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ABSTRACT OF THE DISSERTATION

Investigating Nighttime Oxidation of Wildfire-Emitted VOCs: Implications for Oxidation
Mechanisms, Secondary Organic Aerosol, and Brown Carbon Formation

by

Raphael Mayorga

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, September 2024
Dr. Haofei Zhang, Chairperson

Wildfires have shown an increase in occurrence and severity in recent years. These
biomass burning events release volatile organic compounds (VOCs) and particulate matter
in the atmosphere which impact air quality, human health, and Earth’s radiative balance.
The oxidation of these wildfire-emitted VOCs at nighttime by the nitrate radical (NO3) can
lead to the formation of secondary organic aerosol (SOA) and light-absorbing brown
carbon (BrC). Despite their significance, the understanding of NOs-initiated oxidation
mechanisms of wildfire-emitted VOCs leading to SOA and BrC in previous studies have
been very limited. The major SOA constituents from these reactions have remained a
challenge to uncover largely due to limitations in analytical techniques used to uncover the
gas- and particle-phase chemical composition. In the following projects, we use a suite of
analytical methods to elucidate the major reactions leading to the formation of SOA and

BrC from representative wildfire-emitted VOCs. In Chapter 2, we studied the NO;
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oxidation of seven phenolic VOCs. From this study, we discovered many products that
were previously undiscovered from this system and found nitrophenol products were very
dominant adding to evidence that these are a major class of compounds responsible for
significant light absorption in BrC. We also found evidence of diphenyl ether dimers
forming from NOj; oxidation of each of the studied phenolic VOCs. In Chapter 3, we
investigated the NO; oxidation of limonene. From this project, we discovered that the
primary nitrooxy peroxy radical formed from limonene can rapidly undergo autoxidation
leading to highly oxidized organonitrates. We also identified the formation of several
dinitrate compounds highlighting the importance of sequential oxidation for limonene. In
Chapter 4, we investigated the NO3 oxidation of selected N-containing heterocyclic VOCs:
pyrrole, I-methylpyrrole (1-MP) and 2-methylpyrrole (2-MP). From the observed product
distribution in the SOA from these systems, we concluded that the presence of an easily
abstractable hydrogen in precursor structure regulates the mechanism of initial NO;
oxidation and has significant effect on light absorption of the SOA. Furthermore, we
propose a novel gas-phase mechanism for the addition of three NO» groups to the backbone

of pyrrole.
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CHAPTER 1: Introduction
1.1 Background and Motivation

Volatile organic compounds (VOCs) are constantly emitted into the atmosphere from
a variety of sources, such as biogenic and anthropogenic emissions and wildfires.!? These
VOCs undergo oxidation due to several major oxidants in the atmosphere and form
secondary organic aerosol (SOA) which pose threats to air quality and the Earth’s climate.’
Oxidation of these VOC:s at nighttime by nitrate radicals (NO3) may represent a significant
pathway of formation of SOA and light-absorbing brown carbon (BrC).* BrC is known by
its characteristic brown color, visible in smog, and has been shown to have strong light-
absorbing properties which ultimately lead to the warming of our planet.’ Despite their
significance, their formation pathways during nighttime oxidation have been understudied.
To address this, the main objective of my research is to establish a detailed understanding
of the nighttime oxidation mechanisms of key relevant VOCs leading to the formation of

SOA and BrC.¢
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Figure 1.1 Schematic of radiative effects of absorbing (dark grey dots) and scattering
aerosols (light grey dots), as well as their interactive effects. Scattering aerosols induce
negative forcing (—) by directly reflecting sunlight and interacting with clouds; absorbing
aerosols, in general, have a warming effect (+), although their interaction with clouds might
produce slight cooling. The interaction between scattering and absorbing aerosols enhances
the absorption and, thus, the warming effect. Light orange arrows represent incident
sunlight; dark orange, scattered radiation by scattering aerosols; red, the radiation re-
emitted by absorbing aerosols; and dark blue, scattered sunlight. CCN, cloud condensation
nuclei; INPs, ice-nucleating particles. Reproduced with permission by Li, J. et al. (2022).”
Copyright 2022 Li, J. et al.”

1.1.1 Light Absorption and Light Scattering of Aerosols

Based on the chemical and physical properties of aerosols, they can either scatter or
absorb incoming sunlight which in turn can have cooling or warming effects on the earth’s
surface, respectively.”” As shown in Figure 1.1 from Li, J. et al, the effects of scattering
and absorbing by aerosols on the climate are interactive and complex.” Aerosols can scatter
incoming sunlight, leading to atmospheric cooling through negative radiative forcing. %10
Conversely, aerosols can also absorb incoming sunlight which induces positive radiative
forcing and has a warming effect on the climate.®!!:'> While absorption, like scattering,
tends to reduce sunlight at the ground level, the enhanced atmospheric heating by absorbing

aerosols eventually warms up the Earth's surface, and counteracts the cooling caused by

scattering.



BrC is unique because it absorbs light strongly in the UV-visible range. Black carbon
(BC) is emitted from high temperature combustion of inorganics and is highly light
absorbing over wide range of wavelengths. The planetary radiative forcing of BrC is
estimated to be 0.1-0.25 W m2 and this is roughly 25% of the radiative forcing of BC.!3
Within the UV-visible range, BrC can be highly wavelength dependent with higher
absorption typically observed at shorter wavelengths within the range.'* The specific
distribution of chromophores within BrC determines how the incoming sunlight is
absorbed or scattered. Due to the strong effect of radiative forcing by BrC and the complex
distribution of chromophores within BrC, it is critical to uncover the key mechanisms
leading to the formation of BrC from wildfire-emitted VOCs.

1.1.2 Sources and Chemistry of Wildfire and Biogenic VOCs

Wildfires and prescribed burns occur regularly throughout the globe from a wide
variety of fuels producing particulate matter, nitrogen oxides (NOx = NO + NO3) and
VOCs.!517 In several studies performed during the last decade, the non-methane gas
emissions from a variety of biomass burning sources were comprehensively identified and
quantified."*!%1% From fuels native to the western united states, oxygenated aromatic
compounds represent ~40-70% and heterocyclic VOCs represent ~10-20% of non-methane
gas emissions.>? Initial NO3 oxidation of VOCs typically occurs through addition to the
double bond or through hydrogen abstraction. The hydrogen abstraction mechanism has
been proposed for many aromatic VOCs and may result in the formation of nitroaromatic

compounds when NO; is present.®?!-25 The nitroaromatics resulting from NOs oxidation



of aromatic VOC:s in the presence of NO; have been shown to be strongly light absorbing
and major components of BrC.2!:23:24.26-29
Biogenic VOCs (BVOCs), such as monoterpenes, are another major class of VOCs

which are primarily emitted from plants. Monoterpenes (CioHi6) are highly reactive with
NO; mainly producing organic nitrates, which represent an important reservoir of
atmospheric NOyx and are a key driver for SOA formation.’*-3? Initial NO3 oxidation of
monoterpenes occurs through addition to the double bond. Due to the formation of organic
nitrates as well as highly oxidized molecules (HOMs) from NO; oxidation of limonene,
substantial SOA yields have been reported.>*>’ Previous studies had observed the
formation of HOMs from NOs; oxidation of certain monoterpenes and proposed
autoxidation reactions to be responsible for their formation.’®* However, the detailed
autoxidation mechanisms and reaction rates remained unknown.
1.1.3 Initial Mechanism of Oxidation

During the daytime, the primary oxidant is the OH radical. The initial attack of OH to
the backbone of a VOC is very similar to that of NOs proceeding either by addition to a
double bond or by abstraction of a hydrogen. NOx is also present during the daytime and
nighttime at varying concentrations depending on how polluted the environment is.
Nitroaromatics are well-known chromophores contributing significantly to BrC from
aromatic precursors.?!?32426-2% These compounds are strongly light absorbing due to the
conjugation of double bonds within the aromatic ring and the presence of an electron-

withdrawing group, NO», enhances this stability. Nitroaromatics can be formed through



OH or NOs oxidation, but typically require the first step of oxidation to be H-abstraction
instead of addition to a double bond because the latter breaks the aromaticity.
1.1.4 Experimental Procedure and Analytical Instruments

In my research, I have used several types of atmospheric reactors which are each used
to simulate chemical reactions occurring in the real atmosphere.®* In the experiments,
VOC:s of interest are injected into the reactor at pre-calculated rates and NOs is formed by
reacting Oz with NO: inside the reactor or just before the reactor entrance. With our 1 L
flowtube and 250 L continuous flow stirred tank reactor, we can carefully control oxidation

conditions (VOC + O,/NO,) and peroxy radical pathways under steady state. A 10 m* smog

chamber was used for the experiments in Chapter 4 and this reactor requires a single
injection of VOC and oxidants as opposed to constant injection as is used in our continuous
flow reactors.’*>* During the experiments, a suite of online and offline analytical
instruments were implemented to study the optical properties and chemical composition of
the SOA.

Kinetic simulations were used throughout these projects to estimate VOC decay and
NO; concentrations. iChamber in Igor Pro and the Framework for 0-D Atmospheric
Modeling in MATLAB are Master Chemical Mechanism (MCM) based kinetic box models
that we used. The MCM is a near-explicit library of gas-phase reactions (both organic and
inorganic reactions) occurring in the troposphere including chemical structures, reaction
rates and literature references. Direct measurements of NO3 and VOC concentrations were
unavailable for most of our experiments, so these kinetic box models were very useful. In

our reactors we can monitor concentrations of NO2 and O3 using NOx and O3 analyzers.



Based on these initial concentrations and reactions rates of VOCs with various oxidants
present in our reactors, the chemical box model allows for the estimation of oxidant and
VOC concentrations in our reactors at any given time within the experiment. Comparison
of our experimental results to model results can also allow for the proposal of new
pathways in the mechanism if there is a significant gap observed between and model and
experimental results.

The major SOA constituents of these reactions and the underlying mechanisms remain
a challenge to uncover, largely due to the limitations in detection and identification of the
particle-phase products. Most of the analytical instruments typically used are incapable of
unambiguously characterizing the SOA constituents, especially on the isomer level. We
use electrospray ionization coupled to an ion mobility spectrometry time-of-flight mass
spectrometer (IMS-TOF) for offline analysis of the SOA from these experiments.
Following ionization, the ions are introduced into a drift-tube and are met with a
counterflow of nitrogen gas which serves to slow down some ions based on their size and
conformation, and they are given a specific drift time. The IMS-TOF allows for separation,

characterization, and sometimes, identification of structural isomers.

1.2 Aims and Scope of Dissertation

The primary aims of this dissertation are to: 1) elucidate NO3 oxidation of the major
wildfire-emitted VOCs including the phenolic and heterocyclic VOCs that lead to BrC
formation and 2) examine the synergistic role of O3 and NOs3 in the nighttime oxidation of

limonene and investigate how sequential oxidation and fate of RO; affect the observed gas-



and particle-phase product distributions. Our variety of custom-made atmospheric
simulation reactors allow us to carefully control oxidant and VOC concentrations as well
as environmental conditions. The suite of online and offline analytical instruments which
we use allow us to characterize the optical properties and chemical composition of SOA
and BrC and provide mechanistic insight into how the chemical composition changes
through SOA formation and aging. With the combined investigation of optical properties
and chemical composition, we can gain key insights into the specific chromophores which
contribute significantly to BrC. Through this, we can fill the knowledge gaps and expand
the mechanistic understandings of these systems and provide significant insight into the
characteristics of chromophores that contribute to their light absorption.

In Chapter 2, we studied the NO3 oxidation of seven phenolic VOCs. Phenolic
VOCs are substantially emitted from wildfires, but the formation of SOA and BrC from
the NO3 oxidation of phenolic VOCs was understudied. In this study, our use of IMS-TOF
was fundamental in the separation of isomers in observed products. From this study, we
discovered many products that were previously undiscovered from this system: 1)
nitrophenol products with additional hydroxyl groups, 2) non-aromatic ring-opening
products, 3) the formation of C7 products from Cs precursors and 4) nitrated diphenyl ether
dimers. These newly identified products may contribute significantly to SOA. We found
nitrophenol products were very dominant adding to evidence that these are a major class
of compounds responsible for significant light absorption in BrC. These new products were
also identified in ambient samples collected during biomass burning events, underlining

their atmospheric relevance.



In Chapter 3, we investigate the NO3 oxidation of limonene. Limonene is a very
significant monoterpene emitted from citrus plants and from wildfires, but the SOA
formation and gas-phase NOs3 oxidation from limonene were largely understudied. In this
project, we combined our experimental results with kinetic simulations and quantum
chemical calculations from collaborators. From this project, we observed several different
highly oxidized organonitrates forming within a short timescale. We discovered that the
primary nitrooxy peroxy radical formed from limonene NO; oxidation can rapidly undergo
autoxidation through two pathways leading to highly oxidized organonitrates. Limonene
has two double bonds and can therefore undergo sequential NOs oxidation of each of the
double bonds. We also observed highly oxidized dinitrates highlighting the importance of
sequential oxidation in the nighttime oxidation of limonene. The same organonitrates were
also observed in ambient samples collected during biomass burning and during the
nighttime in the southeastern United States.

In Chapter 4, we investigated the NO3 oxidation of a few N-containing heterocyclic
VOCs: pyrrole, 1-methylpyrrole (1-MP) and 2-methylpyrrole (2-MP). These three
compounds are close in chemical structure and the goal of this study was to determine the
effects of VOC precursor structure on SOA and BrC formation. In the SOA from pyrrole
and 2-MP, the most dominant products were dinitro- and trinitro-products. From 1-MP,
dominant products were mostly organonitrates. Analysis of the optical properties from
these systems revealed that the SOA from pyrrole and 2-MP were strongly light absorbing
and the SOA from 1-MP were mostly light scattering. From the observed product

distribution in the SOA from these systems, we concluded that the presence of an easily



abstractable hydrogen controls the mechanism of initial NO3 oxidation and has significant
effect on light absorption of the SOA. We also proposed a mechanism involving hydrogen
abstraction, followed by radical shift and addition of NO» for the formation of
dinitropyrrole and trinitropyrrole from NO3 oxidation. For 1-MP, we propose that with the
absence of an easily abstractable hydrogen, NOs addition to the double bond leading to the
formation of organonitrates dominates the initial NO3 oxidation. Furthermore, we
underscore the importance of including pyrrole and methylpyrroles in air quality models
by estimating that the total SOA mass and light absorption from pyrrole and 2-MP are

comparable to those from phenolic VOCs from NOs3 oxidation.
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CHAPTER 2: Formation of Secondary Organic Aerosol from Nitrate Radical
Oxidation of Phenolic VOCs: Implications for Nitration Mechanisms and Brown
Carbon Formation
2.1 Introduction

Wildfires are becoming increasingly severe globally and biomass burning events
have been shown to strongly influence tropospheric chemistry, the climate, and human
health.!? Namely, volatile organic compounds (VOCs) and nitrogen oxides (NO) emitted
from biomass burning undergo various oxidation reactions in the troposphere, substantially
impacting the tropospheric ozone (O3) budget.? Further, secondary organic aerosols (SOA)
from these oxidation reactions can affect the Earth’s radiative balance by scattering and
absorbing solar radiation in the troposphere.* Phenolic derivatives have been shown to
make up an important portion of the VOC emissions during biomass burning events.’ They
are also key intermediates from photooxidation of aromatic hydrocarbons (also abundant
from biomass burning emissions) in the atmosphere.® The major phenolic VOCs have total
emission factors ranging from 0.10 to 0.64 g kg'! from the combustion of fuels native to
the western United States.>”® Moreover, their SOA formation potential is among the
highest due to their relatively large SOA yields.” These SOA are often found to be light
absorbing (i.e., forming brown carbon, BrC), which further enhance their climate
impacts.!0-12

There have been extensive studies on the oxidation of phenolic VOCs and most of
them have focused on hydroxyl radical (OH) oxidation 32!, In these studies, phenolic

VOCs such as phenol, catechol, 3-methylcatechol (3MC), 4-methylcatechol (4MC), and

16



guaiacol have been shown to produce SOA in high yields ranging from 25-145% from OH-
initiated chemistry.!%!7-1924 The OH-oxidation of phenolic VOCs in the presence of
nitrogen oxides (NOyx) were also found to produce large amounts of BrC, due to the

substantial formation of nitrophenol products.!0-12.25:26

These products, such as
nitrophenols and nitrocatechols, have been reported from laboratory studies and field
measurements.!0-121425.26 The phenolic VOCs could also be oxidized by nitrate radicals
(NOs3-) which, however, has been understudied. The NOs- oxidation could be an important
reaction pathway of phenolic VOCs during nighttime, relevant to both biomass burning
events and urban atmosphere.?’ BrC formation has also been recently reported during NO3-
oxidation of tar aerosols from wood pyrolysis which largely contain phenolic compounds.?®
Despite their significance, the understanding of NO3- oxidation mechanisms of individual
phenolic VOCs and the SOA formation in prior studies have been very limited. Often,
nitro-phenolic compounds were the only major products reported in the SOA
composition.!#2129-33 Other products such as those with additional functional groups and
oligomers have not been systematically examined, despite that such low-volatility
compounds could be important SOA constituents under ambient conditions. It is unclear
whether and to what extent these types of products form during NO3- oxidation of phenolic
VOCs.

The major SOA constituents of these reactions and the underlying mechanisms
remain a challenge to uncover, largely due to the limitations in detection and identification

of the particle-phase products. Previously, a variety of analytical techniques have been

implemented to characterize the phenolic VOC-derived SOA such as gas chromatography
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mass spectrometry (GC-MS), liquid chromatography mass spectrometry (LC-MS),
chemical ionization mass spectrometry (CIMS), Fourier transform infrared spectroscopy
(FTIR), and UV-Vis diode array detectors.!#!>28-34 However, most of the instruments listed
are incapable of unambiguously characterizing the SOA constituents, especially on the
isomer level. In this study, we performed NOs- oxidation experiments in a continuous flow
stirred tank reactor (CFSTR) of five phenolic VOCs, including phenol, catechol, 3MC,
4AMC, and guaiacol (structures shown in Figure 2.1). We use electrospray ionization (ESI)
coupled to an ion mobility spectrometry time-of-flight mass spectrometer (IMS-TOF) for
offline analysis of the SOA from these experiments. The IMS-TOF allows for separation,
characterization, and sometimes, identification of structural isomers. Additionally, a UV-
Vis spectrometer is utilized for analysis of the light absorption of the SOA materials. With
these analytical instruments, we comprehensively identify the major products from these

reactions and the underlying mechanisms as well as characterize their optical properties.
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Figure 2.1 Chemical structures of the phenolic derivatives under study.

