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ABSTRACT OF THE DISSERTATION

Probing Multiphase Atmospheric Chemistry Using Advanced Mass Spectrometry

by

Wen Zhang
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, September 2024
Dr. Haofei Zhang, Chairperson

The Earth’s atmosphere is composed of an enormous variety of chemical species
associated with trace gases and aerosol particles whose composition and chemistry have
critical impacts on the Earth’s climate, air quality, and human health. Reactive volatile
organic compounds (VOCs) and organic aerosols (OAs) in the atmosphere can be oxidized
by oxidants in the atmosphere through a number of pathways, generating critical
intermediate products such as the peroxy radicals (RO>*), as well as the subsequent closed-
shell oxygenated species which are a highly variable class of organic mixtures with diverse
functional groups, such as ketone, alcohol, carboxylic acid, hydroperoxide, etc. Due to the
significance to atmospheric environment, it is imperative to elucidate RO:*-centered
chemistry and understand chemical compositions of the resultant OAs on the molecular
and even isomeric level. Mass spectrometry analysis as a powerful and popular analytical

technique has been widely developed and applied in atmospheric chemistry for decades. In
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combination with a comprehensive set of mass spectrometry instrumentation and kinetic
simulations, this dissertation aims to help better understand OA formation and evolution
and provide new insights in the realistic understanding of atmospheric components.

Chapter 1 introduces and reviews recently developed mass spectrometry techniques
that allow for effective detection, identification, and quantification of a broad range of
organic and inorganic chemical species with high sensitivity and resolution. Chapter 2, 3,
4 focus on probing RO:*-centered bimolecular reactions in the gas phase and the particle
phase that have been understudied in previous research. In Chapter 2, we demonstrate
interferences caused by secondary ion chemistry in iodide-adduct chemical ionization mass
spectrometry (I"-CIMS) which has been a popular analytical technique to measure a wide
range of oxygenated VOC (OVOCs) due to its low selectivity. Moreover, we apply the
secondary ion chemistry to inform OVOCs’ functionalities and hence formation
mechanisms. Chapter 3 illustrates that condensed-phase bimolecular autoxidation largely
accelerates OA aging under atmospheric oxidant concentrations and impacts aerosol
compositions, reversing a conventional view that multiphase (i.e., heterogeneous)
oxidative aging is a slow process. Chapter 4 expands the heterogeneous study to the organic
hydroperoxide formation from RO,* + HO;* reactions at aerosol particle interface via
hydrogen-deuterium exchange mass spectrometry.

This dissertation provides novel advancements in mass spectrometry applications
and a better understanding of the atmospheric chemical mechanisms. It may help interpret
existing datasets, develop effective experimental approach to simulate atmospheric OA

processes, and improve models to accurately predict OA transformation in the atmosphere
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Chapter 1 Introduction and Background

1.1 Introduction

The Earth’s atmosphere is composed of an enormous variety of chemical species
associated with trace gases and aerosol particles whose composition and chemistry have
critical impacts on the Earth’s climate, air quality, and human health. Mass spectrometry
analysis as a powerful and popular analytical technique has been widely developed and
applied in atmospheric chemistry for decades. Mass spectrometry allows for effective
detection, identification, and quantification of a broad range of organic and inorganic
chemical species with high sensitivity and resolution. This chapter aims to introduce and
summarize recently developed mass spectrometry techniques, methods, and applications
in atmospheric chemistry research in the past several years. Specifically, new
developments of ion-molecule reactors, various soft ionization methods, and unique
coupling with separation techniques are highlighted. The new mass spectrometry
applications in laboratory studies and field measurements focus on improving the detection
limits for traditional and emerging volatile organic compounds, characterizing multiphase

highly oxygenated molecules, and monitoring particle bulk and surface compositions.

