog chamber by photooxidation of toluene in the presence of NO,. The
collected SOA was photolyzed for up to 24 h using near-UV radiation (300-400 nm) from a
Xenon arc lamp under different conditions: directly on the filter, dissolved in pure water,
and dissolved in 1 M ammonium sulfate. The SOA mass absorption coefficient was measured
as a function of irradiation time to determine photobleaching rates. Electrospray-ionization
high-resolution mass spectrometry coupled to liquid chromatography separation was used to
observe changes in SOA composition resulting from the irradiation. The rate of decrease in
SOA mass absorption coefficient due to photobleaching was the fastest in water, with the
presence of 1 M ammonium sulfate modestly slowing down the photobleaching. By contrast,
photobleaching directly on the filter was much slower. The high-resolution mass spectrom-
etry analysis revealed an efficient photodegradation of nitrophenol compounds on the filter
but not in the aqueous phases, with relatively little change observed in the composition of
the SOA irradiated in water or 1 M ammonium sulfate despite faster photobleaching than in
the on-filter samples. This suggests that the photodegradation of nitrophenols contributes
much more significantly to photobleaching in the organic phase than in the aqueous phase.

We conclude that the SOA absorption coefficient lifetime with respect to photobleaching and
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lifetimes of individual chromophores in SOA with respect to photodegradation will depend

strongly on the sample matrix in which SOA compounds are exposed to sunlight.

4.2 Introduction

Brown carbon (BrC) aerosol has important impacts on the Earth’s radiative forcing.!™
Because it absorbs actinic radiation in the near-UV (300 to 400 nm) and visible spectral
ranges, BrC aerosol reduces the scattering of solar radiation and cooling effect relative to
non-absorbing aerosols.?> BrC aerosol can be produced from biomass burning or various
gas-phase or multiphase reactions in the atmosphere.?’> The photooxidation of aromatic
compounds in the presence of nitrogen oxides (NO,) is a known anthropogenic source of
BrC.%870:17 For example, secondary organic aerosol (SOA) formed from toluene is brown in

appearance because it contains nitrophenols and other chromophoric species.!”176

After its formation, the composition and optical properties of BrC continue to slowly change,
driven in part by direct and indirect photolysis processes (collectively referred to as “pho-
todegradation” in this paper).1® Studies of BrC aging by exposure to actinic radiation have
largely focused on photodegradation processes occurring in cloud-water,*® although aerosol
particles are estimated to spend about 85% of their lifecycle under non-cloud conditions,
i.e. RH <100%.%7 Less work has been done on photodegradation of BrC in submicron par-
ticles, which can include pockets of concentrated aqueous solutions as well as solid organic
and inorganic phases with a limited amount of water in them. Water in deliquesced aerosol
particles differs from cloud water in several ways, especially in terms of the concentrations
of inorganic ions. While the dominant inorganic species in both deliquesced aerosol par-
ticles and cloud water are generally ammonium and sulfate,”® aqueous particles have ionic

strengths of greater than 1 M as compared to 10 to 102 M in cloud water.*’ Photochemical
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processes occurring in the water present in deliquesced aerosol particles may potentially be

altered by high concentrations of inorganic species.

Previous work has found complex effects of ionic strength on aqueous photochemistry in
solutions meant to mimic deliquesced aerosol particles. These studies have largely looked
at changes in the UV and visible absorption spectrum and photodegradation rate of single
molecules in the presence of inert salts. For instance, the absorption spectrum of pyruvic acid
experiences a bathochromic shift of the major absorption band along with the hyperchromic
effect at increased ionic strength at lower (<4) pH values.%” However, the photodegrada-
tion rate has been shown to increase when the ionic strength was increased with NaClO,4,%
but decrease when the ionic strength was adjusted with NaCl and CaCl,.57 When similar
experiments were conducted for lignin-derived compounds, increasing the ionic strength lead
to the formation of a new major absorption band at longer, more atmospherically relevant,
wavelengths.%6%9 Similar to pyruvic acid, photodegradation kinetics were observed to acceler-
ate for acetosyringone in the presence of NaClOy4,% but decelerate for vanillin in the presence
of NaNOj3 and NayS0,4.%° To the best of our knowledge, only one study has considered the
impact of varying ionic strength on the rate of photochemical reactions of complex mixtures
of organics representative of aerosol particles. Ray et al.®® irradiated solutions of rice-straw
smoldering primary organic aerosol in the presence of NaCl, NaNOgs, and Na;SO, to explore
anionic effects and ionic strength effects on photo-bleaching kinetics. They found longer
lifetimes of absorbing species in the presence of all ionic species studied. From these studies,
it seems that the specific ionic species present during photolysis may be important; however,
no photodegradation studies have been conducted in the presence of ammonium sulfate at
high ionic strengths although ammonium and sulfate are the dominant contributors to ionic

strength in deliquesced aerosol particles.®

Direct and indirect photolysis have been identified as potentially important sinks for SOA
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compounds in the condensed-phase environment found in dry organic particles,”® but there
have only been a few studies of these processes. This environment is uniquely different
from aqueous solutions in that SOA molecules are in a highly viscous organic matrix, and
different photochemical mechanisms operate compared to those acting in water. Early in-
dications that dry SOA is easily degraded by near-UV radiation — both UV-A and UV-B —
came from examining the production of volatile products of SOA irradiated directly on its
collection substrate.” ™ Subsequent studies suggested that direct photolysis is an important
sink for atmospheric SOA, but focused primarily on low-NO, terpene ozonolysis SOA and
found that peroxide and carbonyl compounds were driving the photochemistry.* 467 As a
counter-example, Kourtchev et al.!”” found limited changes in the molecular composition of
SOA by photolysis compared to heterogeneous oxidation by hydroxyl (OH) radicals for SOA
suspended in an environmental simulation chamber, but it should be recognized that separat-
ing gas-phase and condensed-phase photochemistry in chamber experiments is challenging.
Romonosky et al.”™ measured the absorption coefficients of a number of SOA types and
estimated their photodegradation lifetimes, concluding that strongly light-absorbing SOA
were predicted to have the shortest lifetimes. Subsequent experiments found that a stronger
absorption coefficient does not necessarily translate to faster photodegradation, with SOA
from aromatic precursors being more photostable than SOA from terpenes, even though
the latter barely absorb near-UV radiation.”™ 7" While these studies all gave insight into the
mechanism of SOA photodegradation during UV-irradiation, none of them directly measured

photobleaching rates in the organic phase.

This study was prompted by a hypothesis that the mechanism of SOA photodegradation in
particles dominated by organic material (e.g., dry SOA with low inorganic content) should
be different from that dominated by liquid water (e.g., cloud droplets containing dissolved
SOA). This hypothesis was tested by UV-irradiation of toluene high-NO, SOA directly on

filters and in aqueous solution and then contrasting the reaction products and absorption
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spectra. Our second goal was to explore the importance of inorganic salts in photobleaching
and photodegradation of aqueous SOA, and this was done by UV-irradiation of high-NO,
toluene SOA in a concentrated ammonium sulfate solution and pure water. We present
high-resolution mass spectrometry, offline-AMS, and FTIR results to provide an analysis of
changes in chemical composition during photodegradation in different conditions, as well as
UV-Visible spectroscopy results to monitor decay of the overall absorbance by SOA. We find
that the compositional changes differ significantly between the organic particle and aque-
ous photodegradation. The presence of 1 M aqueous ammonium sulfate does not appear to
significantly impact the changes in SOA composition, but the photobleaching kinetics are

modestly slowed as compared to the experiment in pure water.

4.3 Methods

Experiments were performed at the University of California Irvine (UCI) and at the Col-
lege of William and Mary (WM). A summary of the types of experiments performed and
the datasets collected is provided in Table 4.1. Briefly, all SOA filter samples were pre-
pared in the UCI smog chamber. Some filter samples were mailed to WM on dry ice for
on-filter photodegradation experiments and FTIR analysis. All aqueous phase photodegra-
dation experiments, photobleaching kinetics measurements, and aerosol mass spectrometry

experiments were carried out at UCI.
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Table 4.1: Summary of the experiments carried out as part of this study at the College of
William and Mary (WM) and the University of California Irvine (UCI).

’ Experiment Description \ Data sets collected \ Location ‘
SOA preparation (x14) Online-AMS UCI
Trial experiments on aging of UV-Vis, LC-ESI-MS UCI

SOA in the aqueous phase (x5)
Trial experiments on aging of | UV-Vis, Direct infusion ESI-MS, WM
SOA on filters (x2) FTIR
Aging of SOA in water and in UV-Vis, LC-ESI-MS UCI
1 M ammonium sulfate (x3)
Aging of SOA on-filter and/or | UV-Vis, LC-ESI-MS, offline-AMS UCI
in water (x4)

4.3.1 Secondary Organic Aerosol Generation

SOA was prepared in a ~5 m?® Teflon chamber. The chamber was first humidified to 40% RH.
Then HyO4 was injected through a heated inlet to achieve a mixing ratio of 2 ppm, followed by
an injection of 1.5 ppm of toluene and 0.7 ppm of NO. UV-B lamps within the chamber with
an emission spectrum centered at 310 nm were used to initiate photooxidation, with typical

3 similar to our previous

OH steady-state concentrations of about 6 x 10° molecule cm
work.!™ OH steady-state concentrations in the chamber were determined from the rate of
toluene depletion using a Proton Transfer Time of Flight Mass Spectrometer (PTR-ToF-MS;
Tonicon model 8000, Innsbruck, Austria) as described below (section 4.3.1.1). For the PTR-
ToF-MS analysis, the drift tube operated at 60.0 °C (Tgig ), 2.30 mbar (Pgg), and 600 V
(Uarit). Mass calibration for the PTR-ToF-MS was performed using three ions commonly
observed in room air: m/z 21.0226 (H3'®OT), 29.9980 (NO™), and 59.0497 (C3HsO™"). No
seed particles were used in the chamber experiments. A Scanning Mobility Particle Sizer (TSI
Model 3936), NO, monitor (Thermo Scientific Model 42i-Y), and ozone monitor (Thermo
Scientific Model 49i) were used during all experiments to track particle size distribution
and NO, NOy, and ozone mixing ratios. An Aerosol Mass Spectrometer (AMS) was also

used in some experiments to observe composition during aerosol generation and collection.