2.2 Experimental methods
2.2.1 Chemicals and reagents

The chemicals and reagents used in the present study and their purities and suppliers
are as follows: phenol (99.5%, Sigma-Aldrich), guaiacol (=98%, Aldon Corporation),
catechol (>99%, Tokyo Chemical Industry), 3-methylcatechol (3MC, 95%, Combi
Blocks), 4-methylcatechol (4MC, 98%, Frontier Scientific), 2-nitrophenol (2NP, 98%,
Tokyo Chemical Industry), 3-nitrophenol (3NP, >98%, Tokyo Chemical Industry), 4-
nitrophenol (4NP, >99%, Tokyo Chemical Industry), 4-nitrocatechol (4NC, 97%, Fischer
Scientific), sodium chloride (99.5%, Sigma-Aldrich), methanol (HPLC Grade Fischer
Chemical), acetonitrile (HPLC Grade Fischer Chemical), and deionized (DI) water
(18MQ , purified using a Milli-Q water system). All reagents and solvents were used

without further purification.
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2.2.2 Laboratory experiments

SOA was generated from oxidation of the five above-mentioned phenolic VOCs
with NOs- in a custom-made CFSTR (effective volume of 250 L, stainless steel enclosure
with interior coating by Teflon PFA). The CFSTR setup is illustrated in Figure 2.2. The
total flow rate of the CFSTR was approximately 4.1 L min™! and the residence time in the
CFSTR was approximately one hour. A clean air generator (Aadco Instruments, Inc., 747-
30) was used to provide a constant flow of clean dry air at 2.5 L min™! and humidified air
at 1.0 L min"! by bubbling dry air through DI water. The RH in the CFSTR stabilized at
35-40% for all experiments. This RH level is relevant to that observed at nighttime in the
western US during summer seasons when biomass burning has a high frequency.** NaCl
seed aerosols were generated by a constant output atomizer (TSI) and introduced into the
CFSTR at ~ 0.6 L min™! without upstream drying. Nevertheless, the RH in the CFSTR is
maintained below the efflorescence RH of NaCl (45 — 55%) and thus the seed aerosols
were dry throughout the experiments,*® to minimize reactive uptakes of NOs- and N>Os and
avoid aqueous-phase chemistry.’**° The size distribution and number concentration of
SOA in the CFSTR were measured using a scanning electric mobility scanner (SEMS,
Brechtel Inc., 2100) and a mixing condensation particle counter (MCPC, Brechtel Inc.,
1720), respectively. The background particle concentrations in the CFSTR were very low
(< 0.1 um? cm™) before the experiments started. Once seed aerosol was injected, particle
volume concentration was allowed to equilibrate to approximately 30 — 40 pm?3 cm™ before
oxidation started. The seed aerosols were used to enhance the partitioning of gas-phase

semi-volatile products to the particle phase rather than loss to the walls. Each phenolic
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VOC of interest was injected into the CFSTR a few hours before the experiments using a
syringe pump (Chemyx Inc.) at pre-calculated rates to allow the concentration of the VOC
in the reactor to stabilize at approximately 100 ppb, estimated based on the law of mass
conservation. Most of the VOCs (except for guaiacol) investigated are solid at room
temperature and hence were dissolved in methanol before being added into the syringe.
The methanol concentrations in the CFSTR were estimated to be ~ 4 ppm. It was not
expected to be involved in the oxidation chemistry, except to scavenge the negligible
amount of produced OH. NOs- was produced by reacting O3 with nitrogen dioxide (NO>)
in the CFSTR. O3 was generated by passing O» gas through an ozone generator (Ozone
solution Inc.) at ~500 — 620 ppb. NO> was supplied directly from a gas cylinder of NO>
(20 ppm in N, Airgas Inc.) at 50 cm® min™!, indicative of an injection concentration of
~250 ppb. The concentrations of O3 and NO> were measured using a 49C O3z (Thermo
Environmental Instruments) and a 42C NO-NO>-NOy analyzer (Thermo Environmental
Instruments), respectively.*! We apply the injection rates of VOCs, O3, and NO,, as well
as the measured steady-state concentrations of O3 and NO, in a MCM-based kinetic model
to estimate the concentrations of VOCs and NOs- under steady state.® Once the formed
SOA, O3 and NO, concentrations approximately reached steady state, sample collection
was commenced using a sequential spot sampler (Aerosol Devices Inc.) at 1.6 L min! for
2 hours. After collection, the sample was immediately extracted into 60 uL acetonitrile
with 0.1 mM NacCl for analysis by the IMS-TOF. At this time, another sample collection

was begun using the spot sampler again at 1.6 L min™! for another 2 hours. This sample
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was immediately extracted into 500 pL methanol for analysis with a UV-Vis

spectrophotometer.
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Figure 2.2 A diagram of the experimental setup is shown on the right which includes the
CFSTR, VOC, O3, NO», and seed aerosol injection lines. On the left, corresponding
arrows are drawn to the analytical tools which were implemented in this study.
2.2.3 IMS-TOF

Following extraction of the samples into 60 pL acetonitrile with 0.1 mM NaCl, the
samples were immediately analyzed using the IMS-TOF instrument (Tofwerk Inc. and
Aerodyne Research Inc.) with ESI in the negative ion mode. The ACN-NaCl combined
solvent was tested to lead to the best ionization efficiency using various chemical

standards.*!3

A detailed description of the instrument has been provided in our recent
publications.*'** The organic concentration in the extracts ranged from ~50 ng pL’!

(phenol SOA) to ~200 ng pL™! (catechol SOA). To further validate the atmospheric
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relevance of the products characterized from the laboratory experiments, a PM; aerosol
sample collected from Centreville, AL, during the 2013 Southern Oxidant and Aerosol
Study (SOAS) field campaign was analyzed using the IMS-TOF. This ambient sample was
collected during the major biomass burning event on June 4, 2013 from ~4 am to ~4 pm.*
Thus, the composition in this aerosol sample could represent a combination of nighttime
and daytime processing of the biomass burning emissions. This ambient aerosol sample
was extracted following the procedure published previously before analysis.***" Each
sample extract was introduced into the instrument using a 250 pL syringe (Hamilton)
mounted on a syringe pump (KD Scientific Inc.) with a flow rate of 1 pL min™'. The
samples were ionized by negative-mode ESI (-1650 V) before introduction into the drift
tube. In our prior studies we reported nitrate and nitro species clustering with CI" in (-)ESI-
IMS-TOF.*® But for nitro-phenolic species that are slightly acidic the dominant ionization
scheme turned out to be [M-H]". The flow of ions was aided by a flow of N> gas at 0.8 L
min’!. The drift tube was held at a constant pressure of 1000 mbar and a constant
temperature of 60.0°C. The ions were met with a counterflow of N, gas at 1.2 L min’!
which served to separate the ions based on their size and geometry, termed as their
collisional cross-section (CCS). Based on their extent of interaction with N> gas, each ion
exits the drift tube with a specific drift time.*! Next, the ions are focused into a pressure-
vacuum interface composed of two segmented quadrupoles. Collision-induced dissociation
(CID) can occur between the two segmented quadrupoles by adjusting the voltages on the
ion optical elements.*® Thus, the IMS-TOF allows for isomer-resolved characterization of

the collected SOA constituents. In an effort to unambiguously identify the single nitro-
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products of phenol and catechol, chemical standards were run in the IMS-TOF for 2-
nitrophenol (2NP), 3-nitrophenol (3NP), 4-nitrophenol (4NP), and 4-nitrocatechol (4NC).
The IMS-TOF instrument was operated over an m/Q range of 20-1500 Th. The average
resolution of the IMS is (t/At) ~ 100 and for the TOFMS (m/Am) ~ 4000.*® All post
processing was done using Tofware (version 3.2.0, Tofwerk) running with Igor Pro
(WaveMetrics, OR, USA).#!
2.2.4 UV-visible spectroscopy

All UV-Vis spectroscopy measurements (Agilent Inc. 8453) were operated under
293 K and 1 atm. A 500 puL cuvette with a path length of 1.0 cm was used and all samples
were run using methanol as the solvent. Three trials were run for each sample and the
averaged results were reported. The data from this analysis was used to calculate the mass
absorption coefficient (MAC) in m? g'! and averaged <MAC> for each sample. The
equations for these MAC are shown here:

A(D) x In (10)

MACQA) = X C
m

where A(A) is the absorbance at the wavelength of interest, b is path length of cuvette (0.01
m) and Cn, is the concentration of SOA in g m3.%

iz MAC(4)
n

< MAC > =

The averaged MAC was calculated over the range of 290 — 700 nm and 400 — 550

nm so that our results can be compared with prior relevant studies.
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2.3 Results and discussion
2.3.1 SOA formation from NO3- oxidation of phenolic VOCs and general mechanisms
The experimental setup used in this study leads to SOA formation from NOs-
oxidation of phenolic VOCs under approximate steady state. Table 2.1 summarizes the
experimental conditions. The timeseries for total aerosol mass and oxidant concentrations
(O3 and NOy) are shown in the Supporting Information (SI), Figure S.2.1. Because a
direct NO3- measurement was not available in this work, we used the MCM mechanism to
provide approximate estimates of NOs3- concentrations based on the injected and measured
O3 and NO..° In the MCM box model simulations, the injection concentrations were either
measured directly (O3 in the injection line) or estimated based on the law of mass
conservation (for the phenolic VOCs and NO2). The MCM mechanism includes detailed
gas-phase reactions for phenol, catechol, and 3MC, but not for 4MC and guaiacol. Thus,
the initial NOj3- oxidation reactions are added for 4MC (1.47 x 107! cm?® molecules s)
and guaiacol (2.69 x 10"!! cm? molecules™! s!), using the rate constants reported in previous
research. The products for 4MC oxidation are assumed to be the same as those for 3MC
oxidation, while further reactions for guaiacol are not included due to limited information
available. In addition, the loss of gas-phase NO;- and N2Os onto the Teflon wall and the
dry NaCl seed aerosols are specifically represented in the simulations, using rates reported
in previous studies.**3%! The simulated O3 concentrations at approximate steady state for
the five experiments are generally consistent with the measurements, while the NOx
concentrations were under predicted (shown in Figure S.2.1, SI). This is likely due to the

interference in NOyx measurements by other inorganic and organic nitrogen. The kinetic
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models suggest that the NOs3- concentrations in the experiments were on the order of 0.4 —
15 ppt under steady state, as shown in Table 2.1. The much higher steady-state NOs-
concentration for the phenol experiment is due to the slower reaction rate (3.8 x 10! cm?
molecules™! s), compared to those of the other phenolic VOCs. Under the experimental
conditions, the box model simulations suggest that the produced OH concentrations are
very low (< 5 x 10> molecules cm™) and the majority (> 90%) of the phenolic VOCs reacted
with NOs-, rather than O3 or OH. We should note that the MCM NOj;- oxidation
mechanisms for the phenolic VOCs used here are not necessarily comprehensive and
accurate; certain concentrations and rate constants were estimated because key gas-phase
measurements were unavailable. Nevertheless, the goals of using these simulations were
not to accurately describe the oxidation reactions, but rather to (1) demonstrate that NOs-
oxidation is the main loss pathway for the phenolic VOCs; and (2) develop a basic
understanding of the oxidation regimes (e.g., concentrations of NOs-, reacted amounts of
VOCs, etc.). The formed SOA mass concentrations from the steady-state experiments
should be interpreted differently from the typical batch-mode chamber experiments and
hence are not directly comparable. This is likely due to the short reaction time (~1 hr) in
the present experimental setup and we expect that the observed SOA yields are likely lower
than from other chamber experiments. Further, despite of the usage of seed aerosols, the
relatively small reactor volume could have caused some wall loss of the gas-phase
oxidation products. In addition, the parent phenolic VOCs might also have significant wall

losses due their functionality that could more substantially lead to lower SOA formation.>

26



The vapor wall loss, however, should have little influence on the molecular
characterization and optical properties of the SOA constituents.

Table 2.1 Experimental conditions.

Injected/stea | Injected®/st | Injected®ste | Estimated SOA mass | <MAC> values (m? g’
dy-state® eady-state ady-state steady-state | concentration 1 (365 nm/400-500
[VOC] (ppb) | [Os] (ppb) | [NO.] (ppb)® | [NOs-] (ppt) (ng m) nm/290-700 nm)®
Phenol 100/15.9 580/420 250/190 13.7 16.5 1.307/0.413/0.896
Catechol 100/17.6 450/325 250/110 0.4 65.6 3.121/0.799/1.389
3MC 100/8.5 600/415 250/125 0.6 56.8 1.981/0.553/0.974
4MC 100/8.7 600/400 250/130 0.6 40.5 1.990/0.973/1.298
Guaiacol 100/25.0 500/330 250/120 1.0 46.5 0.618/0.171/0.304

aSteady-state VOCs are estimated by the kinetic model; Yinjected concentrations of O3 and
NO; are based on injection rates; °the steady-state NO, was measured by the NO, analyzer
and could include some interference from other inorganic and organic nitrogen; %a density
of 1.4 g cm™ was assumed for the average density of SOA; °the 400-500 nm and 290-700
nm results are averaged values within the specific wavelength ranges.

The generalized initial gas-phase reaction scheme of NOs- oxidation of phenolic
VOCs that leads to the addition of one nitro group (—NO2) to the phenolic backbone is
shown in Figure 2.3A. It can likely be applied to the other phenolic VOCs studied here
with slight adjustments.!>?%3? Presented in Figure 2.3B is a more comprehensive
mechanism showing the gas-phase formation pathways of the main products from the NOs-
oxidation of phenol including the nitro- and dinitro-phenols as well as a variety of their
dimer products, which likely undergo gas-particle partitioning and were measured in the
particle phase. The other studied phenolic VOCs all likely undergo similar mechanisms to
form monomeric and dimeric products with 1 — 3 nitro groups. Some possible exceptions
are discussed in later sections. The mechanism shown here, however, only presents the

formation of nitro-phenolic products. Whether and how other types of products (e.g.,

additional functional groups on the aromatic ring) could be formed remains unclear. In
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Figure 2.3A, the highlighted portion in green represents a phenyl radical intermediate
whose stability determines the likelihood of isomeric ratios of the products. It should be
noted that the type and number of substitution groups occupied on the initial aromatic ring
likely govern the intermediate’s stability, and hence the isomer preference and diversity.
For example, prior studies suggest that 2NP and 4NC are the dominant products from NO3-
oxidation of phenol and catechol, respectively, in the absence of O3.!*?*° However,
Bolzacchini et al. reported that the presence of O3 could affect the intermediate’s stability
during the phenol NO;- oxidation and change the nitrophenol isomers’ distribution (i.e.,
leading to the formation of 4NP). How the relevant isomers are distributed in the real
atmosphere where O; is usually present in comparison to laboratory studies have not been

demonstrated.
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Figure 2.3 (A) General mechanism for the NO3- oxidation of phenolic VOCs leading to
the nitrophenol type of products. The various R groups represent a variety of functional
groups including -H, -OH, -OCH3s, -CHj3. The structure highlighted in green represents a
key phenyl radical intermediate in the mechanism. (B) General mechanism for the NOs-
oxidation of phenol to form single-nitro phenols (orange), dinitrophenol (red), single-
nitro dimers (pink), dinitro dimers (blue) and a tri-nitro dimer (purple).
2.3.2 Characterization of the SOA constituents from NOj3- oxidation of the phenolic
VOCs

The IMS is capable of separating isomers based on their CCS and the TOF allows
for accurate molecular formula characterization of the products. The capability of the

instrument to provide fragment mass spectra further facilitates identification of functional

groups in the products and investigation of fragmentation patterns. Therefore, detailed
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analysis of molecular and structural information of the phenolic VOCs NOj- oxidation
products under study are possible. Figure 2.4A presents a two-dimensional plot of the drift
time vs. m/Q for all of the products observed from the NOs- oxidation of phenol and
catechol; Figure 2.4B presents the same type of plot for the products of the NOs3- oxidation
of 3MC, 4MC, and guaiacol. The two-dimensional drift times vs. m/Q diagrams enable

visualization of the number of isomers formed at each m/Q.
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Figure 2.4 (A) 2D drift time vs. m/Q plot for the NO;3- oxidation experiments of phenol
and catechol. (B) 2D drift time vs. m/Q plot for the NO3- oxidation experiments of 3MC,
4MC and guaiacol. These products represent monomer and dimer products described in
the text. The symbol sizes represent the relative peak intensities in the IMS-TOF. In (A),
the drift times of the chemical standards, 2NP, 4NP, and 4NC are labelled. Also shown
are the identical compounds identified from the SOAS biomass burning aerosol sample.
The vertical dashed lines at the specific m/Qs are for guidance.
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2.3.2.1 Formation of nitrophenol products with additional alcohol groups

The chemical formulas of the major SOA products from the five studied phenolic
VOCs shown in Figure 2.4 are usually featured by the additions of xNO> + yO —xH (x =
1-3, y = 0-3) onto the initial chemical formulas. These formulas could represent addition
of —NO> groups to the aromatic backbone, forming nitro-phenolic products as widely
known. However, the additional oxygens are unexpected for NOs- oxidation in which OH
radicals are predicted to be very low. They could be due to the alcohol groups (-OH) in
addition to the -NO> groups or formation of — NOs- functional groups instead of -NO». It
is also unlikely that these products are formed from peroxy radical cross reactions, as the
phenol-derived peroxy radicals (with the Oz- on an aromatic carbon) do not undergo the
Russell mechanism and produce ketones and alcohols as peroxy radicals on aliphatic
carbons do.> It is apparent that many identical products (i.e., same m/Q and drift time) are
observed in the NOs- oxidation of phenol and catechol (Figure 2.4A). These results suggest
that although catechol is functionalized with one more alcohol group than phenol, the NOs-
oxidation of phenol produces a number of identical products, evident for the addition of
alcohol groups to the aromatic ring. A representative example for this observation is at m/Q
154 (CsHaNOy) in the NO3- oxidation of phenol and catechol. Shown in Figure 2.5 are the
driftgrams for m/Q 154 from the NOs- oxidation of (A) phenol, (B) catechol, and (C) the
SOAS aerosol sample. Three prominent drift time peaks are present in these samples, at
22.4 ms, 24.2 ms and 25.8 ms. The peak at 24.2 ms was confirmed to be 4NC by the
authentic chemical standard. In the NOj3- oxidation of catechol (Figure 2.5B), only two

major drift time peaks were present at m/Q 154, as expected, which would represent 3-
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nitrocatechol (3NC) and 4NC. This suggests that the peak at 25.8 ms is likely 3NC, but it
cannot be definitively assigned due to the lack of a standard for 3NC. With our tentative
assignment, the substantial presence of 3NC in the NOs- oxidation of catechol is in contrast
to previous studies, where only 4NC was detected as a major product.'* One likely
explanation is that the presence of Os in our study has strongly affected the stability of the
intermediate which modifies the products’ isomer distribution,”® while the study by
Finewax et al., (2018) used N>Os as the NOj;- precursor and O3 was not present.
Nonetheless, the perfect drift time peak matching clearly suggests that the NOs- oxidation
of phenol could produce nitrocatechols. Two possibilities for the additional peak at 22.4
ms are N-nitroresorcinol or N-nitrohydroquinone, which contain their alcohol groups in
the 1,3-position and 1,4-positions respectively. Since the alcohol groups are not in the 1,2-
positions in these structures, they could only be formed from the NO3- oxidation of phenol
which is evident at 22.4 ms in Figure 2.5A. We also note that both the nitrocatechol
isomers were largely observed from the ambient aerosol sample (Figure 2.5C). These
comparisons together suggest that the oxidation of phenolic VOCs produces dynamic and
complex isomer distributions, likely mediated by Os. Further investigation is warranted to
elucidate the mechanistic pathways behind the formation of 3NC and 4NC from the NOs-

oxidation of phenol.
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Figure 2.5 Driftgrams of m/Q 154 (CsHaNOy') from (A) phenol + NOs3- SOA, (B)
catechol + NOs3- SOA, and (C) the SOAS aerosol sample.

2.3.2.2 Oxidation products of the C; phenolic VOCs

In Figure 2.4B, a number of products with identical chemical formulas were
observed in the NOs- oxidation of 3MC, 4MC and guaiacol likely because these three
phenolic VOCs have the same chemical formula. However, these products are expected to
have different structures and thus should be separated by different drift times in the IMS-
TOF. This is indeed the case, as evident in Figure 2.4B. Regardless, the major monomer
products in all three systems appear to be highly consistent with the mechanisms shown in
Figure 2.3B. In addition, a variety of six-carbon (Cs) monomers and twelve-carbon (Ci2)
dimers were observed. Many of these products have the same chemical formulas and drift
times to the products identified in the NO3- oxidation of phenol and catechol, indicating

that they may exhibit identical structures. The observation of Cs phenolic products in the
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NOs- oxidation of the three C; substituted phenolic VOCs suggests that the carbon-
containing substitutes could be replaced by a —OH or by a -NO; group. Despite the fact
that a methoxy group (in guaiacol) is typically a much better leaving group than a methyl
group (in 3MC and 4MC), the observation of C¢ monomers in the NO3- oxidation of 3MC
and 4MC implies that some scission mechanism of the substituted groups must have
occurred. However, the scope and techniques in the present study did not allow us to
propose a mechanism for the observation that requires further studies. Moreover, the
presence of Ci2 dimers in the NO3- oxidation of C7 phenolic VOCs demonstrate that the Cs
monomers were formed in amounts significant enough to undergo further chemistry
including dimerization. The C14 dimer products, however, have some notable differences
than the mechanism shown in Figure 2.3B. Specifically, dimers with one —-NO; group are
only observed with oxidation number (n0) greater than or equal to 8. This observation
suggests that simple dimers such as those from a nitromethylcatechol with a
methylcatechol (no = 6) are not present, in contrast to Figure 2.3B. This difference is
further discussed later.