1.2 Principles and Developments of Mass Spectrometry

The chemical characterization of atmospheric gaseous and aerosol constituents has
been a well-known challenge due to their extreme complexity caused by the enormous
number and distinct properties of inorganic and organic species emitted and formed in the

atmosphere. Both biogenic and anthropogenic sources as well as their chemical



transformations contribute to the atmospheric complexity, with the chemical and physical
properties affecting the Earth’s climate, outdoor and indoor air quality, and human health.!-
> Volatile organic compounds (VOCs) are an important class of atmospheric compounds
that could undergo photooxidation in the presence of various atmospheric oxidants, leading
to the formation of gas-phase oxidation products with a highly variable and complex
functionality and volatility.>” VOCs also play a central role as precursors in the formation
of secondary organic aerosols (SOA), while primary organic aerosols (POA) which are
directly emitted into the air make up the other source of atmospheric OAs.”!? Thus,
characterization of the molecular compositions of both the gas- and particle-phase organic
species in the atmosphere is of vital importance to understanding the atmospheric chemical
kinetics and reaction mechanism for environment assessment and planning.

With the interest of identifying and quantifying organic molecules in the
atmosphere, the application of mass spectrometry-based techniques has been popular for
many decades. Mass spectrometry techniques accomplish the separation and detection of
analyte molecules through three processes of sample introduction, ionization, and mass-to-
charge ratio examination, while the advanced innovation in any operation results in the
instrument’s versatile and comprehensive applications.!® Thus, mass spectrometry can
provide qualitative and quantitative analysis for a broad range of chemical species with
high sensitivity and short response time.!* !° It is widely applied in the identification of
unknown chemicals, determination of the elements’ isotopic composition in a molecule,
and classification of compound structures via fragmentation detection. In order to elucidate

the structures of unknown chemicals, gas chromatography (GC) and liquid



chromatography (LC) coupled to mass spectrometers (i.e., GC-MS and LC-MS) emerged
as the initial applications of mass spectrometry-based instruments to identify substances in
atmospheric gaseous and aerosol mixtures through offline analysis.!®: !7 In these early
studies, GC-MS has been widely used to separate and identify hydrocarbon mixtures as
well as functionalized organics by employing derivatization techniques,'®2* while LC-MS
became a powerful technique to analyze relatively polar and high molecular-weight aerosol
species.?*2° With regards to aerosol compositional analysis, progress was made in the early
215 century to allow real-time characterization of atmospheric aerosols by the field-
deployable aerosol mass spectrometer (AMS).2’?° The AMS employs particle size
selection and thermal desorption followed by electrode impact (EI) ionization, allowing for
quantitively real-time measurements for the element composition, particle mass and size
distributions of atmospheric aerosols.>**> However, the EI ionization used in AMS is a
hard ionization where electrons are accelerated to 70 eV to bombard samples, leading to a
high degree of sample fragmentation and thence complicated mass spectra with limited
molecular information.?”?* Despite the lack of molecular information, the high time-
resolution, near-complete mass coverage, and the potential to infer bulk aerosol

33-38 and

characteristic metrics make AMS a popular device in both laboratory studies
ambient aerosol research.?’: 32.39-44

The continued pursuit of real-time and molecular-level characterization of
atmospheric constituents led to the development of mass spectrometry instruments based

on soft ionization techniques. Chemical ionization mass spectrometry (CIMS) is based on

ion-molecule reactions to selectively ionize compounds of interest in the ion-molecule



reactor (IMR).* As one of the most widely used soft ionization and real-time analysis tool
in atmospheric chemistry, CIMS was largely built upon the early development decades
ago.*% In its early versions, the majority of CIMS applications aimed to monitor inorganic
compounds,* except for proton transfer reaction mass spectrometers (PTR-MS), which is
a CIMS that uses H3O" as the reagent ion to measure chemically reduced organic
compounds with proton affinity higher than water.*”-* In the early 2010s, the advancement
of CIMS with higher sensitivity, better mass resolution, and more versatile reagent ions
expanded the measurement capability to a wide range of oxygenated organic species.**-5?
In particular, these new developments allowed for a much-improved characterization of
moderately to highly oxidized organic species in the atmosphere. While CIMS detects
gaseous species, coupling it to aerosol inlets allows for aerosol composition
measurements.>>>> To measure aerosol constituents, another widely used soft ionization
technique is electrospray ionization mass spectrometry (ESI-MS). ESI-MS was usually
applied in offline analysis either by itself 32 or by coupling with LC.%*%° In these studies,
the aerosol samples were first collected on membrane filters, followed by solvent extraction
procedures and LC-MS analysis. The sample collection, storage, and extraction may lead
to undesired artifact reactions.’®”> To overcome such artifacts, a few methods such as the
nanospray desorption electrospray ionization (nano-DESI) and the paper spray (PS)
ionization have been explored by directly ionizing molecules from the filter or substrate
samples without solvent extraction.!> 737> However, they still require samples to be
collected, which loses the time resolution to monitor aerosol formation and evolution.