Particles were collected onto polytetrafluoroethylene (PTFE) filters (Millipore 0.2 pM pore
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size), then the filters were sealed and frozen at -20 °C until the aging experiments were
performed. Data related to the chamber experiments, including SMPS, NOy, and online-
AMS datasets are available online at the Index of Chamber Atmospheric Research in the
United States (ICARUS).!™ Table 4.2 provides a summary of the finalized set of samples
used in this work (it does not include additional samples prepared for preliminary tests to

optimize the experimental conditions).

Table 4.2: Summary of samples prepared and the experiments they were used for at William
and Mary (WM) and University of California Irvine (UCI).

Filter Number Max SOA Total SOA Data sets collected®
(Location of | concentration in the | collected
experiments) | chamber (ng m) (mg)
1 (WM) 308 0.9 Online-AMS, FTIR
2 (WM) 328 1.1 Online-AMS, FTIR
3 (UCI) 225 1.0 H,0 & Filter Offline-AMS, ESI(+,-)
4 (UCI) 159 0.6 AS & H,O kinetics,” ESI(+,-)
5 (UCI) 178 0.8 AS H,O kinetics”
6 (UCI) 208 0.8 AS H,0 kinetics®
7 (UCI) 126 0.8 Filter kinetics”
8 (UCI) 196 0.6 Filter kinetics”
9 (UCI) 156 0.7 Filter kinetics®

22 filters for FTIR experiments, 1 filter for splitting between aqueous and filter aging, 3
filters for splitting between aqueous and ammonium sulfate aging kinetics, and 3 filters
for only filter aging kinetics.

PAS & H,O Kkinetics refers to kinetic experiments in 1 M ammonium sulfate and pure
water solutions, while filter kinetics refers to kinetic experiments on the filter.
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4.3.1.1 Chamber OH Steady-State Estimation

The OH steady-state concentration in the chamber was estimated from the rate of depletion
of the VOC reactant, in this case, toluene. The rate of change of toluene concentration is
given by Equation 4.1.

d[VOC]

= = —kou [0H] g5 [VOC] + kuan (4.1)

d[VOC]

Where [VOC] is the concentration of toluene. ==

is the change in toluene concentration
with time, kog = 5.63 x 10'? cm?® molecule™ s112 is the bimolecular rate constant for the
reaction of toluene with the OH radical, [OH] 4 is the steady-state OH radical concentration,
and kyqy is the loss rate due to uptake into the change wall and leaks, which is a minor
process under our conditions. The gas-phase concentration of toluene, monitored by the 3C
isotope ["*CCgHg + H|', was measured here using a Proton Transfer Time of Flight Mass
Spectrometer (PTR-ToF-MS; Ionicon model 8000, Innsbruck, Austria), shown in Figure
4.1(a). Integrating Equation 4.1 and incorporating these values, we determined the OH

steady-state concentration from Figure 4.1(b) to be about 6 x 10° molecules cm™.
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Figure 4.1: PTR-ToF-MS data using the ['*CCgHg + H]T trace to estimate the OH steady-
state concentrations in the chamber during SOA formation. The unsteady signal at early
times arises from incomplete mixing in the chamber during the toluene injection. Panel (a)

shows the data series normalized to the count value at 3000 s where we began the linear fit
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counts shown in panel (a) as a function of time since 3000 s as a rearrangement of Equation
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4.3.2 Photolysis Experiments

SOA samples were exposed to near-UV radiation from a Xenon arc lamp (Newport Model
66902). The broadband light was reflected at a 90°angle with a dichroic mirror and then
passed through a 295 nm long-pass filter (Schott WG295) and a UV bandpass filter (Schott
BG1) to remove UVC and visible wavelengths, leaving the majority of the radiation between
280 and 400 nm. A comparison of our lamp spectrum and ambient sunlight is shown in Figure
4.2 and Table 4.3. The comparison shows that, in terms of the 280-400 nm radiation dose,
1 h in our photolysis setup is equivalent to approximately 1.7 h under the 24-hour average
Los Angeles solar flux (average taken for June 20th) as calculated using the Quick TUV
calculator.'#? Photolysis was carried out for 5 h through the side of a 0.5 cm quartz cuvette
containing SOA solution exposed to open air for the aqueous samples or with a filter quarter
placed such that the filter surface was uncovered and open to laboratory air in the same

position as the cuvettes used in the aqueous experiments. Three photolysis experiments
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were performed for each experimental condition, as well as one additional experiment for
photolysis in pure water and photolysis on-filter to be used for offline-AMS and UPLC-
PDA-HRMS, as described in Table 4.2. Further experimental details on the two setups are

provided in the following sections.

4.3.2.1 Scaling Photodegradation Rates to Atmospheric Conditions

The effective rate of photodegradation of SOA is given by Equation 4.2.

J= / FO)$(Vo(\d (4.2)

Where F(A) is the spectral photon flux density, ¢()) is the quantum yield for dissocia-
tion, and o(\) is the effective Naperian (i.e., base e) absorption cross-section of the SOA.
To calculate the predicted relative photodegradation rate in the atmosphere, we assumed
the dissociation quantum yield was constant over the UV region (280 to 400 nm) and that
the absorption cross-section of the SOA could be expressed as the measured mass absorp-
tion coefficient (MAC) scaled by a wavelength-independent constant. The relative rate of

photodegradation in the atmosphere then simplifies to Equation 4.3.

Jatmosphere _ f Fatmosphere()\)MAC()\)dA
Jtamp [ Framp(\) M AC(\)dA

(4.3)

The spectral photon flux density (F(A)) and its product with MAC (F(X) x MAC(N))
for our photolysis set-up, the 24 h average values for LA (taken on June 20*"), and the
maximal achievable flux at the SZA = 0 are shown in Figure 4.2 and the ratios of theoretical
atmospheric photodegradation rate to photodegradation rate in our set-up are shown in Table
4.3 The parameters used for the “Quick TUV” calculator,'*? which was used to estimate the

spectral flux densities, were:

7



e Latitude/Longitude: 34°N 118°W or SZA = 0

e Date and Time: June 20, 2021

e Overhead Ozone: 300 du

e Surface Albedo: 0.1

e Ground Altitude: 0 km

e Measured Altitude: 0 km

e Clouds Optical Depth/Base/Top: 0.00/4.00/5.00

e Aerosols Optical Depth/S-S Albedo/Alpha: 0.235/0.990/1.000
e Sunlight Direct Beam/Diffuse Down/Diffuse Up: 1.0/1.0/0.0

e 4 streams transfer model
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Figure 4.2: Spectral photon flux density (F(\)) and its product with the mass absorption
coefficient (F'(\) x M AC(X)) for UCI photolysis lamp (black solid), WM photolysis lamp
(black dashed), solar zenith angle zero (red), and the Los Angeles 24-h average (blue).

Table 4.3: The integrated photon flux densities and the number of hours equivalent to one
hour under the UCI and WM photolysis set-ups for the 24-h average solar flux in Los Angeles,
California in summer and the maximal achievable flux at the SZA = 0. The calculation was
performed by integrating F'(A) x MAC()) from Figure 4.2 from 280 to 400 nm, the UV
wavelength range that likely drives photochemistry for our samples. The values on the last
two columns represent the ratios of the UV lamp’s integrated flux to the solar integrated
flux.