There are some exceptions where the products share similar drift times between
two or all three of these systems in Figure 2.4B. When the drift times of two products from
3MC and 4MC overlap, the only difference between the products is the position of a methyl
group which may explain the identical drift times. However, when the products of guaiacol
overlap with either 3MC or 4MC, this drift time overlap is not as easily explained because
in one case the methyl group is part of a methoxy group and in the other case, it is attached

to the ring. To verify the differences between such “identical” peaks, comparisons were
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made between the fragmentation mass spectra. For example, similar drift times were
observed in the NO3- oxidation of 3MC and 4MC at m/Q 168 (C;HsNOy4") with drift time
~ 25.6 ms, as well as in the NO3- oxidation of 3MC, 4MC and guaiacol at m/Q 184
(C7H6NOs") with drift time ~ 27.8 ms. Figures S2.2 and S2.3 compare the fragmentation
mass spectra at CID 20V of these products. In both cases, although the peaks have similar
drift times in the IMS, it is apparent that the fragmentation mass spectra are distinct,
suggesting that they do not have the same chemical structures, as expected. Further
research needs to be conducted to explain this observation, but it is possible that the
resonance of the aromatic ring largely constrains the CCS of the products and hence the
observed drift times.
2.3.2.3 Non-aromatic products

In the analysis of the SOA constituents from NOs3- oxidation of the phenolic VOCs,
products with two additional hydrogens than the above-discussed compounds were
observed. These products include: m/Q 185 (C¢HsN20s57), and m/Q 201 (CeHsN2Os') in
phenol; m/Q 201 (CeHsN2Os) and m/Q 217 (CsHsN2O7Y) in catechol; and m/Q 215
(C7H/N20¢7), m/Q 231 (C7H7N207), and m/Q 247 (C7H7N20g), in 3MC, 4MC and
guaiacol oxidation. These peaks were not expected based on the known gas-phase reaction
mechanisms (Figure 2.3) but were observed in substantial abundances as shown in Figure
2.4. The addition of two hydrogens in each of these phenolic VOCs effectively reduces the
double bond equivalence (DBE) by one and removes its aromaticity or suggests a possible
ring-opening. The fragment mass spectra (Figures S2.4 — S2.8) of these products at CID

20V revealed similar fragmentation patterns across each m/Q for each of the phenolic
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VOC:s studied. In these fragmentation mass spectra, neutral losses of m/Q 31 (NO + H),
m/Q 47 (NO2 + H), m/Q 63 (NO + OH) are consistently observed to be dominant fragments
from the parent compounds. These fragmentation patterns are in contrast to the products
with the nitrophenol type of structures (e.g., m/Q 213 and m/Q 229), which will mainly
lose NO, (m/Q 46) at high CID voltage due to their aromaticity. Unfortunately, the
interpretation of these fragments does not help to uncover the exact structures of these
products. Thus, it is still unclear how this class of products are produced through NOs-
oxidation of the phenolic VOCs. Nevertheless, the results suggest that these products are
common across different phenolic VOCs and may comprise substantial fractions. It should
also be mentioned that despite this loss of aromaticity or possible ring-opening, these
products were stable enough to be observed in the presence of NOs3- and Os. This suggests
that the products might not contain C=C double bonds which could be quickly oxidized by
NOs- and O3, but rather carbonyls (C=0) on the cyclohexane ring. Further studies are
warranted to elucidate the chemical structures and formation mechanisms of these non-
aromatic/ring-opening products because such products have not been previously reported
in NOs- oxidation of the phenolic VOC systems.
2.3.2.4 Dimers in the NO3- oxidation products of the phenolic VOCs

All of the phenolic VOCs under study showed the capability to form a wide variety
of dimers upon NOs- oxidation with up to three nitrogen atoms per dimer molecule.
Structural analysis of these dimers was carried out by investigating the mass spectra at the
same drift times of the parent ions under high CID 20V. Figure 2.6 presents the

fragmentation mass spectra of five major dimers in phenol SOA (as shown in the reaction
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scheme in Figure 2.3B). These dimers are all characterized by the diphenyl ether
structures. In the fragmentation mass spectra shown in Figure 2.6, bond scission at the
ether linkages are evident, consistent with the proposed structures. In panels A and B are
fragment mass spectra of two single nitro- dimers and both of these show strong peaks
indicating the fragmentation of m/Q 92 (phenol). In the case of m/Q 246 in panel B, this
loss of phenol indicates that the nitro and alcohol groups are located on the same ring. In
panels C and D are fragment mass spectra of two dinitro- dimers and both of these show
strong peaks indicating the loss of m/Q 169 (CsH3NOs), possibly suggesting nitrophenol
with two alcohol groups as the monomeric building block. Lastly, for m/Q 320, a trinitro-
dimer in panel E, a large peak at m/Q 138 (nitrophenol) shows the loss of m/Q 182
(dinitrophenol). Since there are no additional oxygens in this molecule, the two monomer
building blocks can be deduced as nitrophenol and dinitrophenol. Thus, the dimers’
monomer building blocks are revealed. From the mechanism shown in Figure 2.3B, it was
assumed that many of the dimers in these systems are formed in the gas phase via phenoxy
radical pathways, followed by gas-particle partitioning. This is supported by the
observation that volatile building blocks such as phenol and catechol are present in the
dimers; they are unlikely to be present in the particle phase in substantial amount and
participate in condensed-phase dimerization. Similar gas-phase phenoxy radical chemistry
has been proposed previously from both experimental and computational studies 3+,
Nevertheless, it is unclear whether all the dimers were formed via this pathway due to the
lack of gas-phase measurements. Specifically, the volatile monomeric building blocks were

not observed in the Cis dimers. The simplest single nitro dimer formed in the NOs-
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oxidation of 3MC, 4MC and guaiacol was expected as CisH13NOs, which would be
composed of the building blocks C7;HgO2 and C7HsNO4. However, the smallest single nitro
dimer ions observed were C14H12NOg™ in 3MC and 4MC and Ci4H12NOy™ in guaiacol. The
reason for such difference is unclear, but the fact that volatile monomer building blocks are
not present might indicate that the major Ci4 dimers were formed via particle-phase
reactions. Regardless, similar types of dimers are observed in all the studied phenolic VOC
systems, suggesting that they are important constituents in the phenolic SOA from NO;-

oxidation.
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Figure 2.6 Fragment mass spectra of five dimers from the NO3- oxidation of phenol
performed at CID 20 V with their proposed structures shown on the left. From top to
bottom the dimers’ formulas are A (C12HsNOy), B (C12HsNOs"), C (C12H7N20g7), D
(C12H7N209), E (C12H6N30x").
2.3.2.5 Phenolic VOC products in ambient biomass burning aerosols

In the analysis of the SOAS aerosol sample, some identical products to those
characterized in the NOs- oxidation of the five phenolic VOCs in this study were observed
and displayed in Figure 2.4. Namely, a variety of Cs and C7 monomers as well as several
C14 dimers were identified in the SOAS biomass burning sample with identical drift times

to those observed in our study. Additionally, some products containing additional alcohol

groups, such as m/Q 170 (C¢H4sNOs") in phenol and catechol, m/Q 229 (C7HsN>O7") and
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245 (C7H5N205") in 3MC, 4MC and guaiacol, and non-aromatic compounds, such as m/Q
215 (C7H7N20¢"), 231 (C7H7N207) and 247 (C7H7N20g") in 3MC, 4MC and guaiacol,
identified in this study were also present in the SOAS aerosol sample, indicating that these
new chemical processes discussed here are relevant to that observed in ambient biomass
burning events. Furthermore, we should note that these compounds were only observed in
the sample that was collected during a major wildfire event but not in the other 12 non-
biomass burning samples, suggesting their relevance to biomass burning aerosol
processing. Although it is the only sample relevant to a large biomass burning event at the
beginning of the field campaign and its representativeness warrants further examination,
the identical products from different pathways are worthwhile to mention. It is also notable
that the particular SOAS biomass burning event started before sunrise, but the sample
collection was during the morning hours. Therefore, interference from daytime OH-
oxidation chemistry and primary emissions cannot be ruled out.’*>” More distinct ambient
aerosol samples with higher time resolution are needed to further confirm how the observed
products are formed.
2.3.3 Optical properties of products from NOj3- oxidation of phenolic VOCs

The MAC values averaged at the various wavelength ranges for each of the
phenolic derivatives are tabulated in Table 2.1. The UV-Vis absorption spectra for each of
these compounds can be found in Figure S2.9. The MAC values were calculated for the
SOA derived from each phenolic VOC at 365 nm, average of 400 — 550 nm, and average
of the entire UV-Vis range (290 — 700 nm). The <MAC>400-500nm values had standard

deviations of + 0.200 m? g! or less. The <MAC>290-700nm values had standard deviations
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of + 1.182 m? g! or less. Prior studies have suggested that 365 nm is a characteristic
wavelength of peak absorption for BrC;*%> <MAC>400-s50nm Were shown for consistent
comparisons with previous measurements.® Among the five studied phenolic VOC
systems, guaiacol SOA exhibit somewhat lower light absorption than the other four
systems which all absorb light strongly. To our knowledge, this is the first report of optical
properties (i.e., MAC values) of phenolic VOC + NOsz- SOA. Thus, we compared our
measurements with laboratory aromatic SOA and ambient organic aerosols relevant to
urban atmosphere or biomass burning. Despite that there are some variations between
MAC values from different phenolic systems, our results suggest that the measured MAC
values from the SOA derived from phenolic VOC + NOs- oxidation are generally 3 — 10
times higher than the laboratory-generated aromatic SOA (e.g., from photooxidation of
toluene and the xylenes).5'%* These comparisons suggest that the SOA from
photooxidation of aromatic VOCs are mostly less absorbing compounds than formed from
NOs- oxidation in the present work. In addition, prior studies suggest that the guaiacol OH
oxidation SOA are much more light absorbing when NO, was present (i.e., <MAC>400-
ssonm 0f ~ 0.19 m? g*! for SOA in the presence of NOy; in contrast to that of ~ 0.02 — 0.03
m? g in the absence of NO,).5>% Note that the MAC values reported for guaiacol +
OH/NO; are very consistent with our measurements for guaiacol + NOs- (i.e., <MAC>400-
ssonm Of ~ 0.17 m? g!). These comparisons could be explained by the fact that both OH/NO,
and NOs- oxidation of guaiacol (or other phenolic VOCs) produce substantial nitrophenol-
like products, but this is not the case for other aromatic VOCs such as toluene and the

xylenes, which largely form non-absorbing oxygenated products.”° We should also
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mention that almost all the phenolic SOA constituents observed here contain at least one
nitro group on the aromatic rings, which is highly light absorbing. However, when
comparing with ambient organic aerosols, especially those relevant to biomass burning
events, our results are similar or lower than the ambient OA’s MAC values: MACsgsnm =
1.52 +2.10 m? g'! and <MAC>400-500nm = 1.76 + 2.46 m? g'! (both values are represented as
mean + standard deviation).”'#? The closer MAC values with ambient organic aerosols
imply that nitro- or nitrophenol type of products are substantial, especially from biomass

burning aerosols.

2.4 Conclusions and atmospheric implications.

In this work, the SOA constituents from the NOs3- oxidation of five major phenolic
VOC:s relevant in ambient biomass burning emissions were analyzed using IMS-TOF. In
addition to the nitrophenolic products which have been demonstrated in prior research, our
analysis suggested observations of new products indicative of previously unrecognized
oxidation mechanisms. These new products and pathways include: (1) formation of
multifunctional products containing both —-NO; and —OH groups; (2) formation of non-
aromatic/ring-opening products; (3) formation of diphenyl ether dimers; and (4) formation
of fragmentation products when carbon-containing substitutes are present in the phenolic
VOC:s. These products may form a substantial portion of the total SOA mass. Additionally,
the identification of these same products in the SOAS biomass burning sample shows the
relevance of these new product pathways in the ambient biomass burning emissions.

Although detailed mechanisms that are responsible for these products have not been

43



elucidated, we suggest that they could be important focuses in future work to improve our
understanding of the oxidation and evolution of phenolic VOCs in the atmosphere during
nighttime. In particular, how the presence of O3 influences the isomeric distribution of the
oxidation products and how the additional alcohol functional groups are formed are critical
to understand as biomass burning is becoming increasingly important globally. Finally, the
optical analysis of the SOA from the NOs- oxidation of these phenolic VOCs has shown
that phenolic VOCs with additional functionalization form products with larger SOA mass
and these products tend to absorb light strongly in the UV and visible ranges. This increased
functionalization and dimerization both lead to lower SOA volatility and ultimately lead to
an increase in light-absorbing brown carbon under atmospheric conditions. The
observations reported in this work strengthen the assumption that nighttime NOs- oxidation
of phenolic VOCs can lead to a significant portion of light-absorbing brown carbon in the

atmosphere.
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2.5 Supporting Information
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Figure S2.1 Time series of mass concentrations for NO3 oxidation of each phenolic VOC
plotted with the right y axis. Time series of O3z and NOx concentrations plotted with the
left y axis.
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Figure S2.2 Fragment mass spectra of m/Q 168 (C7;HsNO4) with overlapping drift times
from the NOs oxidation of 3MC and 4MC with significant fragments labeled.
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Figure S2.3 Fragment mass spectra of m/Q 184 (C7;HsNOs") with overlapping drift times
from the NOs oxidation of 3MC, 4MC and guaiacol with significant fragments labeled.
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Figure S2.4 Fragment mass spectra of m/Q 185 (CsHsN20s") and m/Q 201 (C¢HsN20¢")
from the NOs3 oxidation of phenol with significant fragments labeled.
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Figure S2.5 Fragment mass spectra of m/Q 201 (CsHsN2Og") and m/Q 217 (CsHsN20O7)
from the NOs oxidation of catechol with significant fragments labeled.
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Figure S2.6 Fragment mass spectra of m/Q 215 (C7TH7N206-) from the NO3 oxidation
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Figure S2.7 Fragment mass spectra of m/Q 231 (C7H7N207") from the NO; oxidation of
3MC, 4MC and guaiacol with significant fragments labeled.
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Figure S2.8 Fragment mass spectra of m/Q 247 (C7;H7N20g") from the NOs oxidation of
3MC, 4MC and guaiacol with significant fragments labeled.
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CHAPTER 3: Peroxy Radical Autoxidation and Sequential Oxidation in Organic
Nitrate Formation during Limonene Nighttime Oxidation
3.1 Introduction

Monoterpenes are a class of biogenic volatile organic compounds (BVOCs) that are
known as a significant driver of atmospheric chemistry and precursors for secondary
organic aerosol (SOA)."? As one of the major monoterpenes, limonene is mostly emitted
from citrus plants and coniferous trees with a total emission rate of 11 Tg yr' in the
atmosphere.> Typical ambient concentrations of limonene range from 0.1 — 2.0 ppb.*
Limonene is also found in wildfires with emission factors up to 0.23 g kg! from fuels native
to North America.> Limonene is readily oxidized by oxidants such as hydroxyl radicals
(OH), ozone (0Os), and nitrate radicals (NOs). Nighttime concentrations of O; in the
atmosphere range from 5-50 ppb and NO; are formed from O; + NO, and can reach up to
~1 ppt.>7 Hence, NO; often co-exist with Os at nighttime in the atmosphere and can be the
dominant limonene oxidants in polluted areas with high NO, (= NO + NO,) levels. 231
The formation of organic nitrates from NO; oxidation of BVOCs represents an important
reservoir of atmospheric NO, and a key pathway for SOA formation.!'!"!* Recently,
improved analytical methods have allowed for detailed qualitative and quantitative
information about the organic nitrates found in the gas and particle phases from NO;
oxidation of BVOCs.!%!151 In previous laboratory experiments, substantial yields (30—
72%) of organic nitrates from NO; oxidation of limonene have been reported,'>-20-22

suggesting their crucial role in limonene nighttime oxidation.
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In the southeastern United States, Lee et al.!® observed highly oxidized organic
nitrates from monoterpenes especially during nighttime. It has been well demonstrated that
highly oxidized molecules (HOM) in the atmosphere are rapidly formed from peroxy
radical (RO,) autoxidation in monoterpene ozonolysis.?3242426 Recently, Guo et al.
reported HOM formation from limonene + NO;, but the formation pathways and RO,
autoxidation rate constants were still unknown;?” Draper et al.?® suggested that certain
nitrooxy RO, from 3-carene + NO; oxidation autoxidize on the order of 10 s! based on
quantum chemical calculations. It is, however, unclear whether limonene-derived nitrooxy
RO, could undergo autoxidation at rate constants fast enough to compete with RO,
bimolecular reactions during nighttime (i.e., RO, reacting with RO,, HO,, and
NO;).21222930 Moreover, limonene has two double bonds, hence, has the potential to
produce multifunctional organic nitrates from sequential oxidation, indicated by the fact
that limonene + O3/NO; has increased total organic nitrate concentrations and SOA mass
yields corresponding to the oxidation of each double bond.?? However, the detailed
molecular-level evidence has been lacking to elucidate the specific oxidation pathways. In
this study, we investigated the NO;/O; oxidation of limonene with different time scales and
examined plausible nitrooxy RO, autoxidation and sequential oxidation mechanisms based
on the measured gas- and particle-phase organic nitrate molecular compositions, quantum

chemical calculations, and Kkinetic simulations.
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3.2 Materials and Methods

3.2.1 Laboratory experiments
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Figure 3.1 Proposed limonene + NOs initial gas-phase mechanism.

Limonene (96%, ACROS organics) was oxidized by NO3/O3 in a laminar flow tube
reactor (FTR, Quartz, volume ~2.1 L) and a continuous flow stirred tank reactor (CFSTR,
volume ~250 L, stainless steel enclosure with interior Teflon coating) under 22 °C and
relative humidity < 1%.3!? The total flow rates in the FTR and CFSTR were 2.1 L min’!
and 5 L min’!, respectively; hence the residence times were approximately 1 min in the
FTR and 50 min in the CFSTR. The setup for the reactors is illustrated in the Supporting
Information (SI) Figure S3.1. A clean air generator (Aadco Instruments, Inc.) was used to
provide clean dry air for both reactors. Limonene was injected into the reactors in a 1:1000
(v/v) limonene/cyclohexane (99%, ACROS organics) solution using a syringe pump at pre-

calculated rates to achieve a limonene injection concentration of 30 ppb. The cyclohexane
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(~45 ppm) was used as the OH scavenger. NO3 was produced by NO; + Oz. NO; was
supplied directly from a gas cylinder of NO; through a mass flow controller to reach
various concentrations at the entrance of each reactor. Oz of ~1000 ppb (FTR) and ~300
ppb (CFSTR) was generated by an O3 generator (Ozone Solution Inc.). The injected NO»
and O3 concentrations were designed based on the kinetic model described below, to
achieve a range of the fraction of limonene oxidized by NOs (fno3). The concentrations of
O3 and NO: (Table S3.1) were measured using a 49C O3 analyzer and a 42C NOy analyzer
(Thermo Environmental Instruments), respectively at the reactor entrances.’ A scanning
electric mobility scanner and a mixing condensation particle counter (Brechtel Inc.) were
used to measure the particle size distributions and number concentrations, respectively. No
SOA was observed at larger than 5 nm from the FTR, due to the short residence time and
low limonene concentration. In contrast, SOA was formed from the CFSTR experiments
(Table S3.1). For each CFSTR experiment, once SOA mass had stabilized, a Teflon filter
(Pall Corporation) was used to collect the SOA at 4 L min! for 10 h. During the SOA
collection, the filter sampler was kept at 0 °C to minimize volatilization and change of
composition on filter. Following collection, each filter sample was immediately stored in
a freezer at -20 °C until analysis.
3.2.2 Gas- and particle-phase product analysis

The gas-phase oxidation products were analyzed in real time using an iodide-
adduct time-of-flight chemical ionization mass spectrometer with a mass resolution
(m/Am) ~5000 (I-CIMS, Aerodyne Research Inc.).>!*3 The I-CIMS is known to be

sensitive for multifunctional O-containing and N-containing organic compounds.!'%-36-38
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We also utilized an electrospray ionization (ESI) ion-mobility spectrometry time-of-flight
mass spectrometer (IMS-TOF) (Tofwerk Inc.) for offline analysis of the particle-phase
products.3%33333-44 To validate the atmospheric relevance of the laboratory-generated
limonene SOA, a few 4-h PM; aerosol samples collected from Centreville, AL, during the
2013 Southern Oxidant and Aerosol Study (SOAS) field campaign were also analyzed by
the IMS-TOF, including one biomass burning sample and five nighttime samples.? All the
laboratory and field samples were extracted using the same procedure. To each vial
containing a filter sample, 20 mL of methanol (HPLC Grade) was added, and the vials were
sonicated for 45 min. The filters were then removed from the vials and methanol was
evaporated off with a gentle flow of N2. The sample extracts were immediately dissolved
in 100 pL acetonitrile (HPLC Grade) with 0.1 mM NaCl (>99.5% Sigma-Aldrich). The
doped NacCl allows for organic nitrate molecules to form adducts with chloride [M+Cl]™ in
the (—)ESI mode, which has been shown to be an effective approach to detect organic
nitrates which are otherwise challenging to ionize directly by ESI.** Each sample extract
was infused into the IMS-TOF using a syringe pump at a rate of 1 uL min"!. The generated
ions entered into a drift tube and meet a counterflow of N> gas (at 1.2 L min!) which serves
to separate each ion based on its collisional cross section thereby giving each ion a
characteristic drift time.3>*° The IMS-TOF was operated over a m/Q range of 45-600 Th.
The IMS resolution is (t/At) ~100 and the TOF mass resolution is (m/Am) ~4000.3244
3.2.3 Quantum chemical calculations and Kinetics