Improvements have been made in the early 2010s to apply soft ambient ionization mass



spectrometry in real-time aerosol analysis. Notable examples include the extractive

),’® 77 ambient electrospray ionization (AESI),”® and direct

electrospray ionization (EESI

analysis in real time (DART).”-#! These studies provide valuable insights and guidance for

later developments of soft ambient ionization mass spectrometry for aerosol research.
There have been many previous reviews of mass spectrometry methods applied to

82-88 But it is a rapidly growing field where many new

studying atmospheric chemistry.
analytical techniques, novel designs, and extended applications based on soft ionization
mass spectrometry have been published in the recent several years. This chapter builds on
the previous work and summarizes the new mass spectrometry methods and developments
in atmospheric chemistry research. We introduce the main principles and workflows of
individual mass spectrometry instruments that favor a wider range of measurements for
gas-phase compounds and aerosol particles, helping understand the environmental
implication of atmospheric chemistry. We further present applications of these techniques
in laboratory studies, as well as outdoor and indoor field measurements on a few important

research topics. Finally, we discuss several current issues and future developing directions

in this field.

1.3 Soft Ionization Mass Spectrometry Techniques and Methods

Currently, mass spectrometry characterization of gaseous and aerosol species using
soft ionization techniques is a rapidly developing field in atmospheric chemistry for
understanding chemical composition. In this section, we introduce several analytical

techniques to highlight the improved capabilities for qualitative and quantitative



measurements of atmospheric species in the last several years. The major applications and
contributions to the atmospheric field of these newly designed mass spectrometry

techniques are discussed in the next section.

1.3.1 Chemical ionization mass spectrometry: new IMR designs and ionization
chemistries

As described above, the development of CIMS has emerged for decades, providing
sensitive and rapid measurements for a wide range of atmospheric trace gases. One of the
early CIMS techniques applied in the atmospheric chemistry was PTR-MS, which uses
H3O" as the reagent ion to ionize analyte molecules through proton transfer reactions.*’- 8-
92 CIMS with other reagent ions has also been developed. In particular, numerous studies
have reported CIMS measurements using various reagent ions, such as CF;0~, CH3C(0)O,
I, SFs, Br, NOs;~, NH4", C:HsOH, NO", etc. to selectively ionize specific molecules
through different ion chemistries.*->!-87-93-100 In many of these development, CIMS with a
time-of-flight (TOF) mass analyzer (TOF-CIMS) has been a powerful tool to quantitatively
characterize inorganic and organic molecules as low as a few pptv with mass resolving
power (m/Am) up to 12000.4% 1°! Figure 1.1 illustrates the basic configuration of a TOF-
CIMS instrument. lonization occurs in an IMR, where the configuration, residence time,
pressure, electric field, and flow rate are optimized for the specific ion chemistry. In this
section, we summarize new developments in recent years on IMR hardware designs, ion

chemistries to enhance CIMS sensitivities and broaden measurable chemical ranges, and

additional capabilities.
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Figure 1.1 An illustrative diagram of the CIMS configuration.