Lamp | Integrated F'(\) x MAC(X) | Integrated F'(A) x M AC(X) | Equivalent hours
location from the UV lamp for the 24h-average at 24-h
(photons gt s1) in Los Angeles average sunlight
(photons gt s71) in Los Angeles
UCI 7.94 x 1017 4.62 x 10" 1.7
WM 2.35 x 101 4.62 x 10 0.5
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4.3.2.2 Aqueous Photolysis Experiments

Aqueous UV-irradiation of the samples was carried out at UCI. After several preliminary
experiments to determine the best combination of experimental parameters, including ex-
traction methods and aging conditions, three filters of SOA (numbered 4, 5, and 6 in Table
4.2) were collected. Each filter was cut in half so that half of the filter could be extracted
with acetonitrile and then photolyzed in water and the other half extracted with acetonitrile
and then photolyzed in 1 M ammonium sulfate. Each filter was weighed whole, and then
each half of the filter was weighed for a more accurate estimation of the mass of aerosol used
in each experiment. The SOA material was extracted from the filter half by shaking it gently
for 10 min in 5 mL of acetonitrile. The acetonitrile was then removed by rotary evapora-
tion at room temperature (to avoid losing more volatile SOA compounds), and 2.1 to 3 mL
of Milli-Q water (18.2 MQ-cm, generated using a Thermo Scientific Barnstead NANOpure
system) or 1 M ammonium sulfate solution was added to the SOA residue for the photolysis
experiments. The SOA dissolved readily in the solution, so no further shaking was necessary.
The SOA mass concentration in the solutions was close to 250 mg L' in all trials (the actual
mass concentrations for individual trails are shown in Table 4.4), and the unadjusted pH of
the solutions was about 4.5 in both the ammonium sulfate and pure water conditions. These
values are comparable to atmospheric cloud water, which generally contains about 100 mg
L! of dissolved organics and has pH values of between 3 and 6, but the concentrations of or-
ganics used here are likely lower than found in particulate matter.*%18%181 The solutions were
split into three 0.7 to 1 mL (depending on the mass of SOA on the filter) aliquots to serve

“unaged” was

as the unaged, dark aged, and photolyzed samples. The aliquot designated as
prepared immediately for mass spectrometry analysis as described in the next paragraph.
As high concentrations of inorganic ions should not be used with electrospray mass spec-

trometry, it was necessary to remove the ammonium sulfate from the SOA solutions before

performing mass spectrometry analysis. Salt removal for mass spectrometry analysis is com-
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monly accomplished using solid phase extraction (SPE).'®2 However, SPE for inorganic salt
extraction has been shown to reduce the recovery of more highly oxygenated and polar com-
pounds as compared to organic solvent extracts, and these compounds are important for our
analysis of SOA composition.!8? Therefore, we chose to extract with organic solvent rather
than use SPE. To this end, the majority of the water was removed by rotary evaporation at
room temperature. Water removal was stopped when the ammonium sulfate began to pre-
cipitate out of the solution, but care was taken to not evaporate to dryness, as evaporation
of water in the presence of ammonium sulfate has been shown to cause condensation-type
reactions that change the SOA composition.!®* The SOA was extracted from the vial con-
taining ammonium sulfate by adding 5 mL of acetonitrile in two 2.5 mL rinses (the addition
of acetonitrile caused most of the remaining ammonium sulfate to precipitate and all liquid
was removed from the vial). This acetonitrile was also removed by rotary evaporation at
room temperature, and a 1:1 mixture of water:acetonitrile was added to the SOA such that
the SOA concentration was about 350 mg L, assuming complete extraction, for mass spec-
trometry analysis. The same procedure was used for the solutions which did not contain

ammonium sulfate for the sake of consistency.

Table 4.4: Summary of aqueous SOA samples and their mass concentrations for aqueous-
phase photolysis experiments. Mass concentrations from the same filter vary slightly between
experiments aged in water versus aged in ammonium sulfate because the exact mass of the
filter half was divided by the total mass of the filter and then multiplied by the mass of
SOA collected in an attempt to account for differences in sizes of the filter sections. The
mass concentrations are still somewhat approximate because the SOA may not have been
completely evenly distributed on the filter after collection.

Photolysis experiment | Filter number | Mass concentration for photolysis (mg L)
Water 1 4 233
Water 2 5 220
Water 3 6 238

Ammonium Sulfate 1 4 224

Ammonium Sulfate 2 5 249

Ammonium Sulfate 3 6 253
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4.3.2.3 On-Filter Photolysis Experiments

Preliminary on-filter photolysis experiments, from Filters 1 and 2 in Table 4.2, were per-
formed at WM. Samples were irradiated in a photolysis box that has been described pre-
viously.'® Briefly, the filter was sliced into four segments and three of the segments were
placed in the box mounted vertically in front of a Xenon arc lamp (Newport model 66902).
The photolysis box was air-tight, had a Teflon film (0.001 in inch) taped across a hole cut
into the front panel to allow the UV radiation pass through, and had ~1-2 L min™ of zero air
(Environics 7000) at 50-60% RH continuously flowing through it. The spectral flux density
on the irradiated filters is shown in Figure 4.2. A second dark box was placed after the pho-
tolysis box with the same airflow. The control filter segment was placed there immediately,
the second filter segment was moved there after 6 h of photolysis, the third filter segment
was moved there after 18 h, and the irradiation ended after 24 h. This ensured that all the
filter segments were exposed to the same airflow for the same amount of time, resulting in
comparable SOA material loss to vaporization. The observed differences should therefore
be dominantly due to photolysis, although we cannot fully rule out additional volatilization
due to absorption of light by the chromophores in the SOA material.

These experiments were then replicated at UCI to allow better intercomparison with the
aqueous results using the same photolysis set-up, especially since the WM and UCI photol-
ysis set-ups had different spectra and intensities. Both photobleaching kinetics and UPLC-
PDA-HRMS experiments for the on-filter samples were performed at UCI. Filters 7, 8, and
9 were cut into quarters, and each quarter was weighed to get a better estimate of the mass
of toluene SOA used for each data point. For aging, one filter quarter was placed in front of
the photolysis set up such that the filter surface was uncovered and open to laboratory air.
While not being photolyzed, the other filter quarters were re-sealed and kept frozen. After
photolysis, the filter quarter was extracted with acetonitrile to take a UV-Vis spectrum with

the instrument described above. Since UV-Vis sample preparation was destructive, each

82



time point required an entire filter quarter and so only four time points could be taken per
filter. Based on the observed photobleaching rate, 0, 1, 3, and 5 h were chosen as time

points.

4.3.3 Sample and Data Analyses

4.3.3.1 UV-Vis Analyses

A UV-Vis spectrometer (Shimadzu UV-2450) was used to observe the change in optical
properties during photolysis in water or 1 M ammonium sulfate solution. The spectrometer
was a double-beam instrument, and the sample solvent was used in the reference cell for
each experiment (water for samples collected in water, 1 M ammonium sulfate for samples
collected in 1 M ammonium sulfate, etc.). The UV-Vis spectra for the aqueous samples
were collected in the 0.5 cm quartz cuvettes used for aging. Data collection involved moving
the whole cuvette from in front of the irradiation set up into the UV-Vis spectrometer,
taking the spectrum, and then returning the sample to the irradiation set up. Therefore,
each UV-Vis spectrum was taken only once per sample at each time point. To keep the
organic concentration similar for the on-filter and aqueous photolysis samples, the same
0.5 cm cuvettes were also used after extraction for the samples photolyzed on the filter,
although the UV-Vis spectra were taken in acetonitrile (rather than water) after it was
confirmed that the spectra did not look different between the two solvents (see section
4.3.3.2 on Extraction Efficiency). In the samples where a baseline shift was observed at
long wavelengths, corrections were applied by averaging the absorbance from 680 to 700
nm and subtracting the average from all wavelengths (there are no strong absorbers in the
SOA at these wavelengths). These corrections were never greater than 0.011 absorbance
units. At the sample concentrations used here, the UV-Vis absorbance was less than 1 at all

wavelengths longer than 250 nm and within the linear range of the instrument.
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The UV-Vis data were used to calculate the mass absorption coefficient (MAC):

MAC(\) = AlO(bAi XOZ”(H)) (4.4)

where Ajo()) is base-10 absorbance, b is the path length, and C,,, is the mass concentration
of the SOA sample in solution (g cm™). Additionally, SOA recovery for each step of the
procedure was roughly determined by UV-Vis spectroscopy as the experiment went on, and

the results of these checks are provided in the next section.

4.3.3.2 Extraction Efficiency Determination

After the initial extraction of the filter with 5 mL of acetonitrile, the filter was re-extracted
in 3 mL of methanol and a UV-Vis spectrum was taken (Figure 4.3(a)). Assuming that the
integrated absorbance between 250 nm and 550 nm can be used as a metric for the amount
of extracted SOA, >90% of the SOA was extracted from the filters. SOA recovery from
the aqueous solution (Figure 4.3(b)) and the ammonium sulfate solution (Figure 4.3(c)) was
also tested. After the SOA was extracted from the evaporated solution of SOA in water or
ammonium sulfate, 1 mL of water was added back to the empty vial or the residual salt,
replacing the 1 mL of water that had been removed by rotary evaporation, and a UV-Vis
spectrum was taken. A comparison of the post-extraction spectrum with the initial spectrum
shows that the extraction procedure generally recovered about 50-70% of the SOA from the
ammonium sulfate solution and greater than 90% from the solutions without ammonium
sulfate. The reason for the retention of some 30-50% SOA by the wet ammonium sulfate

residue is unclear and will be investigated in the future.
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Figure 4.3: A test of the extraction efficiency of the toluene SOA (a) from the Teflon filters,
(b) from the pure water solutions, and (c) from the 1 M ammonium sulfate solutions.