To understand the oxidation mechanisms and kinetics in limonene + NO3 (see

Figure 3.1), the H-shift of the three primary nitrooxy RO> (CioHisNOs-RO3), the two
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primary nitrooxy alkoxy radical (RO, Ci0H16NO4-RO) bond scissions, and the exocyclic
Ci10H16NO4-RO  H-shift were calculated by using CCSD(T)-F12a/cc-pVDZ-
F1244//MN15-L/MG3S*"# theoretical methods (i.e., pathways R1 — R8 in Figure 3.1).
Reaction rate constants were calculated by transition state theory*® with Eckart tunneling.>
Eckart tunneling is chosen here because our previous investigation®' has shown that it can agree
well with small-curvature tunneling at room temperatures in H-shift processes. Additionally,
CCSD(T)-F12a/cc-pVDZ-F12 has been widely used to study H-shift processes in the
literature.>>>* More details are provided in the SI.
3.2.4 MCM-based gas-phase kinetic modeling

To aid the interpretations of the observed products and implement the quantum
chemical calculation results, a gas-phase kinetic model was developed based on the Master
Chemical Mechanism (MCM, v3.3.1).>* The model simulates the total reacted limonene
concentrations (Alim) and fxo3 in each experiment (Table S3.1). Under the experimental
conditions, the simulations suggest that the produced OH concentrations were mostly
scavenged by cyclohexane and most of limonene was consumed by O3 and NOs. The model
also provides the bimolecular RO> fates under the experimental conditions: the pseudo-
first order rates for bimolecular reaction are usually in the range of 0.1 — 0.2 s! in the
experiments, with the RO2 + RO; reactions accounting for > 97% of the RO> bimolecular
fates (Table S3.2). Vapor wall loss was treated the same way as in our previous work.! In
addition to the original MCM mechanism, we have included new pathways (Figure 3.1
and Table S3.3) to reflect the computational results and recent research and examine

possible formation mechanisms for organic nitrates. These new pathways include: (1)
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Explicitly representing NO;3 addition at three different carbon sites (Figure 3.1). Based on
previous studies, the lower-estimate of the exocyclic double bond oxidation branching ratio
is ~0.03,22>° while the higher-estimate of the branching ratio is ~0.15.3%3¢ The branching
ratios of the two endocyclic C10H1sNOs-ROz isomers are 0.65:0.35, favoring the formation
of more substituted RO,. Thus, we consider the branching ratios of the three CioH16NOs-
RO:> isomers in the range of 0.63:0.34:0.03 and 0.55:0.30:0.15. (2) H-shift of the three
primary Ci1oH16NOs-RO> at rate constants estimated by quantum chemical calculations,
which produces CioHisNO7-RO; in the presence of O>. (3) Bond scission of the two
endocyclic nitrooxy RO (CioH1sNO4-RO), which retains the nitrooxy functionality with
branching ratios estimated by quantum chemical calculations?®-7 and leads to the formation
of a ring-opened nitrooxy ROx (C10H16NQOs-RO») in the presence of 0,.277 (4) H-shift (rate
constants by quantum chemical calculations) and fragmentation of the exocyclic
C10H1sNO4-RO. (5) Bimolecular (i.e., reacting with RO2, HO, and NO3) and unimolecular
(i.e., autoxidation) reactions of the C10HisNOs-RO> and C10H1sNO7-RO> mentioned above.
The rate constants for the bimolecular reactions are the same as those used in MCM; the
autoxidation rate constants are unknown but are assumed on the same order or 10 times
faster than autoxidation of CioHisNOs-RO». (6) Sequential O3 and NOjs oxidation. In
MCM, sequential oxidation is only considered for limonaldehyde (CioH1602). Here, we
include the reactions for all the products that contain double bonds. The rate constants were

set to be the same as those used in the original MCM for limonaldehyde.
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3.3 Results and Discussion

3.3.1 Overview of the gas- and particle-phase organic nitrate products
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Figure 3.2 Mass spectra plots from a medium fno3 condition (~0.4) are shown for (A)
FTR gas-phase I-CIMS measurements, (B) CFSTR gas-phase [-CIMS measurements, and
(C) CFSTR particle-phase IMS-TOF measurements. The products are broken down into
four categories: non-nitrate (CHO) closed-shell (red), CHO RO> (green), organic nitrate
(CHON) closed-shell (blue) and CHON RO; (orange). Chemical formulas are attached to

certain major m/Q. Products in (A) and (B) were identified as [M+I]™ and products in (C)
were identified as [M+CI], except that C10H1sN2010 was identified as [M-H] .

In Figure 3.2, mass spectra are shown for fnos ~0.4 from the FTR gas-phase
(Figure 3.2A), CFSTR gas-phase (Figure 3.2B), and CFSTR particle-phase (Figure 3.2C)
measurements, with the same product molecular mass lined up vertically. The observed
products are broken down into four categories: non-nitrate (CHO) closed-shell products,
CHO-RO:2, organic nitrate (CHON) closed-shell products, and nitrooxy RO> (CHON-RO>).

With respect to the organic nitrates, we consistently observed significant intensities for the
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major CHON series including CioH15,17NQO4.9 and CoH13,15NOs.3, in both reactors and both
phases. In addition, CHON-RO: species (e.g., CioHi6NOs.9 and CioH14NO7.19) were
detected from the FTR, owing to that the FTR was directly interfaced with the I-CIMS
inlet. The speciated RO2 measurement could help probe the RO, autoxidation chemistry,
as discussed in the following section.’! There were certain nominal masses which may
contain both CHON and CHO-RO> or CHO and CHON-RO: ions. The high-resolution
peak fittings support that the identified species are not due to misassignment of peaks
(Figure S3.2). In addition, the CHON and CHON-RO:; intensities increase with fnos
(Figure S3.3 and Figure 3.3A), ruling out interferences from CHO-RO; and CHO peaks.
As shown in Figure 3.2, CHON are rapidly formed in the gas phase (on ~1-min time scale)
and those with low enough volatility (highly oxidized) can partition to the particle phase
on ~50-min time scale. The gas-particle partitioning may thus account for the much lower
concentrations of gas-phase high-molecular-weight products (e.g., m/Q >370 Th) in the
CFSTR than in the FTR (Figure 3.2B). Interestingly, dinitrates with chemical formulas of
C10H16N207.9 and C10H18N20s.10 were observed in both the gas and particle phases. Their
intensities account for 1-2% of total product signals in the gas phase but up to nearly 40%
in the particle phase. The two nitrate functional groups likely correspond to the two double
bonds in limonene being oxidized by NO3 but could also contain the peroxyacetyl nitrate
(PAN) functionality from acyl RO> + NO», especially for those detected in the FTR. It
should also be mentioned that the same Cio-dinitrate formulas have been observed during
the SOAS field campaign, with diurnal patterns indicating nighttime formation.>® The

comparison between the laboratory-generated dinitrates and field measurements will be
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discussed later. There are also abundant CHO products, whose formation is most likely
from limonene ozonolysis because their total intensities decrease with increased fnos
(Figures S3.4-S3.5). In addition, dimer products (i.e., with nc>10) were also observed in
the experiments, but at much lower abundances than the monomers (Figure S3.6). The
focus of this work is the organic nitrates (i.e., CHON and CHON-RO:,), thus, the CHO

compounds and dimers are not discussed in detail.
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3.3.2 Constraints of limonene nitrooxy RO: autoxidation
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Figure 3.3 (A) The I-CIMS intensities of the major CHON-RO; as a function of fxo3 in
the FTR experiments. (B) The ratios of Ci1o HOM CHON to first-generation CHON from
the FTR measurements (black symbols), in comparison to four different kinetic model
scenarios: (1) original MCM; (2) modified MCM with sequential oxidation but without
CHON-RO: autoxidation; (3) with CHON-RO:> autoxidation at the slower rate (i.e., Mla
and M1c undergoing H-shift at 0.02 s! and 20 s!, respectively); and (4) with CHON-RO;
autoxidation at the faster rate (i.e., Mla and M1c undergoing H-shift at 0.2 s*! and 20 s™!,
respectively).
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Figure 3.3B shows the ratio of the summed Cio HOM CHON (Ci0H15,17NO>5) and
first-generation CHON (C1oH15,17NQOa4.5) as a function of fno3 in the FTR experiments. The
measurements show high CHON ratios of ~1.2 across the studied fyos range (assuming the
same [-CIMS response factor for all the CHON species), indicating that the HOM CHON
formation is important. Besides autoxidation illustrated in Figure 3.1, the other possible
route to form the HOM CHON and CHON-RO; is through NOs3 oxidation of oxidized CHO
products. For example, the original MCM mechanism includes NOs + limonaldehyde to
produce CioHi16sNO7-RO». Likewise, the same reactions could occur for the other CHO
products (i.e., Ci10H14,1602-4) that contain double bonds and lead to the observed CHON-
RO> formulas (i.e., CioH14,16NO7.9). However, this mechanism turns out to be unlikely
because it requires sequential NO3 oxidation which would take longer than 1 min to
produce high enough concentrations of the CHON-RO:. In support of this, the original
MCM model predicts CHON ratios lower by ~ 3 orders of magnitude than the
measurements (Figure 3.3B). In the modified MCM model, although NOj3 oxidation of all
the CioH14,1602-4 that contain double bonds was included (Table S3.3), the model still
largely under-predicts the CHON ratios. In addition, the formation of HOM CHON through
ozonolysis-initiated autoxidation followed by NO; addition for acyl-RO» (PAN-like
products) can also be ruled out because it is unlikely that acyl-RO> are formed at continuous
oxygen numbers. These results suggest that autoxidation very likely occurs to explain the
high HOM CHON products. Among the observed CHON-RO, C10H16NOs-RO; are the
primary CHON-RO; from limonene + NOs, while the rest may be HOM CHON-RO:> from

autoxidation reactions. The high CHON ratios shown in Figure 3.3B suggest that
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autoxidation under the experimental conditions is competitive against RO> bimolecular
reactions.

The quantum chemical calculations performed here suggest that the two endocyclic
C10H16NO5s-RO2 isomers (M1a and M1b in Figure 3.1) have very different enthalpies of
activation at 0 K for the H-shifts of methyl group and endocyclic carbon sites to the
terminal oxygen of ROz in CioH16NOs-RO: as described in Figures S3.7-S3.14. These
calculations reveal that the enthalpies of activation of these H-shift pathways differ largely
from ~21 to 44 kcal mol™!. The calculated results show that the C10HisNOs-RO, with NOs3
added on the less substituted endocyclic double bond carbon (M1b), which has been
considered the major pathway in limonene + NO3 oxidation (0.55-0.63 branching
ratio),?”->” was found to have at least an enthalpy of activation of 27.6 kcal mol™! at 0 K to
perform H-shift (Figure S3.11). In contrast, the C10H1sNOs-RO> with NO3 added on the
more substituted endocyclic double bond carbon (M1a, 0.30—0.34 branching ratio) appears
to have a much smaller enthalpy of activation of 21.0 kcal mol! at 0 K (Figure 3.4A) and
is estimated to undergo 1,5-H shift at a rate constant on the order of 0.02 s™! at 298 K, as
shown in Table S3.4A. It should be noted that the calculated enthalpies of activation of H-
shift reactions for large molecules like the C10HisNOs-RO> may have high uncertainties.
According to previous investigations, the present theoretical methods could lead to a factor
of ~10 difference for the H-shift rate constant.’>>° Thus, we suggest that the 1,5-H shift
rate constant for Mla could be as high as 0.2 s!. This range is within one order of
magnitude of the RO> bimolecular reaction rates in the experiments (Table S3.2). In the

real atmosphere, this rate is also competitive compared to RO; bimolecular reaction rates
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in most clean and even lightly polluted nighttime environments. For instance, in the
southeastern United States, the nighttime RO> bimolecular reaction rate is ~0.005 — 0.01 s
1.2 In addition, we also consider H-shift of the exocyclic C1oHisNOs-RO, (M1¢, 0.03-0.15
branching ratio) as shown in Figures S3.24—S3.26. We find a lower reaction pathway by
TS1c4-1 with enthalpy of activation of 11.8 kcal mol™! at 0 K in Figure S3.26 at the MN15-

L/MG3S level. This phenomenon is consistent with the literature.%%-!

This lower energy
barrier leads to a much faster H-shift than the endocyclic C10HisNOs-RO; at ~20 s™! (Table
S3.4B). The fast H-shift rate constant is highly consistent with prior calculations by Chen
et al.?> The uncertainty of this estimated rate constant is less critical, because with the fast
H-shift, all the exocyclic CioHisNOs-RO: likely undergo autoxidation and contribute
substantially to the HOM CHON formation, despite the low branching ratio of this

pathway. 23
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Figure 3.4 Quantum chemical calculation results of (A) CioHisNOs-RO> (M1a) H-shift
energy barrier, and (B) CioH1sNO4-RO (M2a) bond scission energy barrier.
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The bond scission pathways of the two endocyclic C10H1sNO4-RO isomers (M2a
and M2b) were also investigated. The calculated results show that there is a 1.8 — 5.6 kcal
mol! difference between the two scission channels in the enthalpies of activation at 0 K
for the two endocyclic CioH1sNO4-RO isomers (Figures S3.15-S3.22). The calculations
suggest that the bond scission of both CioHisNO4-RO isomers favors the formation of
limonaldehyde and NO- (Figure 3.4B), but approximately 8% of the Ci1o0H1sNO4+-RO may
retain the nitrooxy functionality and open the six-membered ring to form C10HisNOg-RO:.
This branching ratio is consistent with previous work showing high yields of
limonaldehyde in limonene + NO3 (69-86%).2%*? Furthermore, we also consider H-shift of
the C10H16NO4-RO (M2c) formed from the exocyclic Cio0H1sNOs-RO», due to the potential
importance of RO’s H-shift.®> As shown in Figures S3.27-S3.30, the most favorable
pathway has been found by TS2¢3-1 with enthalpy of activation of 6.9 kcal mol! at 0 K
by MN15-L/MG3S in Figure S3.29. The corresponding unimolecular H-shift rate constant
is estimated to be about 1.5 x 10° s™', fast enough to compete with RO fragmentation (not
calculated but assumed to be ~10° s).>* Therefore, the present findings show that the RO
and RO formed by NOj3 addition to the exocyclic double bond and the more substituted
carbon of the endocyclic double bond of limonene can undergo autoxidation.

For the C10H1sNOs-RO> M1a isomer, a Cio0H1sNO7-RO2 may be formed following
O addition (Figure 3.1), which is likely to undergo further 1,5-H shift with the exocyclic
double bond to result in a ring-closure C10H16NOy-RO2. Previous studies suggest that such
cyclization reactions may occur rapidly.?>%3 Likewise, the exocyclic CioH16NO7-RO> from

M ¢ autoxidation could also undergo rapid H-shift.> For the endocyclic C1oHisNOs-RO:
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isomers (M3a and M3b), with the six-membered ring open leading to less strained
transition states, they are also expected to undergo fast autoxidation and produce
C10H16NOs-RO; in the presence of O,. The hydrogens on the tertiary and the aldehydic
carbons could both facilitate rapid H-shift. Therefore, it is reasonable to assume that the
proposed Cio0H1sNO7-RO> and CioHisNOg-RO2 may autoxidize at least as fast as the
C10H16NOs-RO2 M1a isomer. The bimolecular reaction products of the HOM CHON-RO;
are hence Ci0H1s5,17NOs.9, consistent with the observation in Figure 3.2A.

With the quantum chemical calculation results implemented into the kinetic model
assuming the lower estimated branching ratio (0.03) for the exocyclic double bond
oxidation, autoxidation may explain 24-31% of the HOM CHON with M1a and M1c H-
shift at 0.02 s*! and 20 s, respectively; while the percentage increases to 123—135% with
M 1a H-shift rate constant increased to 0.2 s™!, as shown in Figure 3.3B. Adjusting the M1c
H-shift rate constant within a factor of 10 has little effect on the overall model performance
because M1c autoxidation always over-competes bimolecular pathways within this range
of rapid H-shift rate constants. With the higher estimated branching ratio (0.15) for the
exocyclic double bond oxidation, this pathway with faster H-shift contributes significantly
larger to the HOM CHON, leading to 63-31% of the HOM CHON accounted by
autoxidation even with Mla undergoing H-shift at 0.02 s!'. Despite the uncertainties
existing in both measurements and calculations, the results considering the autoxidation
mechanism greatly outperforms the mechanisms without autoxidation, strongly supporting
its validity. The CHON-RO; autoxidation mechanism demonstrated here, however, could

not explain the presence of Ci1oH14NO7.10-RO2 in the FTR, suggesting that unrecognized
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pathways still exist. Nevertheless, our findings coupling measurements, quantum chemical
calculations, and kinetic modeling provide compelling evidence and strong constraints of
CHON-RO: autoxidation from NOs-intiated oxidation of limonene at a rate constant fast
enough to compete with bimolecular reactions in the laboratory and under atmospheric
nighttime conditions. The results also suggests that the often-omitted “minor” pathways in
limonene + NOj3 should be carefully considered in future chemical mechanisms.

3.3.3 Role of sequential oxidation in organic nitrate formation.

With the oxidation extended to a longer time scale in the CFSTR, a larger degree
of oxidation could occur that has led to SOA formation. The gas- and particle-phase
oxidation products shown in Figure 3.2B and 3.2C are featured by the same CHON
chemical formulas as in Figure 3.2A, but their detailed composition and formation
mechanisms can be more complex, as a result of both CHON-RO: autoxidation and
sequential oxidation. In Figure 3.5A, the total CHON intensities observed in the gas and
particle phases at each fnos are displayed with pie charts showing fractions of Cio-
mononitrates, Co-mononitrates, Cio-dinitrates, and smaller CHON (with nc<9). The total
CHON intensities continue to increase with fnos in both the gas and particle phases as

expected, while the individual categories varied more dynamically (Figure 3.5B—5D).
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Figure 3.5 (A) Pie charts plotted at relative intensity/Alim (cps ppb™!) for total CHON
intensity in the CFSTR experiments with gas-phase results outlined in green and particle-
phase results outlined in pink. Each pie chart in (A) is broken down into fractions of
different product types: Cio-mononitrates (dark blue), Co-mononitrates (teal blue), Cio-
dinitrates (red), and smaller CHON (yellow). The sum of the fractions at each fnos equals
the total intensity/Alim at each fnos. The summed intensity evolution of (B) Cio-
mononitrates, (C) Co-mononitrates and (D) Cio-dinitrates are plotted as a function of fnos.
Trends for the gas-phase results are shown in green and those for the particle-phase
results are shown in pink.

First, the enhancement of the C,oH;s,,NO, products in both phases slows down at
high fyos (Figure 3.5B and Figure S3.31), suggesting that their abundance is not solely
dependent on NO; oxidation. As mentioned above, it is possible that the initial NO5/O;
oxidation products of limonene (e.g., Ci¢Hs,160,.4) which still contain a double bond could
be sequentially oxidized by NO; and form C,oH;5,7NO¢. Unlike the FTR conditions, the
CFSTR experiments have long enough time to allow for such sequential oxidation. Thus,

at high fos, the inhibited ozonolysis of limonene leads to the reduced formation of C,o-

CHO and hence C,,-mononitrates from the sequential NO; oxidation pathway. This result
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highlights the importance to consider the synergistic role of both O; and NOs; in nighttime
CHON formation. It is also notable that the Co-mononitrates contribute large fractions of
total CHON intensities under all conditions. A straightforward mechanism to explain their
formation is through NO; oxidation of the endocyclic double bond of limonene followed
by ozonolysis of the exocyclic double bond to form Co-CHON compounds (and the C;-
Criegee intermediate). However, this mechanism is expected to occur only in the CFSTR
experiments since it requires sequential oxidation. Further, because this mechanism
involves ozonolysis, the Co-CHON products are expected to have the similar relationship
with fyos as the Cjp-mononitrates. In contrast, the total Co-mononitrates increase more
linearly with fyo; (Figure 3.5C), suggesting that there must be a pathway from limonene +
NO; that quickly forms Cy-mononitrates via fragmentation (which could also explain their
presence in the FTR). The detailed mechanism is unclear but warrants further studies. Other
smaller fragmentation products (with nc<9) in the gas phase are also noticeable from the
CFSTR experiments, but their contribution to SOA formation is minor.

Finally, it is remarkable that a large fraction of the particle-phase CHON is from
Cjo-dinitrates, up to almost 60% of the total CHON ion intensity (Figure 3.5A). Despite
the elusive sensitivities of different CHON species in the (—)ESI, one can still expect
important contribution of the dinitrates in SOA. In strong contrast, the C,o-dinitrates
represent < 2% of the total CHON intensity in the gas-phase, consistent with their very low
volatility. Their generic formation mechanism through sequential NO; oxidation is

proposed in Figure S3.32. In Figure 3.5D, the summed intensities of the six major Co-
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dinitrate products (C;oH;¢N2O79 and C,;0H;sN,Os19) exhibit an approximate quadratic

relationship with fyos, especially in the gas phase, consistent with sequential NO; oxidation.