4.3.3.3 UPLC-HRMS Analysis

Changes in the molecular composition of the UV-irradiated SOA were analyzed by high-
resolution mass spectrometry (HRMS) similar to as described previously.!®® Briefly, the
instrument was a Thermo Q-Exactive Plus mass spectrometer (Thermo Scientific) with a
resolving power of 1.4x10° at m/z 400 equipped with a heated electrospray ionization inlet.
The instrument was operated in both positive (spray voltage +3.5 kV) and negative ion
modes (spray voltage -2.5 kV). Ultrahigh performance liquid chromatography (UPLC) and
photodiode array (PDA) detection (scanning 190 to 680 nm) were performed to analyze the
relative contributions of individual compounds to the total SOA absorption. The column
was Phenomenex Luna Omega Polar C18, 150 x 2.1 mm, with 1.6 pm particles and 100 A
pores. The UPLC solvent gradient was 95% solvent A (water acidified to pH 3 with 0.1%
formic acid) and 5% solvent B (acetonitrile acidified with 0.1% formic acid) for minutes 0
to 3, followed by a linear ramp to 95% solvent B and 5% solvent A from 3 to 14 minutes,

a hold at 95% solvent B from 14 to 16 minutes, and a linear ramp back to 95% solvent
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A and 5% solvent B for 16 to 22 minutes in preparation for the next run. Separating the
samples via liquid chromatography provided the benefit of reducing matrix effects and pre-
venting ionization suppression from any inorganic ions not removed during the extraction
process. The separation additionally allowed us to assign formulas to specific peaks in the
PDA chromatogram and therefore better quantify formulas that decreased or remained sta-
ble in abundance during photolysis, improving characterization.

Analysis of the PDA-HRMS data was performed using FreeStyle 1.6 from Thermo Scientific,
and the peaks with the greatest absorbance when the PDA chromatogram was integrated
from 300 and 700 nm were correlated to the peaks in the total ion chromatogram (TIC)
based on the instrument’s PDA-MS time delay of 0.06 min. Molecular formulas for these
chromophores were determined using FreeStyle. Additionally, FreeStyle was used to inte-
grate over the full total ion chromatogram and generate a raw time-integrated (1 to 18 min)
mass spectrum. Decon2LS (https://omics.pnl.gov/software/decontools-decon2ls)
was used to extract peak positions and relative intensities from the time-integrated mass
spectrum, and peaks representing *C compounds were removed. Peaks from the blank,
unaged, and two aging conditions were aligned with a tolerance of 0.0005 m/z. A blank
sample was prepared by repeating the SOA extraction and mass spectrometry preparation
process with a clean filter. Peaks that were present in the blank at the same or greater in-
tensity as the samples were also removed. Finally, the mass spectra were assigned assuming
an accuracy of 0.0005 m/z with a formula of [C.H,OxNg.3S¢.; + Na]™ and [C.H,O,Ng.3S01
+ H]* for positive ion mode and [C.H;,OxNy3S¢.1 - H|" for negative ion mode (although
no sulfur-containing compounds were identified with greater than 0.01% abundance of the
maximum peak height). Assigned peaks were used to verify the internal calibration of the
m/z axis in both ion modes and adjust the calibration if needed. The internal calibration
improved the m/z accuracy and usually led to a few additional assignments for peaks that
could not be assigned within 0.0005 m/z in the uncalibrated mass spectra. Finally, neutral

formulas were determined from the assignments, and the data from the positive and negative
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ion modes were clustered together. The mass spectra presented below show the combined
peak abundance in the positive and negative ion mode data referenced to formulas of the

unionized SOA compounds.

4.3.3.4 FTIR Analysis

A Shimadzu IR Tracer-100 MIRacle 10 with a diamond crystal ATR probe was used to
collect ATR-FTIR spectra from 600-4000 cm™. A total of 45 scans were averaged per sample,
and for each sample, an air background was collected before the filter was adhered to the
crystal. After irradiating the filter segments for 0 (control), 6, 18, and 24 h, small slivers of
the filters were cut off and pressed onto an ATR-FTIR crystal (diamond) using the swivel
press. The filters were then detached, an unpressed area of the filter was moved overtop
the crystal, and the filter was pressed onto the crystal again. After the second press, the
filters were removed from the crystal, leaving behind a thin film of sample material. The
spectra of the adhered SOA without the Teflon filter were collected. The spectra were
converted to absorbance and the baseline for each spectrum was corrected using a Baseline
Spline Fit (http://wavemetrics.com/project/BaselineSpline) using an Akima spline.
The baseline corrected spectra were normalized to the total absorbance and smoothed with

a three-point rolling average to improve inter-comparison.

4.3.3.5 Offline-AMS Analysis

A High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS or AMS; Aero-
dyne, Billerica, MA, USA) operated in V-mode and a custom ultrasonic small volume nebu-

" were used to analyze the composition during and after photoly-

lizer, described elsewhere,!®
sis. For AMS analysis, particles were vaporized at 600 °C and ionized using electron impact

ionization at 70 eV. For the ultrasonic small volume nebulizer, sample preparation involved
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combining ~3 uL of sample solutions with ~2 pL of internal standard solution, consisting
of a mixture of 0.25 g L' isotopically labeled NH4*NOj3 and 0.25 g L't NHI. The 5 nL of
prepared sample was then loaded onto a clean Kapton film in the nebulizer. The sample was
nebulized, and the aerosol particles were carried with a flow of clean air into the inlet of the
AMS. The AMS data were analyzed with Igor Pro (version 7.0.8.1, WaveMetrics Inc.) using
the ToF-AMS Analysis Toolkit 1.63H and ToF-AMS HR Analysis 1.23H software packages.
The signals for the NO* and NO,™ ions were quantified for each injection and intercompared
between different samples after calculating the ratios with the signals for the corresponding

isotopically labeled ions from the ammonium nitrate internal standard (*NO* and *NO,™).

4.4 Results and Discussion

4.4.1 Optical Properties

Figure 4.4 shows how the wavelength-dependent MAC of toluene SOA changes with photol-
ysis and under dark conditions. The decrease in absorption between 300 and 700 nm over
the five hours of photolysis was used to calculate the photobleaching lifetime of the chro-
mophoric compounds in the SOA. Previous work on toluene SOA suggests the absorption
band at 350 nm, the most prominent peak in the spectrum, is mostly attributable to the

to 7* transition of nitrophenols, such as methylnitrocatechol.!™

The time-dependent change in absorbance integrated from 300 to 700 nm for all photolysis
conditions is shown in Figure 4.5. In the case of the aqueous samples, a correction was applied
for absorbance changes occurring in the dark by subtracting the change in integrated MAC as
compared to time zero for the dark condition from the integrated MAC of the corresponding
photolysis condition. This was particularly necessary for the 1 M ammonium sulfate trials

because a small peak slowly forms at 300 nm under these conditions in the dark (see Figure
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Figure 4.4: The wavelength-dependent mass absorption coefficient plots for each experimen-
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(b), photolysis in 1 M ammonium sulfate is in panel (c), dark aging in 1 M ammonium
sulfate is in panel (d), and photolysis on the filter is in panel (e). Note that there are only
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extraction of the filter and therefore is destructive.
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4.4) as a result of ammonia-carbonyl reactions.?® The integrated MAC values for the dark
controls and a fit to the MAC changes are shown in Figure 4.6. The absorbances over time
were then normalized to the initial absorbance (t=0) and were fit to the biexponential decay

shown in equation (2),

y(t) = Aje Rt 4 AjeRet (4.5)

where y(t) is the normalized absorbance as a function of time, k; and ks are first-order
rate constants for a faster and a slower process, and A; and A, are relative normalized
absorbance contributions of compounds decaying through the faster and slower processes,
respectively. We stress that this is a purely empirical fit, as in reality there are a large

number of light-absorbing compounds in SOA, each with its own complex time dependence.
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Figure 4.5: Normalized absorbance decay of the wavelengths integrated from 300 to 700
nm with photolysis. Photolysis experiments in 1 M ammonium sulfate are shown in black
circles, in pure water are shown in blue squares, and on the filter are shown in red triangles.
Values on the y-axis were corrected for changes in the dark and then normalized to the mass
absorption coefficient at zero minutes. Shaded areas represent one standard deviation of the
fit of the three combined trials.
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Figure 4.6: Changes in the normalized absorbance of wavelengths integrated from 300 to
700 nm in the dark for aqueous samples. Individual trials aged in water are shown with blue
crosses and individual trials aged in 1 M ammonium sulfate are shown with black squares.
Fits are shown in blue for water and black for 1 M ammonium sulfate. The slight increase
in absorbance in the ammonium sulfate solutions is due to reactions of ammonia with SOA

carbonyl compounds producing light-absorbing products.
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Based on this analysis, we observed a considerably slower decay in MAC on-filter as com-
pared to in the aqueous phase. However, for the filter samples, we could only collect 4 data
points, which may introduce a bias in our analysis. In particular, the on-filter data did not
include the 0.5 h time point, which characterizes the fast-reacting chromophore pool in the
aqueous samples. As a result, A; was constrained to zero for the filter samples to avoid
over-fitting, and this fit is shown in Figure 4.5. The fit for the on-filter data can be improved
slightly by including a parameter representing a photorecalcitrant fraction (R?*=0.99 com-
pared to R?=0.97), shown in Figure 4.7. Previous studies have found significant fractions
of photorecalcitrant material when SOA photolysis was performed in the organic particle

A[TT185,188,189 and based on these previous studies

phase, including for toluene high-NO, SO
we expect a photorecalcitrant fraction for the SOA studied here. When the photorecalcitrant
fraction was not constrained to zero, the fit obtained estimates a large photorecalcitrant ab-
sorbance fraction (49 + 5%). This fraction of photorecalcitrant absorbance is similar to
the Baboomian et al.”” estimate of 50% photorecalcitrant mass fraction after photolysis of
toluene-derived high-NO, SOA deposited on a gold surface. Future longer-term photolysis
experiments on filters are needed to quantify what fraction of the absorbance is fully pho-

torecalcitrant in the atmosphere versus much slower than the rates observed for the aqueous

samples.
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Figure 4.7: Normalized absorbance decay of wavelengths integrated from 300 to 700 nm with
photolysis on the filter fit to a single exponential decay without constraining absorbance at
time infinity to zero, i.e. allowing a photorecalcitrant fraction.

Calculated fitting parameters from Figure 4.5 are summarized in Table 4.5. Absorbance
lifetimes calculated from these values and scaled to the 24-h average solar actinic flux in Los
Angeles, California are shown in Table 4.6. The shortest photobleaching lifetimes are seen

for photolysis in water, while the lifetimes are about twice as long in 1 M ammonium sulfate.

Table 4.5: Kinetic parameters for exponential and biexponential fits to absorbance data.
Error represents the standard deviation of fitting parameters over the three combined trials.

Aging condition

A; £+ 1 std dev

ky &= 1 std dev

Ay £ 1 std dev

ko &= 1 std dev

(h) (b))
H,0O 0.79 £ 0.02 0.135 £ 0.007 0.21 £ 0.02 3.7+ 1.0
AS 0.85 = 0.04 0.08 £ 0.01 0.18 £ 0.04 3.1 £ 1.7
Filter NA NA 0.98 £ 0.01 0.102 £ 0.006

Table 4.6: Absorbance lifetimes for photobleaching processes described by Equation 4.5
scaled to the 24-h average solar actinic flux in Los Angeles. Errors represent the standard
deviations over the three combined trials.

Aging condition | 1y £ 1 std dev (h) | 1o £ 1 std dev (h)
H,O 0.5 £ 0.12 12.6 £ 0.7
AS 0.5 £ 0.30 21 £ 2.7
Filter NA 1.7+ 1.0
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4.4.2 Chemical Composition Changes with Photolysis

4.4.2.1 PDA Data
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Figure 4.8: UPLC-PDA chromatograms for (a) unaged toluene SOA sample (black trace),
photolyzed 5 h in water (blue trace), and photolyzed 5 h on the filter (green trace) from
Filter 3 and (b) unaged toluene SOA (black trace), photolyzed 5 h in water (blue trace), and
photolyzed 5 h in 1 M ammonium sulfate (red trace) from Filter 4. The black (unaged) and
blue (photolyzed in water) traces are shown twice to illustrate the extent of reproducibility
of this analysis. PDA counts were integrated over 300 to 680 nm wavelength range to match
with the UV-Vis data analysis. A blank PDA spectrum (see Figure 4.9), also integrated from
300 to 680 nm, was subtracted from each PDA spectrum shown here. The peaks for which
molecular formulas could be assigned are marked on the graph and their assigned formulas
are indicated, while asterisks denote unnamed formulas. In the case of 1 M ammonium
sulfate, PDA counts were adjusted for the estimated 50% extraction efficiency. Additionally,
the baselines are each offset by 10® PDA counts on the y-axis of panel (a) and 2 x 10° PDA
counts on the y-axis of panel (b) for ease of comparison.
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In an effort to tie the photobleaching behavior observed in the UV-Vis data to changes in
composition, UPLC-PDA-HRMS analysis was performed on the samples before and after
aging. PDA data for the photolysis conditions are shown in Figure 4.8 — unaged, photolyzed
in water, and photolyzed on-filter from Filter 3 (Figure 4.8(a)) and unaged, photolyzed in
water, and photolyzed in 1 M ammonium sulfate from Filter 4 (Figure 4.8(b)). The PDA
counts were integrated from 300 to 680 nm to correspond to the analysis of the UV-Vis data.
Under all conditions, a large fraction of the eluting compounds was unresolved, forming a
broad peak stretching from 5 to 12 min. Superimposed on top of the unresolved peak were
several well-resolved peaks. Additionally, some loss of resolution is seen between the two
panels in Figure 4.8. We attribute this to the deterioration of the HPLC column as the
data in Figure 4.8(b) were taken nearly a year before the data in Figure 4.8(a). To keep our
conclusions robust, we compared the changes between the unaged and photolyzed in water
samples, which are included in both experiments, and have excluded peaks that were not
reproducible between the two trials from our discussion. In the unaged chromatogram, the
most abundant species corresponding to major PDA peaks are all nitrophenol-type com-
pounds. Those to which we were able to assign a chemical name based on previous work!7®
include: C;H;NOj (two structural isomers of nitrocresol 10.06 and 10.36 min), C;H;NO4
(three structural isomers of methylnitrocatechol - 8.04, 9.14, and 9.69 min), C¢H5NOj3 (ni-
trophenol - 9.35 min), and CgH;NO, (nitrocatechol — 8.37). The peaks for which the name is
not known are marked with an asterisk in Figure 4.8. The major peaks marked in Figure 4.8
are also the most abundant compounds in the integrated mass spectrum shown in Figures

4.10 and 4.11.

In Figure 4.8(a), a significant difference can be seen in the PDA data after photolysis on the
filter compared to photolysis in water. These differences are further quantified in Tables 4.7
and 4.8. After 5 h of photolysis in water (blue trace) there is only about a 40% change in the

resolved features in both trials shown in Figure 4.8, but after 5 h of photolysis on the filter
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(green trace) the resolved features are greatly reduced — by about 90%. By contrast, the area
of the unresolved absorbance in the filter photolysis decreased by about 20% compared to
the unaged sample (black trace) while the unresolved absorbance in the aqueous photolysis
trace decreased by 35%. The control conditions (Figure 4.9) show little change in resolved

or unresolved peak areas with dark aging, generally within 10% of the unaged condition.
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Figure 4.9: HPLC-PDA chromatograms for all dark conditions studied. PDA counts were
integrated over 300 to 680 nm wavelength range. The blank PDA chromatogram shown as
the last trace was subtracted from the rest of the traces. For display purposes, the traces
are offset by adding 10® unit spacing between them.
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Table 4.7: Formulas associated with the well-defined peaks in the integrated (300 to 680 nm)
unaged PDA data and the percent change from unaged after aging for individual peaks, the
total resolved peak area, and the area of the unresolved baseline. The area of the unresolved
baseline feature was calculated by integrating the sample PDA from 300 to 680 nm and
summing from 5 to 12 min and then subtracting the area of the blank integrated from 300
to 680 nm summed from 5 to 12 min and the area of the resolved peaks.

PDA Neutral Dark Photolyzed Dark Photolyzed
Retention | Formula aged in in water aged on on filter
Time water (% change) filter (% change)
(min) (% change) (% change)
7.78 C;H7NO;3 -18 -93 -13 -60
8.02 C;H7;NO,4 -1 -32 -11 -95
8.37 CeH5NO, -19 -36 -5 -92
8.63 C;H;NO;3 -47 43 4 -88
9.14 C7H;NO4 -1 -70 -12 -86
9.33 CeH5NO3 -7 -44 -9 -95
9.72 C;H7;NO,4 8 -69 3 -84
10.06 C;H7NO3 22 -92 -13 -100
10.35 C;H7NO3 12 -29 -9 -95
Total area
5 to 12 min 7 -35 -4 -29
(minus blank area)
(Defined peak area) 2 -44 -8 -90
Unresolved baseline 8 -34 -3 -21
(feature area)
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Table 4.8: Formulas associated with the well-defined peaks in the integrated (300 to 680 nm)
unaged PDA data and the percent change from unaged after aging for individual peaks, the
total resolved peak area, and the area of the unresolved baseline. The area of the unresolved
baseline feature was calculated by integrating the sample PDA from 300 to 680 nm and
summing from 5 to 12 min and then subtracting the area of the blank integrated from 300
to 680 nm summed from 5 to 12 min and the area of the resolved peaks.