3.4 Atmospheric relevance
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Figure 3.6 IMS-TOF driftgrams for major Cio-mononitrates (C10H17NO7.g) and Cio-
dinitrates: (C10H1sN20g.9). Panel (A): SOA from the limonene CFSTR experiments; panel
(B): ambient aerosol samples from the 2013 SOAS campaign during a biomass burning
event (BBOA); panel (C) SOAS nighttime aerosol samples.

In this work, we report formation of limonene-derived highly oxidized CHON
formed from both CHON-RO, autoxidation (e.g., the C;-mononitrates) and sequential NO;
oxidation (e.g., both the C,,-mononitrates and C,,-dinitrates). During the SOAS field
campaign where monoterpenes contribute significantly to SOA,? the highly oxidized C,o-

mononitrates (C,0H;;NO-5) were reported as the most abundant particle-phase CHON

species;'? the same dinitrate formulas observed in this work (C,H;sN,O7. and C,oH sN,Os.
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10) have also been measured during SOAS 228 However, which monoterpenes contributed
to their formation and how they are formed were unclear. Therefore, we compared the
major Cjp-mononitrates and C,o-dinitrates measured in this work with the aerosol samples
collected from SOAS. In Figure 3.6, we show the isomer-resolved IMS-TOF driftgram
comparison of the most abundant C,,;-mononitrates and C,,-dinitrates measured in this
study (Figure 3.6A) and during SOAS (Figure 3.6B for the biomass burning sample and
Figure 3.6C for the combined nighttime samples). The same CHON chemical formulas
were observed in all the six SOAS filter samples. Remarkably, the major driftgram peaks
of all these limonene-derived CHON in the laboratory-generated SOA line up well with
those observed from the biomass burning and the nighttime aerosol samples, suggesting
that the same structured CHON were present in our limonene + NOs/O; experiments and
SOAS. Further, although the driftgrams of the SOAS samples are usually broader and more
complex due to the various monoterpene sources and pathways, CHON derived from
limonene + NO;/O; are often the most abundant isomeric products in the SOAS samples.
These findings also demonstrate that the limonene CHON-RO, autoxidation and sequential
oxidation studied in this work are also key processes in the real atmosphere where limonene

emissions are abundant.

81



3.5 Supporting Information
3.5.1 Quantum Chemical Computational Methods and Strategies
The optimized geometries and frequency calculations for reactants, intermediates,

S%74% method because our

transition states, and products were done by using MN15-L/MG3
previous investigations have been shown that MN15-L can obtain reliable results for
hydrogen shift process.’!4% Intrinsic reaction coordinate® calculations were performed
by using MN15-L/MG3S to determine whether the located transition state connects the
corresponding reactant and product. Single point energies were calculated by using
CCSD(T)-F12a/cc-pVDZ-F124+46 theoretical methods. The method was chosen based on
computational cost and accuracy. The wavefunction stability was tested to converge the
right solution.

Kinetics calculations were estimated by using conventional transition state theory
(TST) with Eckart tunneling,’® where the rate constant (krst) is obtained for the lower
conformer of transition states with the lowest reactant. Often, recrossing effects are quite
small in the hydrogen shift; therefore, we ignore the recrossing effects in kinetics
calculations. In addition, a scalar factor of 0.977 was used to correct the zero-point
vibrational energies.

The electronic structure calculations were done by using Gaussian 16 for density
functional calculations, while CCSD(T)-F12a/cc-pVDZ-F12 was calculated by using
Molpro 2019.2.3 code. The kinetic calculations were performed by using Polyrate 2017C

code and Gaussrate 2017-B. Multistructural generation of each isomer was done by using

MSTor code.

82



3.5.2 Reactions of C10H1sNOs-ROz Hydrogen shift pathways by NOs initiated addition
to the double bond in the endocyclic of limonene

For the two CioH16NOs-RO2 (~65% branching ratio and ~35% branching ratio)
produced in limonene + NOs oxidation, we consider eight isomers caused by NOs3 and O»
attacking sites on the cyclic of limonene. We labeled M1aX (~35% branching ratio) to
indicate that O attacks the side and NOj attacks the methyl carbon middle, but we label it
MI1bX (~65% branching ratio) to indicate that for NOs3 attacks the side and O, attacks the
methyl carbon middle.

For each isomer, we considered possible hydrogen shift pathways outside the ring
and on the ring, as shown in Figures S3.7-S3.14. We have found that the most favorable
hydrogen shift pathway is M1a3 pathway with an enthalpy of activation of 21.03 kcal/mol
at 0 K in limonene + NOs oxidation (~35% branching ratio) (Figure S3.39). The M1a3
pathway is 1,5-H shift process on the ring. We do not consider other hydrogen shift
pathways due to high enthalpy of activation of ~ 22 — 44 kcal/mol at 0 K in limonene +
NOj3 oxidation.

3.5.3 Reactions of C10H16NO4-RO bond scission pathways by NO; initated addition to
the double bond in the endocyclic of limonene

For C10H16NO4-RO, there have eight isomers considered in current calculations and
each of them have two reaction mechanism: one is C-C bond scission directly, other is C-
C bond scission with NO2 removal, as shown in Figures S3.15-S3.22. We labeled M2aX
to indicate that O lies the side and NO; lies the methyl carbon middle, but we label it

M2bX to indicate that for NOs lies the side and O; lies the methyl carbon middle.
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Compare the two reaction mechanisms, the C-C bond scission simultaneously with
NO:> removal is more favorable because the enthalpies of activation are 1.82 — 5.56
kcal/mol lower than those of the C-C bond scission directly at 0 K. We estimate
approximately 8% for the C-C bond scission directly.
3.5.4 Hydrogen shift reactions of C190HisNOs-RO; and C10H1sNO4+-RO pathways by
NOs initated addition to the double bond in the exocyclic of limonene

For CioHi16NOs-RO»2, we also considered four isomers caused by NOsz and O:
attacking site on the exocyclic of limonene and we labeled as Mlcl, M1c2, Mlc3, and
M1lc4 (~3% branching ratio). We considered possible hydrogen shift pathways for each
isomer, as shown in Figures S3.23-S3.26 to determine whether these processes can occur.
However, it is noted that the contribution of these hydrogen shifts is quite small for the
atmospheric oxidation of limonene by NOs. Therefore, we only did these calculations by
using MN15-L/MG3S density functional methods. The calculation results shows that 1,
6-H shift, 1, 6-closed ring, and 1,5-H shift pathways are more favorable pathways with the
enthalpy of activation of 11.77 — 14.82 kcal/mol at 0 K (Figures S3.24-S3.26). The most
favorable pathway is TS1c4-1 with enthalpy of activation of 11.77 kcal/mol at 0 K in M1c4
isomer, which occurs 1, 6-H shift in Figure S3.26.

For CioH16NO4-RO, we also considered four isomers labelled as M2cl, M2c2,
M2c3, and M2c4 and their possible hydrogen shift pathways, as shown in Figures S3.27-
S3.30. The calculation results shows that 1,4-H shift is the most favorable pathway in all
possible hydrogen shift pathways. These 1,4-H shift has the enthalpies of activation of 6.94

— 16.24 kcal/mol at 0 K in Figures S3.27-S3.30. The most favorable pathway is TS2¢3-1
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with enthalpy of activation of 6.94 kcal/mol at 0 K in M2c3 isomer, which listed in Figure
S3.29. The present findings show that these peroxy and alkoxy radicals are formed by the
exocyclic double bond of limonene initiated by NO3, which can act as a potential site of
autoxidation initiation.

3.5.5 Details of the rate constants

We only consider the rate constant calculations of the more favorable energy
pathway in all hydrogen shift pathways, but consider all the rate constant calculations of
C-C bond scission pathways. The calculated rate constants at 298 K are provided in Table
S3.4A and Table S3.4B.

We considered the exocyclic double bond of limonene as a potential site of
autoxidation initiation and calculated the rate constants at 298 K in Table S3.4B. All rate
constants are calculated using conventional transition state theory with Eckart tunneling at
the MN15-L/MG3S level.

For C10H16NOs-RO,, the estimated rate constants of 1, 5-H shift from 4.32 x 10? to
7.4 x 10° 57! at 298 K, in which the 1, 5-H shift on the ring close to C=C bond (TS1¢4-2)
is the most favorable with a rate constant of 7.4 x 10°s™! at 298 K. However, the 1, 6-H
shift on the ring close to C=C bond (TS1c4-1) is the fastest reaction pathways with a rate
constant 6.01 x 10*s! at 298 K in all unimolecular reactions, which is faster than the 1, 6-
allylic rate constant of 36 s! at 298 K in the autoxidation of limonene initiated by OH
radical at the CCSD(T)-F12a level;*° This further indicates that the autoxidation rate

constant from 1, 6-H shift site on the ring close to C=C bond are more feasible than other
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any sites in Ci1oH16NOs-RO2, which is consistent with the unimolecular reactivity of
autoxidation of limonene initiated by OH radical.5%-¢!

For C10H16NOs-RO, the estimated rate constants of 1, 4-H shift from 2.5 x 10! to
1.0 x 108s! at 298 K, in which the 1, 4-H shift on the ring close to C=C bond viaTS2c3-1
is the fastest reaction pathways with a rate constant of 1.0 x 10®s! at 298 K. The rate
constant of 1.0 x 10% ¢! at 298 K is faster than the rate coefficient of H-migration in
substituted alkoxy radicals at 298 K predicted by previous SAR study.®? It is noted that the
1, 5-H shift (TS2c¢1-2) is also fast with a rate constant of 2.82 x 10*s’! at 298 K. Our

calculation results show that alkoxy radical (Ci0HisNOs-RO) hydrogen shift reaction is

orders of magnitude faster than peroxy radical (C10H16NOs-RO>).
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Table S3.1 The employed Oz and NO» concentrations are listed along with the modeled
f~os and modeled reacted limonene (Alim) for the FTR on the left and for the CFSTR in
the middle. Peak SOA mass concentrations (ug m™) (assuming an average SOA density
of 1.33 g cm™) during filter collection experiments in the CFSTR are shown on the right.

FTR CFSTR

Condition | O3 NOz2 | fyvos | Alim | Os NOz2 | fnos | Alim SOA Mass
(ppb) | (ppb) (ppb) | (ppb) | (ppb) (ppb) | Concentration (ug m™)

1 1000 0 0 7.9 | 300 0 0 24.6 35

2 1000 232 0.11 87 |300 25 023 262 37

3 1000 464 022 95 |300 40 0.44 272 35

4 1000  69.5 030 10.2 | 300 60 0.66 283 37

5 1000 1156 042 114 | 300 150 091 29.7 60

6 1000 1615 0.50 12.4

7 1000 2299 0.58 13.6
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Table S3.2 MCM-simulated RO bimolecular pseudo-first order rate under the
experimental conditions.

FTR CFSTR
03 NO:2 | kro2+ro2 kro2+Ho2 kro2+N03 Total 03 NO: kroz+ro2 kro2+H02 kro2+N03 Total
(ppb | (ppb) (" (" ™" ") | (ppb) | (ppb) " " " "
)
1000 | O 0.175 6.16x107 0 0.181 300 0 0.068 2.76x107 0 0.071
1000 | 23.2 0.176 3.65x107 1.17x10* | 0.180 | 300 25 0.075 1.64x107 | 5.20x10° | 0.077
1000 | 46.4 0.185 3.10x107 2.34x10* | 0.188 | 300 40 0.093 1.18x107 1.25x10* | 0.094
1000 | 69.5 0.192 2.73x107 3.43x10* | 0.195 300 60 0.138 7.34x10* | 2.61x10* | 0.139
1000 115. 0.205 2.24x107 5.41x10* | 0.208 | 300 150 0.287 2.95x10* | 9.12x10* | 0.288
6
1000 161. 0.215 1.91x1073 7.13x10* | 0.218
5
1000 | 229. 0.227 1.58x107 9.28x10* | 0.230
9
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Table S3.3 Modified and new reactions in the MCM limonene + NO3z mechanism.

Rate constant® (cm?

Reaction® 1ol Note
mole™ s ors™)
LIMONENE + NO3 = 122x1011 c
0.65xNLIMO2+0.35xNLIMO2B
NLIMO2B + HO2 = NLIMOOH KRO2HO2x0.914
NLIMO2B + NO = NLIMO + NO2 KRO2NO
NLIMO2B + NO3 = NLIMO + NO2 KRO2NO3
NLIMO2B + RO2 = LIMBNO3 8.8x10713x0.2 d
NLIMO2B + RO2 = C10H15NO4 8.8x10713x0.2 d
NLIMO2B + RO2 = NLIMO 8.8x10713x0.6 d
NLIMO = LIMAL + NO2 KDECx%0.92 e
NLIMO2B = C10H16NO7RO2 kautox Mla f
NLIMO = C10H16NO6RO2 KDECx%0.08 e
CI10HI6NOxRO2 + HO2 = C10H17NOx KRO2HO2x0.914 g
ISg)zHléNoxRoz +NO = C10H16NO(x-1)RO + KROZNO o
ISg)zHléNoxRoz +NO3 = C10HI6NO(x-1)RO + KROINO3 o
C10H16NOxRO2 + RO2 = C10H17NO(x-1) 5x10°13x0.25 g.h
C10H16NOxRO2 + RO2 = C10H15NO(x-1) 5x10713x0.10 g.h
C10H16NOxRO2 + RO2 = C10H16NO(x-1)RO 5x10°13x0.65 gh
C10H16NOxRO2 = C10H16NO(x+2)RO2 kautox other g.i
CI0H16NO(x-1)RO = fragmentation products KDECx(1- .
fROautox)x0.8 &l
C10H16NO(x-1)RO = C10H15NO(x-1) + HO2 KDECx(1- .
fROautox)x0.2 &l
C10H16NO(x-1)RO = C10H16NO(x+1)RO2 KDECxfROautox g
CI10HI16NO(x+2)RO2 = C10H15NO(x+1) + OH kself termination g.k
LIMALACO + NO3 = C10H14NOSRO2 2.6x10°13 1
LIMALBCO + NO3 = C10H14NO8SRO2 2.6x10°13 1
LIMBCO + NO3 = C10HI6NO7RO2 2.6x10°13 1
LIMALBOH + NO3 = C10H16NOSRO2 2.6x10°13 1
LIMONONIC + NO3 = C10H16NOSRO2 2.6x10°13 1
LIMALAOH + NO3 = C10H16NOSRO2 2.6x10°13 1
LIMALBOOH + NO3 = C10H16NO9RO2 2.6x10°13 1
LIMALAOOH + NO3 = C10HI6NO9RO2 2.6x10°13 1
C923CO3H + NO3 = CI0H16NO9RO2 2.6x10°13 1
LIMALACO + 03 = 0.67xLMLKACO + 8.3 x 1018 m
0.67<HCHO + 0.33xCH200F + 0.33XC9R0O2 '
LIMALBCO + 03 = 0.67XLMLKBCO + 18
83 x 10 m

0.67xHCHO + 0.33xCH20O0F + 0.33xC9R0O2
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LIMBCO + 03 = 0.67XLMKBCO + 0.67<HCHO + 03 x 1018 N
0.33XCH200F + 0.33XC9RO2 '

LIMALBOH + 03 = 0.67<LMLKBOH + s

0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 8.3 x10 n
LIMONONIC + 03 = 0.67<KLIMONONIC + 83 x 10118 N
0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 '

LIMALAOH + 03 = 0.67XLMLKAOH + s

0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 8.3 x10 n
LIMALBOOH + 03 = 0.67<LMLKBOOH + s

0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 8.3 x10 n
LIMALAOOH + 03 = 0.67*LMLKAOOH + s

0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 8.3 x10 n
C923CO3H + 03 = 0.67xC817CO3H + 83 x 1018 N
0.67<HCHO + 0.33XCH200F + 0.33XCIRO2 '

2Chemical names are from MCM for most species; new names are given for species not
existing in MCM. PAll rate constants are from MCM except for the H shift rate constants.
°The minor pathway (35%) to form M1a (NLIMO2B) is included. RO, + RO reactions for
NLIMO2B; the same product name is used for the alcohol (LIMBNO3) and RO (NLIMO) as
for NLIMO2 and a new ketone product (CI0H15NO4) is added. “The branching ratios are
based on quantum calculations. The autoxidation rate constant is based on the quantum
calculations. 8Generic RO, and RO chemistry for HOM CHON-RO2 with x = 6 — 9. "RO»
+ RO reactions for HOM CHON-RO2; the reaction rate constants and branching ratios
are averages of values for secondary RO, and tertiary RO, in MCM. ‘The further
autoxidation rate constant for HOM CHON-RO2, which is assumed to be equal to or faster
than kautox Mla. Branching ratio of RO decomposition vs. isomerization for HOM
CHON-RO. *Self-termination reactions for HOM CHON-RO2 that contain at least one
secondary -OOH group. 'Rate constants follow that for limonaldehyde + NOs. ™Rate
constants follow that for limonaldehyde + Os.
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Table S3.4A The estimated rate constants & (s™) for the H shift and carbon-carbon bond
scission process of limonene + NOj3 oxidation.
Reactions 298 K, k(s

TSla3-1 1.70E-02
TSM2ala 1.88E+06
TSM2alB 4.81E+03
TSM2a2a 1.60E+06
TSM2a2 5.15E+02
TSM2a3a 1.61E+06
TSM2a3B 5.49E+02
TSM2a4a 1.57E+13
TSM2a4B 1.35E+09

TSM2bla 3.71E+06
TSM2b1p 2.85E+05
TSM2b2a 8.96E+05

TSM2b2 6.49E+04
TSM2b3a 2.66E-+06
TSM2b3B 5.73E+03
TSM2b4a 2.39E+07
TSM2b4p 1.41E+04

“TS1a3-1 is the transition state of 1,5-H shift on the ring in limonene + NO; oxidation.
’TSM2alo and TSM2alp denote that the formation pathway of limonaldehyde and NO,
and the C-C bond scission directly, respectively. The other pathways are the same label way.
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Table S3.4B The estimated rate constants k (s!) for the H shift reactions of C1oH;¢NOs-
RO; and C10H16NO4-RO pathways.

Reactions 298 K, k(s
TS1c2-1 1.46E+03
TS1c3-1 1.76E+03
TS1c3-2 4.32E+02
TS1c3-3 2.68E+00
TS1c4-1 6.01E+04
TS1c4-2 7.40E+03
TS2c1-1 8.30E+05
TS2c¢1-2 2.82E+04
TS2¢1-3 2.50E+01
TS2c¢2-1 7.78E+02
TS2c2-2 7.69E+01
TS2c¢3-1 1.00E+08
TS2c¢3-2 7.88E+00
TS2c4-1 3.78E+07
TS2c4-2 2.40E+02

“TS1c2-1, TS1¢3-2, and TS1c4-2 are the transition state of 1, 5-H shift on the ring close to
C=C bond in the M1c2, M1c3, and M1c4 isomers of CioHisNOs-RO», respectively; TS1c3-1
is 1, 6-ring closed on the ring in M1c1 isomer, TS1¢3-3 and TS1c4-1 are 1, 6-H shift on the
ring close to C=C bond in the M1¢c3 and M1c4 isomers, respectively.

bTS2¢1-1, TS2¢2-1, TS2c2-2, TS2¢3-1, TS2¢3-2, TS2c4-1, and TS2c4-2 are the transition
state of 1, 4-H shift on the ring in the M2c1, M2c2, M2c3, and M2c4 isomers of CioH16NOs-
RO, respectively; TS2c1-2 is the transition state of 1, 5-H shift on the ring in the M2c1
isomers of CioHisNOs-RO.
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Figure S3.1 Diagrams of the experimental setup for the FTR (left) and CFSTR (right).
O3, NO2 and limonene injected with dry air are shown in black and outflows to analytical
instruments and to exhaust are shown in red.
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Figure S3.2 The peak fittings from the I-CIMS data for eight major CHON/CHO-RO>
and two major CHO/CHON-RO:; in the FTR. At each m/Q, multiple peaks were
identified and shown by chemical formula labels. The red peaks represent the raw peak
intensity, the black peaks represent the total summed fitting of all peaks and other colored
peaks represent individual formula fittings.
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Figure S3.4 The gas-phase ion intensities of all the identified C10H14,1603.7 as a function
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96



I I _ I
oo [T | U e

10 |- - 3
n | il 3
40 |- - |
- 5 . 2
20 |- -]
1F

of mesdl ok =l | ECE |

] (- [

—e- CFSTR
-o- FTR

1

0 0

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
fnos

Figure S3.5 The gas-phase ion intensities of all identified CoH12,14,1604.7 as a function of
f~os. The FTR results are shown in blue and the CFSTR results are shown in red.