PDA Neutral Dark Photolyzed Dark Photolyzed
Retention | Formula aged in in water | aged in 1 M inl1M
Time water (% change) | (NH4)2S0y4 | (NHy)2S504
(min) (% change) (% change) | (% change)
7.78 C;H;NOj3 12 -30 40 -27
8.02 C;H;NO4 ) -24 -9 -32
8.37 CeH5NO4 8 -33 ) -25
8.63 C7H5NO; -21 -74 -29 -43
9.14 C;H;NO, 3 -67 -13 -71
9.33 C¢H5NO3 10 -49 0 -A7
9.72 C;H;NO4 10 =27 9 -15
10.06 C7H;NOg3 -24 -99 -12 -100
10.35 C;H;NO3 15 -32 -19 -40
Total area
5 to 12 min 9 -35 -19 -44
(minus blank area)
(Defined peak area) 9 -37 -2 -37
Unresolved baseline 9 -35 -21 -45
(feature area)

Figure 4.8(b) compares the PDA absorbance with photolysis in water and 1 M ammonium
sulfate. The addition of ammonium sulfate produced results similar to pure water in the
PDA chromatogram, although the lower extraction efficiency may influence these results.
For instance, our calculations in Table 4.8 suggest the baseline feature decreased more with
photolysis in 1 M ammonium sulfate (45%) than in water (35%) but considering the simi-
lar decrease in resolved peak area in the two conditions (both about 40%) and the slower
photobleaching observed in the UV-Vis data with 1 M ammonium sulfate, this is likely an
effect of extraction efficiency. If some compounds preferentially remain with the ammonium

sulfate after extraction, we will miss them in this analysis.
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4.4.2.2 SOA Composition - High Resolution Mass Spectrometry

Unaged toluene SOA composition has been well characterized using HRMS previously,'7®
so we will focus our discussion on composition changes before and after photolysis. Figure
4.10 compares the retention time-integrated SOA mass spectra for photolysis in water and
on-filter (from Filter 3), while Figure 4.11 contrasts the behavior of SOA from a separate
experiment in water and in 1 M ammonium sulfate (from Filter 4). In all cases, the mass
spectra represent combined positive and negative ion modes scaled to the approximate mass
concentration of organics in the samples. The mass spectra, including the sample extracted
from 1 M ammonium sulfate, show excellent reproducibility in terms of the peak height of
all major peaks and the shape of peak distribution after accounting for the concentration of
organics in the mass spectrometry samples, demonstrating that the extraction method used
here is effective for extracting SOA samples for mass spectrometry analysis. The unaged
SOA mass spectra are dominated by nitrogen-containing compounds, the most abundant of
which are C;H;NOj (153 Da — nitrocresol) and C;H;NO4 (169 Da — methylnitrocatechol),
in agreement with previous work on high-NO, toluene SOA.1"™176:178 Tt should be noted that

these are also the most abundant peaks observed in the PDA data in Figures 4.8 and 4.9.
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Figure 4.10: Mass spectra for all photolysis and dark aged samples comparing aging in water
and on the filter. CHON compounds are shown in red and CHO compounds are shown in
black.

A visual comparison of the highest peak intensities in the mass spectra in Figure 4.10(a)
(unaged) and 4.10(b) (photolyzed in water) suggests that photolysis in water does not lead
to a large change in the overall composition. There is some decrease in the abundance of
nitrogen-containing compounds upon UV irradiation, but many of the major peaks are the
same as in the unaged spectrum. Some formation of CHO compounds at lower molecular
weights (less than 150 Da) can be seen. This is not observed in the dark-aged aqueous
sample in 4.10(c). The peaks that are most different in abundance between the photolysis
and dark samples (such that they are among the 10 most abundant peaks after photolysis
but not after dark aging) are present at much greater abundances in the negative mode than
in the positive mode and can be assigned to small organic acids, such as maleic acid at 116

Da. Organic acids are established aqueous photolysis products of nitrophenols.'?
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The difference in the composition after on-filter photolysis (Figure 4.10(d)) is much more ap-
parent. In contrast to the aqueous photolysis condition (Figure 4.10(b)) where the nitrogen-
containing peaks are relatively unaffected, the nitrogen-containing peaks in the organic-rich
phase are greatly reduced in abundance with photolysis — such that the CHON compounds
no longer dominate the mass spectrum. In contrast to the large reduction in CHON com-
pounds, the CHO compound abundance appears relatively unchanged. We do not observe
an increase in peak abundances at low molecular weights as we did with aqueous photolysis.
This suggests the photolysis products may be different in the organic phase as compared
to the aqueous phase. We should note that the aqueous photolysis products may remain
dissolved in water after formation, while those from filter photolysis may more easily escape
into the gas phase if they are formed on the surface of the SOA film.

The unaged samples and the results of aging in water appear reproducible when comparing
the two separate experiments depicted in Figures 4.10 and 4.11 — little change is observed
other than a modest increase in abundance of low molecular weight CHO compounds with
photolysis in water. Further, the addition of 1 M ammonium sulfate (Figure 4.11(d)) did
not have a significant impact on the composition after photolysis as compared to pure wa-
ter (Figure 4.11(b)). There does appear to be less increase in low molecular weight CHO
compounds, which is reasonable considering the photobleaching was about half as fast in
the ammonium sulfate condition as in the pure water condition. We conclude that ammo-
nium sulfate did not have a large effect on changes in SOA composition with photolysis as

compared to pure water, but rather simply slowed down the photolysis rate.
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Figure 4.11: Mass spectra for all photolysis and dark aged samples comparing aging in water
and 1 M ammonium sulfate. CHON compounds are shown in red and CHO compounds are
shown in black.

Visualization methods such as the Van Krevelen diagram are useful in interpreting the large

191-193

amount of data obtained from high-resolution mass spectrometry. Van Krevelen dia-

grams for all experiments are shown in Figures 4.12 and 4.13. For these plots, compounds
were sorted into groups of CHO (in black) and CHON (in red), and then H:C and O:C
ratios were binned and summed so that each marker on the diagram represents the sum
of all compounds with that H:C and O:C ratio, and marker size was scaled to this value.
The discussion of the Van Krevelen diagrams presented here describes visually identified
qualitative changes between conditions. We leave the quantitative discussions to the other
techniques presented in this work. In the unaged SOA (Figures 4.12(a) and 4.13(a)), the

markers are clustered around an O:C ratio of 0.5 and an H:C ratio of 1.0, which is typical of

103



oxidized aromatic hydrocarbons.'?>'% The largest markers in the unaged samples represent
CHON compounds, with the most abundant summed CHO ratios being much less abundant.
After photolysis in water in Figures 4.12(c) and 4.13(c), there was a modest reduction in the
total abundance of compounds with CHON formulas and an increase in total abundance of
compounds with CHO formulas. The ratios that increased in summed intensity generally
had both higher H:C and O:C ratios than the ratios that decreased in summed abundance.
There is little change observed after aging in the dark as seen in Figure 4.12(b). The shift
in summed ratio abundance observed with photolysis in water was also observed for the
sample aged in 1 M ammonium sulfate (Figure 4.13(d)), although to a lesser extent. Fi-
nally, after photolysis on the filter (Figure 4.12(d)), there was a dramatic reduction in the
summed abundances of CHON compounds. Further, an increase in summed abundances of
CHO compounds is not evident, demonstrating that changes in molecular composition with
photolysis in water are very different from changes in molecular composition with photolysis

on the filter.
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Figure 4.12: Van Krevelen diagrams for the (a) unaged sample, (b) sample aged in water
in the dark, (c) sample photolyzed in water, and (d) sample photolyzed on the filter from
Filter 3. CHO formulas are shown in black and CHON formulas are shown in red. The size
of the marker represents the summed mass spectrometry abundance of all CHO or CHON
compounds with the corresponding H:C and O:C ratios.
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Figure 4.13: Van Krevelen diagrams for the (a) unaged sample, (b) sample aged in 1 M
ammonium sulfate in the dark, (c¢) sample photolyzed in water, and (d) sample photolyzed
in 1 M ammonium sulfate from Filter 4. CHO formulas are shown in black and CHON
formulas are shown in red. The size of the marker represents the summed mass spectrometry
abundance of all CHO or CHON compounds with the corresponding H:C and O:C ratios.
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4.4.2.3 Changes in Nitrogen-Containing Groups with On-Filter Photolysis

To confirm the removal of nitrogen-containing compounds during on-filter photolysis, ni-
trogen content was quantified with offline-AMS data. The purpose of this analysis was to
directly contrast the difference in composition changes with photolysis. Since we did not ob-
serve dramatic changes in chemical composition during the aging of toluene SOA between the
water and 1 M ammonium sulfate conditions, and given the low concentrations of SOA mass
on our sample filters, the 1 M ammonium sulfate conditions were excluded from this analysis.
This allowed us to perform this analysis on a single filter split between the water and filter
aging conditions, making the SOA composition of the two samples as identical as possible.
Analysis was performed by normalizing the NO* and NO, " signal to the labeled NO* and
NO,* signals from the internal standard as shown in Figure 4.14. The normalization ac-
counts for variations in the signal for each nebulization pulse, which has been demonstrated
to occur with the small volume nebulizer.'®” Organonitrates and organic nitro groups gen-
erate NOT and NO,™ when ionized in the AMS, thus differences in the total amount of

195 Before photolysis, the

these ions suggest a loss of these functional groups in the samples.
concentrations of nitrogen-containing compounds for the aqueous and on-filter samples are
slightly outside of each other’s standard deviations, which may be a result of small differ-
ences in the amount of labeled ammonium nitrate added to the solutions or a small variation
in extraction efficiencies between the two filter halves. There is no apparent change in ni-
trogen content after 5 h of photolysis in pure water. In stark contrast, there is a reduction
in nitrogen content after 5 h of photolysis directly on the filter. Inorganic nitrate groups
may also contribute to the NO™ and NO,™ signals. However, organic and inorganic nitrate
fragment with different NOT/NO, T fragment ratios,'®®197 with fragment ratios from ammo-
nium nitrate being lower than fragment ratios from nitrogen-containing organic compounds.

We calculated the NOT /NOy ™ fragment ratios for our samples as well as for the isotopically

labeled ammonium nitrate standard that was added to the samples, and these results are

107



shown in Figure 4.14(b) and 4.14(c). After photolysis, the NOT/NOy* fragment ratios in
both the aqueous and filter conditions decreased somewhat (Figure 4.14(b)), but not to the
level of the NOT/NO,™ fragment ratios from the inorganic standard (Figure 4.14(c)). We,
therefore, do not believe the resistance of the aqueous sample to losing nitrogen-containing
peaks with photolysis is solely due to interference with inorganic nitrate, although the re-
sults here do suggest some change in the relative amounts of organic and possibly inorganic

nitrogen-containing groups with photolysis.
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Figure 4.14: (a) Totals for the main fragment ions for nitrogen-containing groups measured
by aerosol mass spectrometry before (in black) and after 5 h of photolysis (in red) in the
aqueous phase and organic particle phase. NOT and NO,* fragment concentrations are
normalized to an internal standard. (b) NOT/NOy™ fragment ratios before (in black) and
after 5 h of photolysis (in red) for samples age in water and on the filter. (¢) NOT/NOy™
fragment ratios for the isotopically labeled inorganic internal standard. Error bars represent
one standard deviation over five injections.
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Figure 4.15 shows the evolution of the FTIR spectra of the toluene SOA during on-filter
photolysis. The aqueous conditions were too dilute for FTIR analysis, so they are not in-
cluded in this method. Absorbance values are normalized to the peak intensity at 1717
cm™!, which represents the carbonyl group stretching vibration. We expect carbonyl groups
belonging to ketone and aldehyde functionalities to be removed through Norrish-I type reac-
tions with photolysis.”!36 Peaks that decrease in this plot, therefore, photolyze more readily
than carbonyl compounds. Peaks corresponding to nitroaromatics (Ar-NOy) and organoni-
trates (RONO,) are denoted in the figure.!® 2% It can be observed that the peaks at 1643,
1275, and 850 cm™ corresponding to organonitrates decrease relative to the carbonyl peak
over time. Peaks at 1556, 1539, 1360, and 1337 cm™ corresponding to nitroaromatics also
decrease relative to the carbonyl peak, although they do so less efficiently than the organon-
itrate peaks. This suggests the nitroaromatic compounds may photolyze at a slower rate
than organonitrate compounds. These experiments were carried out at WM using a different
lamp, so the timescales are not directly comparable with the kinetic measurements. Overall,
the FTIR results show that nitrogen-containing compounds are removed during photolysis

of the filters in the organic condensed phase, consistent with the HRMS results.
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Figure 4.15: ATR-FTIR spectra taken after different times of on-filter photolysis normalized
to the highest peak in each spectrum — the C=0 peak at 1717 cm™ from Filter 2. The trace
for before photolysis is shown in dark red, after 6 h of photolysis in yellow, after 18 h in
teal, and after 24 h in light blue. The photolysis for this experiment was performed with the
irradiation set up at WM.

The removal of nitrogen-containing compounds from the on-filter samples suggests that the
nitrogen-containing groups present in the SOA are being converted to gas-phase products
that volatilize from the filter. Indeed, photolysis of gaseous ortho-nitrophenols was shown
to produce HONO (although there was significant disagreement on the HONO quantum
yield).?°1:202 Photolysis of para-nitrophenols in solutions, including viscous solutions con-
taining organic solutes, has also been shown to produce HONO/NO,~.2% Tt is likely that
HONO/NOy~ production is suppressed in a condensed-phase environment by excitation
quenching. The extent of this suppression could be stronger under aqueous conditions com-
pared to an organic matrix, resulting in slower removal of nitrogen from the photolyzed
aqueous sample. In addition, HONO would more easily volatilize from the filter than from
an aqueous solution further reducing the AMS signal from nitrogen compounds in on-filter

photolysis experiments.
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4.4.2.4 Effect of Photolysis Matrix on the Photo-degradation Mechanism

It is clear from the UPLC-PDA-HRMS data that the photolysis of toluene SOA proceeds
differently in the viscous organic phase compared to the aqueous phase, and here we aim
to propose plausible explanations for our observed experimental results based on previous
studies. Our experiments show that nitrophenols, which are mostly resolved in the PDA
data and are expected to be major chromophores in this SOA, are preferentially photolyzed
in the viscous organic phase. Previous studies have established that nitrophenols photolyze
more quickly in the organic phase than in the aqueous phase, and the proposed mechanism
is the abstraction of a hydrogen atom from surrounding organic molecules by a triplet state
of an excited nitrophenol.”™®8! For 3-nitropyrene, hydrogen abstraction was observed to be
nearly diffusion controlled, while charge transfer reactions were not observed in organic sol-
vents.?’* Further, it was observed that phenolic hydrogens were most efficiently abstracted
by the triplet excited states of nitro-polycyclic aromatic hydrocarbons (PAH), with other
types of easily-abstractable hydrogens not participating in photodegradation.?’> We expect
a significant fraction of phenolic compounds in our SOA, and in the organic phase an ex-
cited triplet state will be in closer proximity to abstractable phenolic hydrogens than in
the aqueous phase, making this a plausible explanation for relatively fast removal of CHON
compounds in the organic phase. Additionally, oxy-PAHs with an n to 7* triplet character
have been shown to strongly accelerate nitro-PAH decay through the initiation of a radical
chain reaction.??> This pathway is more important in the organic phase than in the aqueous
phase because differences in matrix polarity change the relative energies of the n to 7* and
7 to m* transitions for many aromatic carbonyls, such that the more reactive n to 7* tran-
sition is favored in less polar matrices and the less reactive 7 to 7* transition is favored in
polar matrices.?’ These mechanisms in combination likely explain the relatively rapid loss

of nitrophenols in the organic phase as observed by mass spectrometry.
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In spite of slower photodegradation of nitrophenols (assessed via HRMS, offline-AMS, and
FTIR analyses), the overall photobleaching (assessed via UV-Vis analyses) was actually
faster in the aqueous phase as compared to on-filter photodegradation. Since we observed
minimal composition change with mass spectrometry, photolysis in the aqueous phase must
result in the decay of highly absorbing compounds with low relative abundance or poor elec-
trospray ionization efficiency. This observation correlates well to the observations in Lin et
al.,'”™ which catalogued the chromophores in toluene SOA, and attributed 40 to 60% of the
PDA absorbance to poorly separated chromophores with low peak abundances in ESI mass
spectra.!”® Additionally, this may agree with the larger decrease in the unresolved baseline
feature observed in our aqueous PDA samples (-35% and -45% for the pure water and am-
monium sulfate conditions, respectively) as compared to our on-filter PDA samples (-21%).
The chromophores which are being photolyzed in the aqueous conditions contribute strongly
to the sample absorbance, but not necessarily to the mass spectrum. Further, the fact that
photobleaching is slowed with the addition of ammonium sulfate suggests that these lower
abundance compounds may still react through a triplet state when photolyzed. Ionic species
may quench an excited triplet compound before it reacts,?’” leading to slower chromophore

loss with the addition of ammonium sulfate.

There is also a possible role of reactions between aqueous ammonia and carbonyl com-
pounds in SOA, which are known to cause browning through the formation of imine-type
chromophores.?> While these reactions were shown to contribute to only a modest change
in the MAC of high-NO, SOA from aromatic hydrocarbon precursors,'*! and the nitrogen-
containing products formed through these processes tend to have short photolysis lifetimes,*°
aqueous photolysis reactions would lead to continuous formation of these small carbonyl com-
pounds and potentially continuous formation of these imine-type chromophores.?’® We do

see a peak slowly forming at about 300 nm in the dark with ammonium sulfate, which has

a similar peak position to that previously observed for trimethylbenzene high-NO, SOA
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aged with ammonium.'*' Unfortunately, it is hard to directly observe these compounds by
our mass spectrometry methods,'®” because they have been shown to hydrolyze in the mass
spectrometry solvent.??? Therefore, we suggest that reaction of carbonyls with dissolved am-
monia plays only a secondary role in the photochemistry of aqueous toluene SOA in presence

of ammonium sulfate.

4.5 Conclusions/Atmospheric Implications

Toluene high-NO, SOA was aged by direct photolysis on filters simulating the viscous or-
ganic phase in aerosol particles and in aqueous solution with and without 1 M ammonium
sulfate representing dilute atmospheric cloud water and concentrated aerosol-phase water,
respectively. UV-Vis measurements reported here show that photobleaching is fastest in pure
water, while the presence of ammonium sulfate modestly slows the rates of photobleaching.
Photobleaching in the viscous organic phase is much slower and likely results in the forma-
tion of photorecalcitrant compounds. Chromatographic analysis showed that nitrophenols,
as well as a large number of unresolved chromophores, contribute to the absorption coeffi-
cient of this type of SOA. We find that the decay of nitrophenol compounds proceeds more
quickly in the viscous organic phase than in the aqueous phase, in agreement with previous
studies measuring the photolysis of single nitrophenols in aqueous solutions and in viscous
organics.3! In contrast, the SOA composition of the aqueous phase samples does not change
appreciably over the 5 h photolysis experiment in spite of the observed faster overall pho-
tobleaching (assessed by UV-Vis analysis). This suggests preferential photodegradation of
unidentified chromophores with high absorptivity but low peak abundance in the mass spec-

tra.