97



12 I RN FEEE FEEEE PR N SRR SRR T A RN RNl FE R A RN FE RN AR Rl FEREE FE RN AN RN SRS FE RN AR R AR SN SRR

A

Intensity (cps)

0 - WLt FITRICH TN LLL
Y(TTTT[YTYY[TTTY‘TYTT(TTTTT
490 500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660 670 680 690

1600 coa b b b b b b b b b b b P b b v Do b v Do lan

14004 B CFSTR IMS-TOF -

S 1000 — -

Intensity (lon

400 -
200 —{ -
0 Al AL 1 AL AL AL A AL AL LA A AU LA Al ALY AULULA LAV |

400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600
m/Q (Th)

Figure S3.6 Mass spectra of the dimer ranges for (A) gas phase (I-CIMS) in the FTR and
(B) particle phase (IMS-TOF) in the CFSTR. The x-axes are different to account for
different ion-adducts (i.e., iodide-adduct in the I-CIMS and chloride-adduct in the IMS-
TOF, that differ by 92 Th). At these dimer ranges, the chemical formulas are challenging
to be assigned with high confidence, and hence the dimer products are not discussed in
detail.

98



A A Hp (kcal/mol)

TS1a1-1

'@
TS1a1 -6 40.46 ,
TS1a1 5 33, 01 i”‘f o )
TS1a‘I—4 33,01
. TS1al-6 ]
TS1a1 3 2677 AN ; P1al-4
& _
19.73(22.45) _»,b & wi“,ii
" TS1a1-2 °
18.87(22.14) o ,)&,»
TS1atl-1 -4 " P1a1-3

. P1a1-4 13.83
-, P1a1-3 12.25
P1a1-5 12.08

-1.15(2.36)

P1a1-1

Sl .99(1.38)

P1a1 -2

w‘

K 3 3
% P1al1-6
“P1a1-6 -34.43

P1a1-5

Figure S3.7 The calculated enthalpy profile at 0 K for the M1al isomer H-shift reaction
at the MN15-L/MG3S (in parentheses at CCSD(T)-F12a/cc-pVDZ-F12//MN15-L/MG3S)

level.
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Figure S3.8 The calculated enthalpy profile at 0 K for the M1a2 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.10 The calculated enthalpy profile at 0 K for the M1a4 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.11 The calculated enthalpy profile at 0 K for the M1b1 isomer H-shift reaction
at the MN15-L/MG3S (in parentheses at CCSD(T)-F12a/cc-pVDZ-F12//MN15-L/MG3S)
level.
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Figure S3.12 The calculated enthalpy profile at 0 K for the M1b2 isomer H-shift reaction

at the MN15-L/MG3S (in parentheses at CCSD(T)-F12a/cc-pVDZ-F12//MN15-L/MG3S)
level.
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Figure S3.13 The calculated enthalpy profile at 0 K for the M1b3 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.14 The calculated enthalpy profile at 0 K for the M1b4 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.15 The calculated enthalpy profile at 0 K for the M2b1 isomer C-C bond
scission and C-C bond scission concerted with NO remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.16 The calculated enthalpy profile at 0 K for the M2b2 isomer C-C bond
scission and C-C bond scission concerted with NO» remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.17 The calculated enthalpy profile at 0 K for the M2b3 isomer C-C bond
scission and C-C bond scission concerted with NO> remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.18 The calculated enthalpy profile at 0 K for the M2b4 isomer C-C bond
scission and C-C bond scission concerted with NO> remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.19 The calculated enthalpy profile at 0 K for the M2al isomer C-C bond
scission and C-C bond scission concerted with NO> remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.20 The calculated enthalpy profile at 0 K for the M2a2 isomer C-C bond
scission and C-C bond scission concerted with NO remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.21 The calculated enthalpy profile at 0 K for the M2a3 isomer C-C bond
scission and C-C bond scission concerted with NO remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.22 The calculated enthalpy profile at 0 K for the M2a4 isomer C-C bond
scission and C-C bond scission concerted with NO» remove reaction at the CCSD(T)-
F12a/cc-pVDZ-F12/MN15-L/MG3S level.
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Figure S3.23 The calculated enthalpy profile at 0 K for the M1cl isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.24 The calculated enthalpy profile at 0 K for the M1c2 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.25 The calculated enthalpy profile at 0 K for the M1¢3 isomer H-shift reaction

at the MN15-L/MG3S level.
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Figure S3.26 The calculated enthalpy profile at 0 K for the M1c4 isomer H-shift reaction

at the MN15-L/MG3S level.
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Figure S3.27 The calculated enthalpy profile at 0 K for the M2c1 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.28 The calculated enthalpy profile at 0 K for the M2c2 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.29 The calculated enthalpy profile at 0 K for the M2c3 isomer H-shift reaction
at the MN15-L/MG3S level.
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Figure S3.30 The calculated enthalpy profile at 0 K for the M2c4 isomer H-shift reaction

at the MN15-L/MG3S level.
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Figure S3.31 The CFSTR ion intensities of all the individual identified (A) CioH1s,17NOs-
gand (B) CoHi3,15NOs.g as a function of fno3. The gas-phase data are shown in red and the
particle-phase data are shown in purple.
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0, &r CoH sNO 4 + C1oH7NO, 1y
CioH;60,+ NO3; —> C, H;(NO,,5-RO,
(x=2,3,4) HO, C,0H;7NO,,5

o R/Ozy CioHi6N20y44 + C1oH g N0y
CoH;7NO, + NO;, —2>C10H17N20y+5—R02
(y=4,5) HO, ™ CjoH 3N,Oy,ys

Figure S3.32 Proposed generic sequential NO3 oxidation mechanisms for (A) formation
of highly oxidized Cio-mononitrates, and (B) formation of the Cio-dinitrates. The
reactants are known first-generation oxidation products with a double bond in MCM.
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CHAPTER 4: Chemical structure regulates the formation of secondary organic
aerosol and brown carbon in nitrate radical oxidation of pyrrole and methylpyrroles
4.1 Introduction

In recent years, wildfires have shown a global increase in occurrence and
severity.!?> Biomass burning events release volatile organic compounds (VOCs) and
particulate matter into the atmosphere which impact the Earth’s radiative budget, air quality
and human health.>* Nitrogen-containing heterocyclic VOCs such as pyrrole and its methyl
derivatives could represent an important portion of wildfire emissions. From fuels native
to North America, pyrrole has emission factors ranging from 0.014 — 0.11 g kg, 1-
methylpyrrole (1-MP) from 0.0023 —0.023 g kg™! and 2-methylpyrrole (2-MP) from 0.0023
—0.015 g kg!.>® In comparison, another class of well-studied wildfire emissions, phenolic
VOCs, have total emission factors ranging from 0.10 — 0.64 g kg! from similar fuels.””
During biomass burning events, increased levels of NO, (= NO + NO) can quickly react
with ozone (O3) to produce nitrate radicals (NO3), which may act as the primary oxidant

10-12 and even during daytime.!® The NOs oxidation of

for some VOCs during nighttime,
pyrrole and methylpyrroles has been understudied but may represent a significant pathway
towards the formation of secondary organic aerosol (SOA).!* These SOA are often found
to be light absorbing (i.e., forming brown carbon, BrC), which further enhance their climate
impacts.!>!7 Therefore, it is of vital importance to understand the NOs oxidation chemistry

of pyrrole and methylpyrroles and incorporate it into the current air quality and climate

models.
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Several prior studies have investigated NO3 oxidation of heterocyclic VOCs such
as furan and methylfurans,'®2?° but there have been very few studies of pyrrole and
methylpyrroles.!*?! The primary nighttime oxidant, NOs, has been shown to react very
quickly with pyrrole in the gas phase with a rate constant of 4.9 x 10°!! cm?® molecules™ s-
12225 The low-volatile products from NOs oxidation of pyrrole can partition into the
particle phase with significant SOA yields and exhibit strong light-absorbing properties.'*
Pyrrole has been reported to have 109 + 29% SOA yield from NO3 oxidation and an
average mass absorption coefficient (KMAC>) of 0.34 + 0.07 m? g'! from 290 — 700 nm
encompassing the UV and visible light.!* However, the composition and formation
mechanism of SOA and BrC from NOs3 oxidation of pyrrole and methylpyrroles remain
poorly understood. Pyrrole and methylpyrroles contain double bonds which might undergo
NO; addition following mechanisms like those established for many alkenes to form
organic nitrates;?*° they are also aromatic compounds, thus it is conceivable that they
could also undergo reactions involving H-abstraction by NO; like those reported for
phenolic VOCs and form nitroaromatics in the presence of NO,.3%3° In the NO; oxidation
of phenolic VOC:s, nitroaromatic products generally constituted a significant portion of
SOA mass and may contribute to the strong light absorption.3%-3%33-36-39 Tn this study, we
investigate the SOA formation from NOs oxidation of pyrrole, 1-MP and 2-MP using a
comprehensive suite of analytical instrumentation. We identify the major SOA products
from NO; oxidation of the three N-containing heterocyclic VOCs, measure the optical
properties of their SOA, and discuss how the chemical structure regulates the oxidation

mechanisms that lead to the distinct formation of light-absorbing chromophores.

134



4.2 Materials and Methods
4.2.1 Chemicals and reagents

The chemicals and reagents used in this study and their purities and suppliers are
as follows: pyrrole (TCI America, >99%), 1-methylpyrrole (TCI America, >99%), 2-
methylpyrrole (aa blocks, 98%), sodium chloride (99.5%, Sigma Aldrich), methanol
(HPLC Grade Fischer Chemical), and acetonitrile (HPLC Grade Fischer Chemical). All
chemicals were used without further purification.
4.2.2 Laboratory experiments

All the experiments (see Table 4.1) were performed in a 10 m® Teflon FEP smog
chamber under dark conditions, low relative humidity (RH < 20%), at room temperature
(20 — 25°C) and pressure (730 Torr). A duplicate experiment was performed for each of
the five conditions listed in Table 4.1 to verify reproducibility. NOs3 radicals were
generated through the reaction of O3 and NO: in the chamber. O3 was introduced into the
chamber using an O3 generator (A2Z Ozone 3GLAB) and the initial concentration of O3
for each experiment was ~ 1400 — 1700 ppb. Directly following this, NO> (Airgas) was
injected into the chamber to achieve an NO; concentration of ~ 150 ppb or 450 ppb. Thus,
the initial NO2/Os3 ratio in the chamber was approximately 0.1 or 0.3, which is similar to
that measured in relatively fresh wildfire plumes.*® The O3 and NO, concentrations in the
chamber were measured in real-time by an O; analyzer (Advanced Pollution
Instrumentation, Inc.) and a NO, analyzer (Teledyne Instruments), respectively. Oz and

NO:; were allowed to react for ~ 1 h in the chamber before injection of pyrrole, 1-MP, or
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2-MP at approximately 200 ppb by passing 15 L min! of N> gas through a heated jar
containing the liquid VOC to initiate the NO3 oxidation experiment. A scanning electrical
mobility scanner and a mixing condensation particle counter (SEMS and MCPC, Brechtel
Manufacturing Inc.) were used to measure size distribution and number concentrations of
the SOA from 10 — 800 nm with 140 size bins. After the formed SOA mass concentrations
reached a plateau, SOA samples were collected on PTFE membrane filters (Tisch
Scientific) at 16.7 L min™! for 1 h, allowing for a total collected SOA mass of 149 — 422
ng, estimated based on the measured aerosol effective densities described below. The
collected SOA samples were stored at -20°C until analysis. Before all the aerosol
measurements, the particles from the chamber passed through a 30 cm-long diffusion dryer
filled with silica gel (Sigma-Aldrich) and Purafil (Thermo Scientific).

In addition to the chamber experiments, we also performed kinetic experiments in
a continuous flow stirred tank reactor (CFSTR) to constrain the oxidation rate constants of
1-MP and 2-MP in reactions with O3 and NO; radicals.*>*' The decays of the
methylpyrroles relative to pyrrole upon oxidation by O3 and NO; radicals were measured
by a proton-transfer reaction mass spectrometer (PTR-MS). Details are described in the
Supplemental Information (SI).
4.2.3 SOA Chemical Characterization

The collected SOA filter samples were extracted for offline chemical analysis.
Specifically, 20 mL of methanol was added to each vial containing a filter sample followed
by 45-min sonication. The filters were then removed from the vials and methanol was

evaporated off with a gentle flow of N». Immediately after filter extraction, the extracts
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were dissolved in 100 pL acetonitrile with 0.1 mM NaCl for analysis using an electrospray
ionization (ESI) ion mobility spectrometry time-of-flight mass spectrometer (IMS-TOF,
Tofwerk Inc.) in the negative ion mode. The doped NaCl allows for molecules to form
adducts with chloride [M+CIl]™ in (-)ESI, which has been shown to be an effective approach
to detect non-acidic organic nitrates which are otherwise challenging to ionize directly by
ESI.#? Each sample extract was injected into the IMS-TOF using a syringe pump at a rate
of 1 uL min!. After the (-)ESI, the generated ions enter into a drift tube and are met with
a counterflow of N> gas (at 1.2 L min') which serves to separate different ions based on
their collisional cross sections thereby giving each ion a characteristic drift time.*>>* Upon
exiting the drift tube, the ions were focused through a pressure-vacuum interface which
contains two segmented quadrupoles operated at ~ 2 mbar and 5 x 103 mbar, respectively.
By varying the voltages between the two segmented quadrupoles, collision-induced
dissociation (CID) of parent ions is achieved. The IMS-TOF was operated over an m/Q
range of 45 — 600 Th. The IMS resolution is (t/At) ~ 100 and the TOF mass resolution is
(m/Am) ~ 4000, determined by various standard ions with m/Q between 100 — 200 Th.?>4?
All the IMS-TOF data processing were performed using Tofware (version 3.2.0, Tofwerk
Inc.) running with Igor Pro (Wavemetrics Inc.).?>#

In addition, size-resolved mass distributions and particle chemical composition
were measured in real-time by a mini aerosol mass spectrometer (mAMS) coupled with a
compact time-of-flight mass spectrometer (Aerodyne Research, Inc.).*> The size-resolved
aerosol mass distribution was compared with the concurrent SEMS-derived aerosol volume

distribution to determine the effective aerosol density (p.5).*>*7 The calculation of py is
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described in the SI, Text S2. The calculated p.s was then used to estimate the SOA mass
concentrations shown in Table 4.1. The mass accuracy of the mAMS is ~ 20 ppm and the
resolving power is ~ 1200 — 1300. Size selected ammonium nitrate particles or dry
polystyrene latex spheres were regularly used to calibrate the sensitivity and sizing
capability of the mAMS. High resolution analysis of the raw mass spectra was conducted
from m/Q 20 — 115 Th to calculate the mass concentrations of all species.*® Besides,
supportive gas-phase chemical analysis was performed for selected experiments (pyrrole
and 1-MP) with a chemical ionization mass spectrometer using iodide (I") as the reagent
ion (I-CIMS, Aerodyne Research Inc.). The I forms adducts ([M + I]") with functionalized
molecules containing oxygens and nitrogens. Further details about this instrument can be
found in our previous publication.!'4
4.2.4 SOA Optical Property Characterization

Online analysis of the SOA optical properties was performed using a Photoacoustic
Extinctiometer (PAX, Droplet Measurement Technology, Boulder, CO). The PAX allows
for measurements of absorption and scattering coefficients at 375 nm (Bass,375 and Piscar375)
at 1 Hz, which were averaged to the SEMS scan time interval (140 s).!* Online <MAC> at
375 nm (KMAC>online,375) Was estimated by:

ﬁabs,375
MA Conline,375 =

CSOA

where Cso4 is the estimated SOA mass concentration. The calculation of Cso4 is described

in the SI. The single scattering albedo (SSA) at 375 nm was calculated by:

SSA375 — ﬁscat,375

Bscat,S 75 + lgabs,375
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The calculated SSA is size dependent and is calculated as a function of size parameter (o).
a was determined with the following equation using d» and the wavelength of radiation
used in PAX (A = 375 nm):*

d,,

375 = 1

Offline <MAC> profiles were obtained using measurements from a UV-Vis
spectrophotometer (Beckman DU-640). All the UV-Vis spectroscopy measurements were
operated under 293 K and 1 atm.'* The SOA filter samples were extracted using acetonitrile
as the solvent, following the same extraction procedure as described above. The data from

these measurements were used to calculate the <MAC> in m? g'! for each sample:

A(4) x In (10)
b x C,

< MAC >offline:

where A(7) is the absorbance at the wavelength of interest, b is path length of cuvette (0.01
m) and C,, is the concentration of SOA in g m>.!* Additionally, the absorption Angstrom

exponent (44AE) was calculated for each <MAC> profile from this data:

Ly SMAC > (4)
pdEy, = — = MAAC > (1)
& In (9
2

where 4; and 4> are two selected wavelengths. AAE290/400 and AAE400600 were calculated,
which will improve our understanding of the wavelength dependence of light absorption
in the UV (290 — 400 nm) and visible (400 — 600 nm) regions.'*

In addition, offline analysis of chemical composition and light absorption was also

carried out using liquid chromatography coupled (LC) with a diode array detector (DAD)
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and (—)ESI high resolution time of flight mass spectrometer ((—)ESI-HR-TOFMS, Agilent
6545 series).!4
4.2.5 Kinetic simulations for NO3 concentrations and TD-DFT calculations

In this work, since direct NO3 measurement was unavailable, a kinetic model was
used to estimate the concentrations of NO3 before VOC injection for each experiment based
on the measured initial O3 and NO> concentrations.*® The gas-phase loss of NO3 and N2Os
to the Teflon wall are incorporated into the simulations using rates reported in previous
research.”® The model suggests that NO3 concentrations stabilized at ~8.0 ppb and ~22.0
ppb for NO,/O;3 ratios of 0.1 and 0.3, respectively before VOC injections. The kinetic
model was also used to estimate the fractions of VOCs oxidized by NO; vs. O3 using
reaction rates reported in previous literature (for pyrrole)?? and constrained in the CFSTR
experiments in this work (for the methylpyrroles). As described in the SI, 1-MP reacts with
Os faster than pyrrole by a factor of ~ 3.3 and with NOs slower than pyrrole by a factor of
~ 1.9. In contrast, 2-MP reacts faster with both O3 and NOj3 than pyrrole by a factor of ~
10.3 and ~ 9.8, respectively. Despite the variations in their reactivities, over 92% of all
three VOCs was oxidized by NO3 under the chamber conditions based on the kinetic model,
suggesting the dominance of NOj3 oxidation chemistry in the SOA formation.

In addition, time-dependent density functional theory (TD-DFT) computational
chemistry approaches were also used in this study to predict the UV-Vis spectra for several

BrC chromophores of interest.>!

The calculations for the predicted UV-Vis spectra were
performed with the Gaussian 16 program and the spectra were visualized using GaussView

06 software. All calculations were computed with acetonitrile as the solvent to be
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consistent with the offline UV-Vis measurements. To optimize the geometry PBEO
functional method with the 6-311+G(d,p) basis set was used, along with acetonitrile as the
solvent. Likewise, the same functional method and basis set were used for the TD-DFT
calculations, with 20 excited states. The cartesian coordinates for optimized geometries

used for the simulated UV-Vis spectra are listed in Tables S4.1-S4.2.

4.3 Results and Discussion
4.3.1 Chemical Composition of the SOA

Figure 4.1 presents the (—)ESI-IMS-TOF mass spectra for SOA from NO;
oxidation of pyrrole, 2-MP and 1-MP in the experiments with initial NO2/O3; = 0.3, with
chemical formulas highlighted for the major product ions. Similar mass spectra from the
initial NO2/O3 = 0.1 experiments are shown in the SI, Figure S4.1. All the identified major
ions contain at least two nitrogen atoms and have [M-H]~ chemical formulas, despite the
usage of NaCl as the dopant. This deprotonation ionization scheme was previously reported
for nitroaromatics and nitrophenols using the same instrument.’>#*52 In contrast, non-
acidic organic nitrates were found to mainly form [M+Cl]~ adducts with doped CI~.*?
Alternatively, organic nitrates containing acidic groups may also exhibit [M-H]". The
acidic groups could be carboxylic acids or alcohols on heterocyclic rings.> To distinguish
between nitroaromatics and acidic organic nitrates (which may also deprotonate by the
acidic groups in (—)ESI), we introduce a term for the three studied VOC systems, “NOy
index”:

I Mo
NOx nN _ 1
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where ny and ny are the numbers of oxygens and nitrogens per formula, respectively; ny —
1 represents the number of additional nitrogens to the initial pyrrole or methylpyrroles.
Thus, for products which only contain nitro groups (—NO2), Iy, = 2. To form organic
nitrates (—ONO>) through NO; addition to a double bond, another O-containing functional
group must be added via peroxy radical chemistry. Therefore, for organic nitrate products,
Inox = 4. Iyo, between 2 and 4 likely suggests multifunctional species that contain both —
NO> and —ONO:..

Table 4.1 Summary of Experimental Conditions

0 Peak SOA | <MAC>osmine (m*g™") | AAE2901400 | SSA37s°
voc | Ok | INOdJea | oo cone. | (375 nm and 290-700 | and
(pPb)” | (PPD) (pgm>)° nm average)’ AAE400/600
Pyrrole | 1332 | 265 298 0.35/0.21 4.98/6.23 | 0.80+0.01
I-MP | 1308 | 262 250 0.13/0.07 5.14/8.00 | 0.97 £ 0.00
2-MP | 1392 | 177 422 0.69/0.35 4.72/8.83 | 0.76 £ 0.01
Pyrrole | 908 88 149 0.23/0.13 4.46/5.18 | 0.80 £ 0.02
I-MP | 898 76 175 0.16/0.08 527/6.81 | 0.97 +0.00

®A duplicate experiment was performed for each of the five conditions and the values
reported in the table are averages of duplicates which usually vary within 10%; ®Steady-
state Oz and NOy concentrations measured before 200 ppb of VOC injection. Here, NO»,
NOs3, and N2Os could be detected as NOy; ‘Peak SOA mass was calculated using calculated
effective SOA density for each experiment; The 290 — 700 nm results for <MAC> are
averaged values within the specific wavelength ranges; ‘The average SSA37s throughout
the experiments when the size parameter was greater than 1.
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Figure 4.1 (-)ESI-IMS-TOF mass spectra with major products highlighted for (A)
pyrrole + NO3 SOA, (B) 2-MP + NO3 SOA, and (C) 1-MP + NO3 SOA. For simplicity,
the molecular formulas are labeled. The intensities of significant products, C4AH3N304
for pyrrole and CSH5N304 for 2-MP, are multiplied by factors of 0.03 and 0.2
respectively to make the additional key products visible. The inserted plots in (A) and (B)
show characteristic fragment ions ([M-H-NO]- and [M-H-NO2]-) for C4H3N304 in
pyrrole SOA and C5SH5N304 in 2-MP SOA using IMS drift time vs. intensity data
obtained at high CID voltage (20 V). The x-axes are shifted by +14 in (B) and (C) in
comparison to (A), to account for the difference by —CH2 in the VOC precursors, so that
the oxidation products can be more easily compared.

From the NOs3 oxidation of pyrrole (Figure 4.1A) and 2-MP (Figure 4.1B), the
most significant products identified in the SOA are C4H3N304 (m/Q 156 Th) and CsHsN3O4
(m/Q 170 Th), respectively. These formulas both have two additional nitrogens with Iy,
= 2, corresponding to dinitropyrrole and 2-methyl-dinitropyrrole, respectively. Following
methods described in previous literature for identifying nitroaromatics in the IMS-TOF,
we looked for the fragments of [M-H-NO]~ and [M-H-NO-]™ at high CID voltage for these
species which is indicative of the presence of -NO» functionality.*” We found evidence of

such fragments by identifying identical drift times between [M-H]~, [M-H-NO]~ and [M-
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H-NO:z] for C4H3N304 in the pyrrole SOA and CsHsN3O4 in the 2-MP SOA (inserted plots
in Figure 4.1A and Figure 4.1B), thereby confirming that they are dinitropyrrole and 2-
methyl-dinitropyrrole, respectively. It should be mentioned that their ion intensities are 5
— 30 times higher than the second largest product ions and thus are the most important
products in these oxidation systems. Similarly, the second largest products in the pyrrole
and 2-methylpyrrole SOA are CsH2N4Og (m/Q 201 Th) and CsHaN4Og (m/Q 215 Th),
which have three additional nitrogens with Iyo, = 2, corresponding to trinitropyrrole and
2-methyl-trinitropyrrole, respectively. Although authentic standards are unavailable for
quantification, prior work has shown that the relative sensitivities for SOA constituents in
ESI-MS may vary by 1 — 2 orders of magnitude, and species with similar chemical
structures and functional groups appear to have smaller variation.®* Considering these
factors, the dinitro- and trinitro-products are still major constituents in the SOA from
pyrrole and 2-MP, clearly suggesting that these two heterocyclic VOCs exhibit a strong
aromatic character during NO3 oxidation and mainly form nitroaromatic products.
Strikingly, the SOA from 1-MP + NOs3 do not show the same behavior, despite the
very similar chemical structure as pyrrole and 2-MP (Figure 4.1C). In fact, the same
dinitro- and trinitro-products were not observed at all in 1-MP SOA. Instead, the main
products in 1-MP SOA are CsH9N3Os.10 and CsHsN4O11. These products have Iy, from
3.7 to 5, suggesting that they contain at least one -NO3 with non-nitrogen-containing
functional groups. Interestingly, similar high-I,, products were also observed in the SOA
from pyrrole and 2-MP (Figure 4.1A and 4.1B), but at much smaller intensities. These

results strongly suggest that unlike pyrrole and 2-MP, 1-MP exhibits stronger alkene
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character which preferentially undergoes NOs addition. The molecular-level findings from
the (—)ESI-IMS-TOF results were well supported by the complementary measurements
using the LC-DAD-ESI-HR-TOFMS (Figure S4.2), where dinitropyrrole and 2-methyl-
dinitropyrrole were found to be the most dominant products in the SOA from pyrrole and
2-MP, but no nitro-products were observed in the 1-MP SOA. In the measurements made
by the mAMS, although the high vaporization temperature and ionization energy
fragmented the molecular species into small ions and made product interpretation
challenging, several characteristic fragment ions could still provide key evidence for the
oxidation chemistry (Figure S4.3). Specifically, both NO* (m/Q 30 Th) and NO>" (m/Q 46
Th) are abundant in the mAMS mass spectra, suggesting that nitro- or nitrate-containing
products are major SOA constituents in all three systems. Yet, distinct organic products
and patterns are clearly shown. For example, when comparing the SOA from 2-MP and 1-
MP (which have the same VOC formulas), the 2-MP SOA contain more fragment ions
without oxygen (e.g., C3Ha.3™ and C23Ho3N™), while the 1-MP SOA have more fragment
ions with oxygen (e.g., C2H24NO" and CHNO>"). Consistent with the individual fragment
ions, the 2-MP SOA have a higher fraction of the CiH," family and the 1-MP SOA have
higher fractions of the CxH,O." and C;H,O-N" families. These results imply that the 1-MP
SOA are likely comprised of more oxygen-containing functional groups with oxygens
bonded directly with carbons (e.g., -OH and —ONO,) than the 2-MP SOA, agreeing with

the molecular composition results.
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4.3.2 Optical properties of SOA

To examine how the distinct functionalities in the SOA compositions between
pyrrole, 1-MP, and 2-MP discussed above may affect the SOA optical properties, we report
the light absorption and scattering properties by combing several online and offline
measurements. The results for online and offline optical properties from pyrrole, 1-MP and
2-MP SOA are tabulated in Table 4.1. In Figure 4.2A, the <MAC>osinc is plotted as a
function of wavelength for SOA from NOj3 oxidation of pyrrole, 1-MP, and 2-MP. Here,
the 2-MP SOA showed to be the most absorbing with the highest <MAC>ofiine, followed
by the pyrrole SOA. In contrast, the I-MP SOA exhibited the least light absorbance with
the lowest <MAC>ofiine. These <MAC>ofnine profiles suggest that the SOA from pyrrole
and 2-MP are greatly light absorbing in the near UV-range showing a peak of absorbance
around 330 nm. The online optical measurements performed with the PAX show strong
agreement with the offline measurements. In Figure 4.2B, the <MAC>oniine,375nm i8 plotted
vs. experiment time, showing significant light absorption for the 2-MP SOA and the pyrrole
SOA and much lower light absorption for the 1-MP SOA. 2-MP shows an average
<MAC>online 375 of 0.89 + 0.03 m? g!, followed by pyrrole (0.54 + 0.01 m? g!) and 1-MP
(0.06 £0.01 m?g!). In Figure 4.2C, the SSA37s is plotted vs. size parameter, where the 2-
MP SOA shows the lowest average SSA37s of 0.76 + 0.01, followed by pyrrole (0.80 +
0.01) and 1-MP (0.97 = 0.00). The SSA375 of the pyrrole SOA from NOj3 oxidation agrees
with previously reported results from similar experiments.!* Therefore, we suggest that the
SOA from NO; oxidation of 2-MP and pyrrole are strong BrC and show significant light-

absorbing capabilities while those from 1-MP show little light-absorbing property and are
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mostly light scattering. Our calculations of AAE show minimal difference in wavelength
dependence in the UV-range (290 — 400 nm) between pyrrole, 1-MP, and 2-MP SOA.
However, in the visible range (400 — 600 nm), the SOA derived from the methylpyrroles

exhibited stronger wavelength dependence than the pyrrole SOA.
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Figure 4.2 (A): <MAC>ofnine vs. wavelength (290-450 nm) calculated from UV-Vis and
SEMS data of SOA from NOj3 oxidation (with the high-NO> condition) of pyrrole
(green), 1-MP (red) and 2-MP (blue). (B): <MAC>niine,375 timeseries and (C): SSA37s
calculated from the online PAX measurements.

By considering the SOA molecular compositions and optical properties
synergistically for all three studied nitrogen-containing heterocyclic VOCs, it is
conceivable that their SOA light absorption could be positively related to the abundance of
the nitroaromatic products in the SOA. This is consistent with the fact that nitroaromatics
have been shown to be strongly light absorbing. In previous studies of NO3 oxidation of
aromatic VOC:s, nitroaromatic products generally constituted a significant portion of SOA
mass and may have contributed to increased light absorption.3?-32333639 Although prior
work also suggested that organic nitrates could contribute to BrC,> their light absorbing

ability is likely much weaker. Further, we show that the <MAC>online,375nm measurements

from all the NO3 oxidation experiments (including the duplicate experiments) exhibit clear
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positive correlations with the ratio of NO* and NO," fragments to total organic ions
obtained by the mAMS, which indicate that nitro and nitrate species are likely major
contributors to BrC in the SOA (Figure 4.3). Interestingly, the <MAC>oniine,375nm €xhibits
a negative correlation with the CHO-N" family (Figure S4.4). Assuming that oxygenated
organic nitrates (RONO>), as are expected to have formed in the 1-MP system, are more
likely to form fragment ions in the CHO-1N" family (because of the higher oxygen content)
than nitroaromatics (RNQO3), this contrast implies that it is the nitroaromatics, rather than
organic nitrates, that contribute to the BrC in these systems. In support of this, the LC-
DAD-ESI-HR-TOFMS results exhibit strong light absorption at wavelength 320 — 340 nm
for dinitropyrrole and 2-methyl-dinitropyrrole (Figure S4.2), consistent with the UV-Vis
results. In addition, the TD-DFT calculations show that the predicted UV-Vis spectra of
dinitropyrroles (the dominant SOA constituents from pyrrole + NOs3) peak at
approximately the same observed UV-Vis peak of the total pyrrole SOA, while organic
nitrates show very different spectral shapes with much lower absorbance (by more than
two orders of magnitude) under the TD-DFT calculations (Figure S4.5). These pieces of
evidence collectively suggest that nitroaromatics are clearly the dominant, if not the only,

BrC chromophores in the SOA formed from NO; oxidation of pyrrole and 2-MP.
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Figure 4.3 The correlations between <MAC>oniine,3750m and AMS ion ratios of NO*
(green) and NO," (brown) to total organic ions for all the performed experiments. The
dashed lines represent the error-weighted Pearson correlation fittings (R = 0.78 for NO>*
and 0.81 for NO").
4.3.3 Proposed mechanisms for formation of nitroaromatics from NQO; oxidation of
pyrrole and methylpyrroles

After demonstrating that nitroaromatics in the SOA from pyrrole and 2-MP are the
dominant constituents and contributors to BrC, it is critical to elucidate their formation
mechanisms in the pyrrole and 2-MP systems and explain why nitroaromatics are not
largely formed in the 1-MP system. Apparently, a key difference is that both pyrrole and
2-MP are secondary amines with N-H bonds, while 1-MP is a tertiary amine without an

N-H bond. Therefore, we propose that the N—H bonds play an important role in the NOs

oxidation of pyrrole and 2-MP that led to the substantial formation of nitroaromatics. In
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Figure 4.4, a mechanism is proposed for the addition of 1, 2, and 3 —NO; groups to the
backbone of pyrrole through NO3 oxidation. In this mechanism, we propose H-abstraction
by NOs for pyrrole on the 1-position (H in the N-H bond), followed by a pyrrolyl radical-
shift. NO> then adds to this radical and a subsequent H-shift would occur to move the
hydrogen back to the 1-position and form a nitropyrrole. This initial step is somewhat
similar to that proposed for H-abstraction of phenolic species in which nitrophenols are
observed.?%* The nitropyrroles were not observed in the pyrrole + NO3 SOA by the IMS-
TOF measurements, likely because they are too volatile to partition to the particle phase.
But they were indeed dominant gas-phase products, confirmed by the I-CIMS results
(Figure S4.6), supporting our proposed mechanism. From here, the mechanism repeats
itself beginning with the same H-abstraction on the 1-position by NOs3 for the additions of
the second and third -NO; groups. Through this process, the original aromaticity is
retained, facilitating sequential -NO, addition. For simplicity, the formation of only one
dinitropyrrole isomer and one trinitropyrrole isomer are explicitly shown in Figure 4.4,
but there could be up to 4 positional dinitropyrrole isomers and 2 trinitropyrrole isomers,
depending on how the pyrrolyl radicals shift. In agreement with this, we observe 4 isomers
for dinitropyrrole from the extracted ion chromatogram in the LC-DAD-ESI-HR-TOFMS
(Figure S4.2). The proposed mechanism is also consistent with the results that higher NO;
concentrations led to stronger light absorption in the two pyrrole experiments (Table 4.1
and Figure 4.3), as higher NO; concentrations could enhance formation of dinitro- and
trinitro-pyrroles. In the real atmosphere affected by wildfire, NO2 concentrations have been

reported to be as high as ~ 60 ppb, somewhat lower than the experimental conditions in
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this work.’® With lower NO concentrations, it is possible that oxygen addition on the
pyrrolyl radicals (producing peroxy radicals) could become more competitive in
comparison to NO> addition (producing nitropyrroles). However, the likely gas-phase
products from peroxy radical chemistry are found to be lower than the nitropyrroles by ~
3 orders of magnitude with ~ 90 ppb of NO; (Figure S4.7), suggesting that the NO;
addition is the dominant pathway for the pyrrolyl radicals even with ambient-level NO;
concentrations. These results are highly consistent with prior work on phenoxy radicals
from phenol oxidation®” and o-semiquinone radicals from catechol oxidation,*® both of
which suggested dominant NO; addition in comparison to oxygen addition.

The mechanism for addition of NO> to 2-MP would be analogous to that of pyrrole
except that there is a methyl group in the 2-position which might interfere the pyrrolyl
radical shift and hence the number of possible positional isomers in comparison to pyrrole.
In fact, the results shown in Figure S4.2 suggest that there are two major 2-methyl-
dinitropyrrole isomers in the 2-MP SOA. It should be noted that there has not been direct
measurement-based evidence for the proposed radical or hydrogen shift in the
(methyl)pyrrole or the phenolic NO3 oxidation systems, suggesting that other unrecognized
mechanisms cannot be fully ruled out. However, combining all the pieces of evidence

discussed above and in the literature,**-3* this mechanism appears to be a highly likely one.
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Figure 4.4 Proposed chemical mechanism for the addition of 1, 2 and 3 NO; groups to
pyrrole. Only one isomer for each of C4HsN202, C4H3N304, C4H2N4Og is shown, but
multiple isomers are possibly formed, depending on how the pyrrolyl radicals undergo
shift.

In comparison to this mechanism, 1-MP is a tertiary amine and does not contain a
N-H bond like pyrrole and 2-MP. Thus, the mechanism shown in Figure 4.4 does not work
for 1-MP, explaining the absence of dinitro- and trinitro-products in the 1-MP SOA. Based
on the measurements discussed above, we also suggest the hydrogen in the N-H bond must
be more susceptible to abstraction by NO3 than other hydrogens on the ring. Instead, in the
NO; oxidation of 1-MP, we rather observed products with -NO3 and additional oxygen-
containing functionality (e.g., —OH). The lack of the secondary amine structure in the
backbone of 1-MP may require other mechanisms to occur for 1-MP such as NO3 addition
to the double bond. A tentative mechanism is proposed in Figure S4.8, which may explain

some of the observed 1-MP gas-phase and SOA constituents. Particularly, the dominant

gas-phase product, CsH7NO; (Figure S4.6) is likely formed through nitrooxy alkoxy
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radical bond scission and NO» removal.>®

The analogous product in the pyrrole system
(C4HsNO») appears to be much smaller (Figure S4.6), again supporting that NO3 oxidation
of pyrrole is mainly through H-abstraction. For 1-MP, the breaking of aromaticity through
the addition of -NO3; and —OH functional groups ultimately lead to decreased light
absorption in the SOA. Conversely, the retention of aromaticity and the addition of a strong
electron-withdrawing group, —N Oz, increases the strong light absorption of the pyrrole and

2-MP SOA. The proposed mechanisms highlight the importance of secondary amines as

key structures in pyrrole and methylpyrroles to form BrC chromophores.

4.4 Atmospheric Implications

In this study, we have demonstrated that small differences in the structures of
pyrrole and its methyl derivatives have significant implications for the optical properties
of their SOA from NOs3 oxidation. The NO; oxidation of 2-MP and pyrrole led to SOA
compositions which were almost entirely caused by products resulting from the addition of
two or three —NO; groups. These nitroaromatic products resulted in the strong light
absorption of the SOA from 2-MP and pyrrole. To understand the significance of the
pyrrole and methylpyrroles on SOA mass concentration and BrC light absorption from
atmospheric biomass burning of different fuels, we estimate the SOA formation potential
(SOA o1, g of SOA potentially formed per kg of fuel) and absorption cross-section emission
factor (EFabs, m? of absorption per kg of fuel) for pyrrole, 2-MP, and several other relevant
VOC oxidation systems (i.e., phenolic VOC + NOs and toluene + OH/NOx).!* The

estimations are based on emission factors (EF) from typical biomass burning fuels reported
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in previous work,>*? SOA vyields from previous laboratory oxidation studies,*>>° and the
reported <MAC> results for the corresponding SOA in literature:3>-0

SO0Apoti = EF; X Ysou,

EFgpsi = SOApe; X < MAC >;

where Yso04,i is the estimated SOA yield for a VOC species, i. The details are shown in
Tables S4.3— S4.5. For the VOCs whose SOA yields or <MAC> values are unknown, we
use results from a similar VOC in the same category as a reasonable approximate. From
these calculations, we compare the SOA,.: and EF s between the summed SOA from NO;
oxidation of pyrrole and 2-MP with total phenolic + NO3; SOA and toluene photooxidation
SOA. In a recent study, Palm et al. reported that phenolic SOA may contribute to 29 + 15%
of biomass burning BrC during daytime and underscored the importance to study nighttime
processes of biomass burning emissions.®! Kodros et al. also pointed out that nighttime
oxidation of biomass burning emissions may be an overlooked source of oxidized organic
aerosols.%? Here, we estimate that the total SOA,, from NO;3 oxidation of pyrrole and 2-
MP may be 119 — 189% of that from NO; oxidation of phenolic VOCs and 52 — 277% of
that from toluene photooxidation. In addition, the total EF s of pyrrole and 2-MP SOA is
25 — 49% of that for the phenolic + NO3 SOA and 36 — 170% of that for toluene
photooxidation SOA. The large variations in these comparisons are due to strong fuel
dependence of the VOC emission factors. Although SOA yields and <MAC> results were
obtained from different studies under different experimental conditions, and thus some
uncertainties are expected, these findings clearly demonstrate that the SOA from nighttime

oxidation of pyrrole and 2-MP will significantly contribute to SOA mass concentration and
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light absorption in biomass burning derived aerosols. Therefore, their oxidation chemistry
and contribution to SOA and BrC need to be implemented in air quality and climate models.
The SOA and BrC formation from nighttime oxidation of nitrogen-containing heterocyclic
VOCs have been understudied. This study filled the knowledge gap and demonstrated that
small differences in chemical structure for these nitrogen-containing heterocyclic VOCs

have significant impacts on the chemical composition and light-absorption of SOA.
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4.5 Supporting Information
4.5.1 CFSTR Kkinetic experiments.