Based on previous studies, we propose that the differences in photolytic aging may be ex-
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plained by differences in triplet state reactivity between sample matrices. Previous work has
observed different photolysis rates for the same chromophore in different atmospherically-
relevant environments, such as water, alcohol solutions, and glassy organic matrices.”™ 8!
These studies mostly focused on the photolysis of select nitrophenol compounds and found ni-
trophenols to photolyze faster in the organic solvents than in water. Our results confirm that
SOA nitrophenols, as a group, appear to be the more efficiently photolyzed chromophores
in the organic phase. However, this cannot be generalized to all chromophores because we
observe that other, presently unidentified, chromophores are more efficiently photolyzed in
aqueous solution. Therefore, generally speaking, photolysis rates of individual major chro-
mophores can be quite different from the overall photobleaching rates, particularly when

measured in the aqueous phase, and the study of individual chromophores does not fully

represent the behavior of complex SOA particles.

Reaction with the OH radical is considered the most important sink for organic molecules in
the atmosphere. In the case of SOA, biomass burning organic aerosol, and individual nitro-
phenol compounds, OH reactions are often observed to cause chromophore formation for a
short time period before leading to overall photobleaching for both heterogeneous reactions
on particles and reactions in the aqueous phase.’’ Subsequent photobleaching of various BrC
aerosol types has a wide variety of OH lifetimes ranging from hours to days,’ which is of the
same order we measure for our UV-irradiation experiments. Nitrophenols react relatively
quickly with OH in the aqueous phase — lifetimes of several hours have been reported for a
few representative compounds — so OH will likely be a more important sink for nitrophenols
in clouds and aqueous aerosol.?!%2'! However, since we observe that photobleaching occurs
much more quickly than nitrophenol loss in the aqueous phase, we can expect both OH
reaction and photodegradation to be important factors affecting the lifetimes of individual
chromophores in the atmosphere. The results reported here will likely vary depending on

ionic strength or particle viscosity. The ammonium sulfate concentration used here — 1
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M — is on the low end of ionic strengths found in atmospheric particles.* If our proposed
explanation is correct, higher salt concentrations will likely quench triplet reactivity more
efficiently and so may slow photodegradation further. Additionally, higher ammonium con-
centrations may also lead to faster formation of imine-based chromophores. Future work is
needed to determine the precise relationship between the ionic strength and photobleaching
rate for different types of SOA. Furthermore, this study was limited to ammonium sulfate,
but other anions, such as halides, are more effective triplet quenchers than sulfate.?!?2!3
More importantly, more work on the impact of the matrix viscosity on photodegradation of
SOA should be done. Previous studies have found higher viscosity to sometimes slow down

and sometimes accelerate photodegradation of individual nitroaromatics.”™-8!

The conflicting
results are likely due to the specific reactivity of nearby molecules during photolysis as well
as triplet lifetime of the absorber. Therefore, it will be useful to independently vary the
organic matrix viscosity and the types of surrounding species in future studies in order to
fully understand the factors controlling photobleaching and photodegradation lifetimes of

SOA. Further work is needed to confirm the underlying mechanism causing the differences

in photodegradation and photobleaching rates observed here and in previous studies.
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Chapter 5

Conclusions

This thesis demonstrates that the aging processes of organic compounds commonly found in
atmospheric aerosol particles will vary based on the surrounding matrix of the medium (aque-
ous aerosol, organic aerosol, or cloud/fog droplet) where the aerosol particle constituents age.
This was demonstrated by examining how these compounds change during aging in dilute
aqueous solutions representing cloud water, high ionic strength solutions representing deli-
quesced aerosols, and a viscous organic medium representing organic aerosol particles with
low liquid water content. Changes in the composition and optical properties of the organic
compounds were observed, showing that both inorganic ions and highly viscous organic ma-

trices influence their photochemical and dark processing occurring in the atmosphere.

In Chapter 2, the influence of ammonium salts on the decarboxylation of oxaloacetic acid
(OAA) was observed. While it was concluded that the lifetime of OAA will be strongly
dependent on the aqueous system in which the decarboxylation occurs, with pH having the
strongest effect followed by the ammonium concentration, decarboxylation will likely be more
important than OH oxidation under most atmospheric conditions. Decarboxylation will also

likely be more important than other possible reactions that have been measured for small
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carbonyl compounds such as aldol condensation. These results explain why this compound is
not frequently observed in field studies despite the abundance of its atmospheric precursors

and frequent observation in laboratory studies.

In future work, the results from Chapter 2 should be expanded to other 3-oxocarboxylic
acids as decarboxylation will occur in this entire class of molecules, although other molecules
will like have different reactivity than OAA. The decarboxylation rates of 3-oxocarboxylic
acids, such as acetoacetic acid and o,a-dimethylacetoacetic acid, are thought to be similar in
magnitude to OAA’s decarboxylation rate in pure water,'3*133 but the changes in decarboxy-
lation rates with ammonium salts have not been determined. Further, the OH reactivity of
other 3-oxocarboxylic acids will differ from OAA as a result of structural differences and
types of hydrogen atoms that are available for abstraction by the OH radical. The relative
importance of OH oxidation and decarboxylation for other 3-oxocarboxylic acids and how
the structure of these molecules affects the ammonium-catalyzed decarboxylation should be
determined. Additionally, transition metals have been observed to catalyze the decarboxy-
lation of oxaloacetic acid,?!* which may become important in areas affected by sea spray

1,2'% so this could be an additional avenue for future experiments.

Aeroso
The effect of low concentrations of hydrogen peroxide and nitrate salts, common atmospheric
solutes, on the aqueous-phase aging of SOA was discussed in Chapter 3. These conditions
represent cloud and fog water, which are known to be important media for SOA formation
and aging.’! Even without photolysis, the presence of nitrate ions was observed to reduce
the abundance of higher-molecular-weight compounds in a-pinene SOA particle extracts but
not in o-humulene SOA particle extracts, suggesting an increased rate of loss of dimeric
species at low nitrate concentrations. The results from this study have implications for the
role of salts in the aging of SOA dissolved in cloud and fog water. The results presented in

Chapter 3 will be particularly important in urban areas, where anthropogenic sources con-
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tribute high levels of NO,, leading to significant amounts of NO3™ in the atmospheric waters.

The effect of nitrate ions observed here is unusual, and future work should be conducted
to identify the structural motifs of the dimers that decay with the addition of nitrate ions as
well as the mechanism for the observed effect. At the time of the study, we assumed that ni-
trate catalyzes the hydrolysis of ester linkages in dimer species in SOA. A recent publication
synthesized an ester-dimer commonly produced in o-pinene oxidation,?'% and the first author
of this study examined hydrolysis of this molecule and found it to be stable (informal com-
munication with Christopher Kenseth during a poster discussion). Additionally, it should
be ascertained if this effect is also observed in the particle phase, where concentrations of
inorganics, and therefore nitrate, are many orders of magnitude higher than in cloud and

fog water.?

Chapter 4 investigated the differences in the photodegradation of toluene high-NO, SOA in
various atmospheric matrices. It was concluded that nitrophenol-type compounds, which are
the most abundant chromophores in toluene high-NO, SOA, photodegrade most efficiently
in the organic phase, while the overall photobleaching of the SOA was fastest in the aqueous
phase. This suggests that the photodegradation behavior of individual chromophores does
not always predict the photobleaching behavior of a complex SOA particle. The results of
Chapter 4 suggest it is important to look at the photobleaching rates of complex aerosol
particles, rather than only major chromophores, to understand the photobleaching rates of
particles in the atmosphere. Additionally, it was shown that rates and mechanisms measured
under dilute aqueous conditions will not necessarily be applicable to high-ionic strength so-

lutions or viscous organic solutions.

There are several opportunities for future work stemming from Chapter 4. First, the re-

sults for the ammonium sulfate-containing conditions will likely vary depending on ionic
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strength. This study used a fixed value of ammonium sulfate concentration (1 M), a rela-
tively low ionic strength compared to the range of conditions observed in atmospheric par-
ticles.*® Higher salt concentrations may quench triplet reactivity more efficiently and slow
photodegradation further than observed here. Additionally, phase separation can occur at
very high salt concentrations, with potentially important chemistry occurring at the interface
between the two phases. Mechanisms other than triplet quenching may become important
at higher ammonium concentrations, such as the formation of imine-based chromophores
which could in fact lead to the browning of SOA.2?> Additionally, this study only observed
the effects of ammonium sulfate, but other anions are more effective triplet quenchers than
sulfate.?'2213 With that being said, future work on the effect of the matrix viscosity on the
photodegradation of SOA should be prioritized compared to studying the effects of ionic
strength, as much less information is available about this topic. It will be important to
independently vary the viscosity of the organic matrix and the types of surrounding species
to parse the different effects of these two factors. This is particularly important because pre-
vious studies have found increased viscosity to both accelerate and slow photodegradation

8L178 and the reason for the discrepancy should be explored.

of nitrophenols,
In conclusion, the aging chemistry of atmospheric particles changes based on the medium
in which the aging occurs. The topics and methods presented in this dissertation only be-
gan to explore various conditions an aerosol organic molecule might experience during its
atmospheric lifetime, and are in fact highly simplified compared to atmospheric conditions.
Therefore, more work needs to be done to understand the influence of the types of molec-
ular environment found in realistic atmospheric particles on reactions of both individual

compounds and complex mixtures of SOA compounds leading to their atmospheric aging.
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