To validate that 1-methylpyrrole (1-MP) and 2-methylpyrrole (2-MP) both
primarily react with NO3z under the studied conditions, we performed four experiments
using the relative rate method referencing known reaction rates of pyrrole with Oz and NO;
to estimate the reaction rates of 1-MP and 2-MP with O3 and with NOs.22 The experiments
were performed in a continuous flow stirred tank reactor (CFSTR, volume ~250 L, stainless
steel enclosure with interior coating by Teflon PFA) under 20°C and relative humidity <
5%.3>4! The total flow rate in the CFSTR was 2.8 L min’! providing a residence time of
approximately 89 minutes. A clean air generator (Aadco Instruments, Inc.) was used to
provide clean dry air for the experiments. For each experiment, approximately 2 pL of one
of the methylpyrroles and 2 puL of pyrrole were injected into the reactor using a syringe to
achieve ~2.2 ppm of each VOC in the reactor. Before injection of oxidants, the first-order
rate of dilution and wall loss of the VOCs was measured with a highly sensitive proton-
transfer reaction mass spectrometer (PTR-MS, Ionicon Analytik GmbH). Pyrrole is
measured at m/Q 68 Th (C4HsN"') and the methylpyrroles are measured at m/Q 82 Th
(CsHgN™). For the O3 oxidation experiments, ~ 100 ppb O3 was injected by passing O
through an O3 generator (Ozone Solution Inc.). For NOs decay experiments, ~ 150 ppb
NO2 (20 ppm in N, Airgas Inc.) was injected followed by ~ 100 ppb Os. Upon reaction
with O3 or with NO3, we could measure VOC decay due to Oz or NO3 with the PTR-MS.
For NOs3 oxidation experiments, we waited until O3 concentration had decreased to < 10

ppb to ensure that the VOCs were primarily oxidized by NOs. The concentrations of O3
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and NO; were measured using a 49C O; analyzer and a 42C NO; analyzer (Thermo
Environmental Instruments). The oxidation reactions can be expressed in the following

ordinary differential equation:

d[VOC]
dt

= —k[VOC][oxidant]

where k represents the rate constant in cm® molecule! s, [VOC] represents the
concentration of pyrrole, 1-MP or 2-MP and [oxidant] represents the concentration of O3

or NOs. Solving the equation gives:

[voc]

— e(—k[oxidant] X t)
[VocC],

where ¢ represents the time in seconds and [ VOClo represents the VOC concentration at the
beginning of the decay period. Then, a lognormal fit of the VOC concentration during the

decay period yields:
l WVocly _ k't
"\vocl,) =

Using a linear fit, we can find the slope, £’, which is equal to k/oxidant]. Finally, using

the relative rate method, the rate of 1-MP or 2-MP with O3z or NOj is calculated using:

! !
(k oxidant ~ k dilution)methylpyrrole _ kmethylpyrrole

(k'oxidant - k’dilution)pyrrole kpyrrole
where & oxidan: and k inion are the lognormal slopes from this equation during the oxidant
decay period and the VOC dilution period respectively. Using known reaction rates of
pyrrole with Oz and NO;3 and solving this equation for knesmnyipyrrole provides an estimation
of the reaction rate of the oxidant with the methylpyrroles.?? Using this approach, we

estimate the reaction rates of 1-MP and 2-MP with O3 to be 5.28 x 10!7 ¢cm?® molecule™! s
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Yand 1.64 x 107! ¢cm? molecule™! s! respectively. We estimate the reaction rates of 1-MP
and 2-MP with NO3 to be 2.55 x 107! cm?® molecule™! s'and 4.80 x 107!° cm?® molecule™
s, respectively.
4.5.2 Calculations of MFy,, 0.4, and Csp,.

Ratios of NO/NO," from the experiments were used along with the corresponding
value during ammonium nitrate calibrations to estimate the contribution of

organonitrate/nitroorganics to the total measured nitrate (i.e., the organic fraction of nitrate,
fNO3,org)63:

/i = (Rexp - RAN) (1 + Ruir)
NO3,0rg (Ryir — Ryp)(1 + Rexp)

where R refers to the ratio of NO*/NO;" in the experiments (Rexp), during ammonium nitrate
calibrations (R4v), and the expected value for organonitrate/nitroorganics (R, 3.58-3.89)
calculated following the “ratio-of-ratio” procedure outlined in Day et al.** The organic

mass fraction of the aerosols (MFo4) was estimated using:

0A + N03_ X fNOB,org

MF,, =
04 Total AMS Mass

where OA and NO; are the mass concentrations of organic and nitrate aerosols,
respectively, and the denominator is the sum of all the species measured by the mAMS.
Total mAMS species mass distributions in the vacuum aerodynamic space were
averaged onto 10-minute time intervals and compared with mobility-based volume
distributions in the same time interval. Log-normal fits to the distributions were obtained

and the geometric mean diameters of each distribution, dv. and dn, respectively, were
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calculated. The aerosol effective density ([].y) during each time interval was calculated

as*’:

dva

Peff = Po X

m

where p is unit density. Next, a time-dependent fit to the calculated effective densities was
obtained to determine the effective density values corresponding to the finer time scales of
mAMS mass distributions averaged onto the SEMS measurement frequency (140 s). The
total mass concentration of organic aerosols (Cso4) was calculated using:

Csoa = Vaerosot X Perr X MFoy

where Vierosor 1 the total volume concentration of particles based on the volume

distributions determined by SEMS.
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Table S4.1 Cartesian coordinates of optimized geometries of 2,5-dinitropyrrole and 3,4-
dinitropyrrole obtained from DFT calculations.

2,5-dinitropyrrole: PBEO (acetonitrile) 3,4-dinitropyrrole: PBEO (acetonitrile)
C 0.25368 0.00003 1.08498 C -1.61481 0.00033 1.11375
C 1.58391 0.00001 0.69988 C -0.29627 0.00007 0.71908
C 1.58391 0.00001 -0.69988 C -0.29627 0.00007 -0.71908
C 0.25368 0.00003 -1.08498 C -1.61481 0.00033 -1.11375
N -0.55187 0.00004 0.00000 N -2.37909 0.00100 0.00000
H -1.56437 0.00007 0.00000 H -3.38926 0.00166 0.00000
H 2.43455 -0.00001 1.36260 H -2.03063 0.00042 2.10749
H 2.43455 -0.00001 -1.36260 H -2.03063 0.00042 -2.10749
N -0.31077 0.00004 2.39135 N 0.74422 -0.00033 1.70714
(0] -1.52906 -0.00003 2.47406 (0] 1.90605 0.00155 1.35814
(0] 0.45769 -0.00006 3.33459 (0] 0.38257 -0.00215 2.87598
N -0.31077 0.00004 -2.39135 N 0.74422 -0.00033 -1.70714
(6] -1.52906 -0.00003 -2.47406 (0] 1.90605 0.00155 -1.35814
(6] 0.45769 -0.00006 -3.33459 (0] 0.38257 -0.00215 -2.87598
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Table S4.2 Cartesian coordinates of optimized geometries of 2,5-dihydroxy-3,4-
dinitratepyrrole and 3,4-dihydroxy-2,5-dinitratepyrrole obtained from DFT calculations.

2,5-dihydroxy-3,4-dinitratepyrrole: PBEO (acetonitrile) | 3,4-dihydroxy-2,5-dinitratepyrrole: PBEO (acetonitrile)
C 0.09814 -1.98381 0.20727 C 1.17833 0.4903 0.99063
C 0.34982 -0.47644 0.40441 C 0.73228 1.50975 -0.09393
C -1.04033 0.11535 0.10502 C -0.82355 1.60647 0.07567
C -1.73507 -0.88251 -0.85698 C -1.17809 0.43913 1.02299
N -0.81383 -1.99094 -0.89164 N 0.01258 0.23539 1.7357
H -1.21981 -2.88411 -1.13785 H 0.04174 -0.35559 2.55308
H 0.71822 -0.2315 1.3945 H 2.01088 0.81944 1.60301
H -1.86277 -0.44498 -1.84939 H 1.19614 2.47223 0.10817
H 1.01075 -2.53055 -0.03389 H -2.03483 0.60724 1.66485
H -1.61213 0.16437 1.02797 H -1.07034 2.52712 0.60565
(0] -0.49162 -2.53112 1.39475 o 1.60245 -0.79959 0.36547
H 0.21239 -2.78246 2.00781 o -1.47578 -0.79152 0.21823
(0] -3.01438 -1.2721 -0.3621 o -1.5075 1.59992 -1.14667
H -3.69764 -0.80626 -0.85944 H -0.89304 1.23648 -1.80625
(0] -1.0398 1.40234 -0.53319 o 1.05293 1.06739 -1.40043
(0] 1.25393 0.04773 -0.59415 H 1.56694 1.74655 -1.85147
N 2.62517 -0.07501 -0.27648 N -2.80489 -0.9701 -0.15235
(0] 2.92526 -0.6137 0.7604 o -2.96794 -1.91664 -0.88584
(0] 3.33514 0.39592 -1.12485 o -3.64203 -0.21507 0.28799
N -0.76408 2.4939 0.32385 N 2.90658 -0.83264 -0.10987
(0] -0.53484 2.25723 1.48431 o 3.60494 0.14564 0.04243
o -0.7981 3.54923 -0.24994 o 3.19904 -1.88461 -0.62662
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Table S4.3 SOA yields and average <MAC> from the NO3 oxidation of pyrrole, 1-MP
and 2-MP, several phenolic VOCs and from the photooxidation of toluene from literature.

SOA Reference for SOA Reference for
VOC + oxidant <MAC>sfftine,290-700
yield Yield <MAC>ffiine,290-700
pyrrole + NOs 0.54 this study 0.21 this study
1-MP + NO; 0.38 this study 0.07 this study
2-MP + NO; 0.64 this study 0.35 this study
phenol + NO; 0.05 Mayorga et al.3* 0.90 Mayorga et al.?*
2-methylphenol + NOs 0.12 Ramasamy et al.®® 0.90° Mayorga et al .’
3+4-methylphenol 0.01 Tinuma et al.® 0.90° Mayorga et al .’
2,6-dimethylphenol 0.122 Ramasamy et al.®® 0.90° Mayorga et al .’
2,5-dimethylphenol 0.122 Ramasamy et al.® 0.90° Mayorga et al .’
catechol + NOs 0.18 Mayorga et al.3* 1.39 Mayorga et al .’
catechol + NO; 1.50 Finewax et al.>
4-methylcatechol + NOs 0.09 Mayorga et al.3* 1.30 Mayorga et al 3
guaiacol + NOs 0.12 Mayorga et al.3* 0.30 Mayorga et al .’
guaiacol + NOs 0.13 Meng et al.®’
toluene + high NOy 0.11 Jiang et al.* 0.30 Liu et al.®

8SOA yield and "<MAC>offiine 290-700 could not be found in literature, so values from 2-
methylphenol + NOs and phenol + NOs3 were used. 3>+
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Table S4.4 Potential SOA formation (SOApoi, g kg!) from the NO;3 oxidation of pyrrole,
1-MP, 2-MP, several phenolic VOCs, and from the photooxidation of toluene under high
NOx released from six different fuels. In the last two rows of the table, the ratios of

summed SOA, for pyrrole + 2MP to phenolic SOA and pyrrole + 2MP to toluene SOA
are shown for each fuel type.

Ponderosa Giant Wire Rice Indonesian
VOC + oxidant Black Spruce
Pine Cutgrass Grass Straw Peat
pyrrole + NO3 0.0227 0.0600 0.0124 0.0074 0.0271 0.0300
I-MP + NOs 0.0040 0.0080 0.0009 0.0015 0.0022 0.0118
2-MP + NOs 0.0031 0.0098 0.0014 -- 0.0043 0.0115
phenol + NO; 0.0064 0.0246 0.0075 0.0029 0.0130 0.0239
2-methylphenol +
NO3 0.0025 0.0059 0.0017 0.0013 0.0051 0.0112
3+4-methylphenol 0.0002 0.0004 0.0001 0.0001 0.0003 --
2,6-dimethylphenol -- -- -- -- 0.0004 --
2,5-dimethylphenol -- 0.0013 -- -- 0.0009 --
catechol + NO3 0.0112 0.0021 -- -- -- --
4-methylcatechol +
-- 0.0001 -- -- -- --
NOs
guaiacol + NOs 0.0016 0.0068 -- 0.0025 0.0013 0.0097
toluene + high NO,* 0.0470 0.0551 0.01125 0.0032 0.0161 0.1033
Ratio pyrrole + 2-
MP SOA to phenolic
SOA 1.36 1.89 1.57 1.31 1.59 1.19
Ratio pyrrole + 2-
MP SOA to toluene
SOA 0.63 1.41 1.31 2.77 2.09 0.52

aThe SOA yield of toluene under high NO, were used from a study by Jiang et al.>”

163




Table S4.5 Absorption cross-section emission factor (EFaps, m? kg'') of SOA from the

NOs oxidation of pyrrole, 1-MP, 2-MP, several phenolic VOCs, and from the

photooxidation of toluene under high NOx released from six different fuels. In the last

two rows of the table, the ratios of summed EFaps for pyrrole + 2MP to phenolic SOA and

yrrole + 2MP to toluene SOA are shown for each fuel type.

Ponderosa Giant Wire Rice Indonesian
VOC + oxidant Black Spruce
Pine Cutgrass Grass Straw Peat
pyrrole + NOs 0.0048 0.0126 0.0026 0.0015 0.0057 0.0063
1I-MP + NOs 0.0003 0.0006 0.0001 0.0001 0.0002 0.0008
2-MP + NOs 0.0011 0.0034 0.0005 - 0.0015 0.0040
phenol + NO3 0.0057 0.0221 0.0067 0.0026 0.0117 0.0214
2-methylphenol +
NOs 0.0022 0.0053 0.0015 0.0011 0.0045 0.0100
3+4-methylphenol 0.0002 0.0004 0.0001 0.0001 0.0002 --
2,6-dimethylphenol -- -- -- - 0.0004 --
2,5-dimethylphenol -- 0.0012 -- - 0.0008 --
catechol + NO3 0.0156 0.0029 -- -- -- --
4-methylcatechol +
-- 0.0001 -- - -- --
NOs
guaiacol + NO3 0.0005 0.0021 -- 0.0008 0.0004 0.0030
toluene + high NO,® 0.0142 0.0166 0.0034 0.0010 0.0048 0.0312
Ratio pyrrole + 2-
MP SOA to
phenolic SOA 0.25 0.49 0.38 0.36 0.41 0.32
Ratio pyrrole + 2-
MP SOA to toluene
SOA 0.43 1.00 0.93 1.70 1.52 0.36

aThe <MAC> of toluene SOA under high NOx were used from a study by Liu et al.*®® over
the range of 300-700 nm while other values shown in this table were calculated using
<MAC> over the range of 290-700 nm.
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Figure S4.1 (-)ESI-IMS-TOF mass spectra with major products labeled for (A) pyrrole
SOA, and (B) 1-MP SOA from experiments with a NOx/O3 ratio of 0.1. The intensities of
a significant product, C4H3N304 for pyrrole, is multiplied by a factor of 0.04 to make the
additional key products visible. The x-axis is shifted by +14 in (B) in comparison to (A),
to account for the difference by —CHb> in the VOC precursors, so that the oxidation
products can be more easily compared.
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Figure S4.2 Extracted ion chromatograms for (A) dinitropyrrole in pyrrole SOA and (B)
2-methyl-dinitropyrrole in 2-MP SOA. Extracted UV-Vis spectra (mAU, milli
absorbance units) of (C) pyrrole SOA for retention times: 11.439-11.499 min, 11.725-
11.777 min, 12.097-12.160 min, 12.255-12.297 min and (D) 2-MP SOA for retention
times: 12.763-12.854 min and 13.163-13.239 min.
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Figure S4.3 Mass spectra from the mAMS for (A) pyrrole SOA, (B) 2-MP SOA, and (C)
1-MP SOA.
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Figure S4.5 TD-DFT absorption spectra for (A) 2,5-dinitropyrrole and 3,4-dinitropyrrole
and (B) 2,5-dihydroxy-3,4-dinitratepyrrole and 3,4-dihydroxy-2,5-dinitratepyrrole
calculated with acetonitrile as the solvent. The spectra are labeled with their
corresponding chemical structure.
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Figure S4.6 CIMS mass spectra with major gas-phase products highlighted for (A)
pyrrole, and (B) 1-MP from experiments with a NOx/Os3 ratio of 0.1. The ion intensity on
the y-axis is normalized to the intensity of the largest product shown. The x-axis is shifted
by +14 in (B) in comparison to (A), to account for the difference by —CH> in the VOC
precursors, so that the oxidation products can be more easily compared.
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Figure S4.7 (A) A mechanism to explain the pyrrolyl radical’s fates through O addition
and NO; addition. (B) The I-CIMS timeseries of the pyrrole + NO; experiment with the
products shown in (A).
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CHAPTER 5: Conclusions and Future Work
5.1 Summary of Dissertation Work

The body of work presented in this dissertation represents significant advancements
to the field of atmospheric chemistry including 1) improvements to the mechanistic
understanding of the NO; oxidation of major types of wildfire-emitted VOCs leading to
the formation of BrC and 2) elucidation of autoxidation as a potential mechanism leading
to the formation of highly oxidized organic nitrates in the NO3 oxidation of limonene.

In Chapter 2, we reported the identification of many products which were
previously undiscovered from the NOs oxidation of a variety phenolic VOCs. With our
IMS-TOF, we were able to gain structural information for some of these products. We
proposed mechanisms for the formation of diphenyl ether dimers forming from the NO;
oxidation of phenol and suggested that these dimers may contribute significantly to SOA
mass due to their low volatility. Finally, we also found the SOA from NO; oxidation of
phenolic VOC:s to be highly light absorbing. From this, we were able to add to the growing
body of evidence that nitroaromatic compounds formed from NOj3 oxidation of wildfire-
emitted VOCs contribute strongly to the light absorption of BrC.

In Chapter 3, we identified highly oxidized organic nitrates forming on a short
timescale from the NO3 oxidation of limonene and proposed two autoxidation pathways
through which they could form. We also identified several highly oxidized dinitrates
forming from the NO3 oxidation of limonene. With our IMS-TOF, we compared the data
from our experiments to ambient samples and found that certain mono- and dinitrate

products observed in our experiments were also identified during ambient wildfire and
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nighttime samples from the Southeastern United States. This demonstrates that
autoxidation and sequential oxidation from limonene are key processes occurring in the
real atmosphere quickly leading to highly oxidized organic nitrates.

In Chapter 4, we found a direct correlation between wildfire-emitted VOC
precursor structure and light absorption of BrC revealing the impact of an easily
abstractable hydrogen in the initial attack of the nitrate radical. In the presence of an easily
abstractable hydrogen, pyrrole and 2-MP were more susceptible to H-abstraction by NO;
followed by radical shift and NO> addition. In the absence of an easily abstractable
hydrogen, in the case of 1-MP, the initial NO3 oxidation is more likely to proceed through
addition to the double bond leading to the formation of organonitrates. The nighttime
oxidation of pyrrole, 1-MP and 2-MP were largely understudied, and we provided key
insights into SOA chemical composition from each of these VOCs. Furthermore, we
proposed a novel mechanism for the addition of 1, 2, and 3 nitro groups to the backbone of

pyrrole in the gas-phase.

5.2 Future Work
5.2.1 Daytime and Nighttime Aging of SOA

Following the characterization of SOA and BrC from the NO3 oxidation of these
studied wildfire-emitted VOC:s, it is critical to investigate how these SOA evolve during
atmospheric aging (e.g. further nighttime and daytime atmospheric processing). Due to
limitations in experimental design as well as analytical instruments, most studies have

focused on either daytime or nighttime oxidation of VOCs. These investigations are crucial
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in broadening our understanding of specific reaction pathways and gas-particle partitioning
from these processes, but they are not able to elucidate the combined effects of daytime
and nighttime processing on reaction pathways. Despite the need for this type of study,
developing an experimental setup to study the multiphase daytime and nighttime
processing of these VOCs has remained a challenge. We plan to investigate the
compositional variation that photooxidation plays along with nighttime oxidation in the
multiphase SOA aging of these VOCs, which remains widely unknown.

The lifetime of SOA particles in the atmosphere can be as long as several days up
to a week, underlining the importance of exploring the daytime and nighttime atmospheric
aging of BrC.!”® During the daytime, reactions of OH and photolysis drive aging of SOA
and BrC.** Previous studies have investigated the photochemical aging of BrC from
biomass burning precursors and some have observed photo-bleaching of BrC while others
have observed photo-enhancement in early aging followed by photo-bleaching in later
aging.>’~ Investigations of the nighttime aging of BrC have shown photo-enhancement of
BrC due to the formation of new chromophores.*!%!! Nitroaromatics are well-known
chromophores contributing significantly to BrC from aromatic precursors.!? 3
Additionally, N-containing carbonyl chromophores have been recently shown to contribute
up to 40% of light absorption in pyrrole BrC.!” These proposed studies to investigate the
multiphase daytime and nighttime aging of SOA and BrC will enhance the detailed

mechanistic understanding of multiphase aging processes and provide experimental results

that are more relevant to timescales of the real atmosphere.
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