1.3.1.1 New IMR designs

Vocus. Vocus is a newly developed chemical ionization source consisting of a
discharge reagent-ion source and focusing ion-molecule reactor (FIMR),!*? with the
configuration shown in Figure 1.2A. The reagent ions are produced at the central axis by
a low-pressure discharge ion source comprised of two conical surfaces between which a
plasma is generated. The produced ions enter through a ring offset from the central axis to
ionize the air samples in the FIMR. The FIMR includes a quadrupole mounted outside of
a glass tube with a resistive coating to build an inside axial electric field of a radio
frequency (RF) quadrupole, focusing ions into a narrow beam on the central axis to enhance
the sensitivity. Comparing with a traditional PTR-TOF, a Vocus-equipped PTR-TOF is ~
19 times more sensitive for many VOCs (Figure 1.3A). According to ambient
measurement comparison between a Vocus-equipped PTR-TOF and a traditional PTR-

TOF, Vocus also showed much higher detection precision due to the improved sensitivity



and mass spectral resolution, which are paramount among other gas-phase measurement

15,97, 103-105 1t s also worth mentioning that Vocus exhibits an almost

techniques.
independent sensitivity on the relative humidity of the sample air owing to the high water
vapor mixing ratio in the FIMR, in contrast to conventional PTR-MS instruments (Figure

1.3B). The response times of Vocus-equipped PTR-TOF are about an order of magnitude

shorter than a traditional PTR-TOF.192
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focusing ion—molecule reactor (FIMR). Reproduced with permission Krechmer et al. 2018.
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front part. Reproduced with permission Breitenlechner et al. 2017. Copyright 2017
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PTR3. PTR3 is developed based on a standard PTR-TOF equipped with a new
center-sampling inlet and an innovative IMR design.!% A corona discharge ion source is
operated in PTR3 followed by a source drift area (Figure 1.2B). The drift area is split into
two regions, where chemical ionization gas and humidified nitrogen gas carrier are
separately inserted and transported to a tripole IMR chamber. The design of splitting flow
decreases the byproducts by preventing the formation of interfering primary ions and
radicals. The tripole supplied with a RF voltage decouples the directions of sample gas
flow (axial) and high-energy collisions (radial). As a result, the reaction time, pressure, and
reduced electric field strength of PTR3 are independent of each other, leading to the
possible improvement of operational parameters. Another improvement is the inlet design
which minimizes wall loss by controlling symmetrical exhaustion of the sheath gas around
the core flow. The new designs of PTR3 extend the reaction time thirty times longer and
the pressure forty times higher compared to the standard PTR-TOF. After the pressure
drops in the drift region, the gas flow is guided to a long TOF (LTOF) mass analyzer,
further improving the resolving power for better separation of isobaric ions.!?” Calibration
tests of different compound classes showed a result of up to 18,000 counts per second
(cps)/ppbv at a mass resolving power of >8,000 m/Am (fwhm), which exhibits a much
better performance than the standard PTR-TOF.!%: 1% Further, Piel et al. introduced an
extended volatility range inlet coupled with PTR3 to improve its time response by
inhibiting the surface interactions of low volatility analytes within the gas inlet and the

tripole IMR chamber.!!? Despite the promising features of PTR3, Holzinger et al. suggested
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that it tends to form larger water clusters and deprotonation species by comparing the
performances of different PTR instruments in field work.!!!

IMR design to reduce wall interactions. Reducing the interactions between
relatively low-volatility analytes and IMR inner walls helps avoid sample loss and reduce
response delay in CIMS measurements due to temporary adsorption of the analytes on inlet
surfaces. In the study by Palm et al., a new coaxial, low pressure IMR (Figure 1.2C) was
designed to minimize wall loss meanwhile improving sensitivity of CIMS.!'? The new
design includes: (1) removing as many wall surfaces as possible and having any necessary
wall surfaces be constructed from materials such as perfluoroalkoxy (PFA) Teflon, which
have been reported to have minimized interactions with analytes;'!*!!> (2) making the
distance between analyte and surfaces as large as possible by controlling the analyte flow
into a coaxial sheath, similar to previous IMR designs for the NOs~ reagent ion;!'% 117 (3)
exhausting the desorbed compounds from wall surfaces by pumping a sheath flow radially
outside of a sample flow; and (4) maintaining IMR pressure constant within the range of
200 to 760 Torr even on an aircraft platform through the design of a variable orifice on the
upstream side of the IMR.!!® The demonstration used I" as the reagent ion but may be
applicable to other reagent ions. As shown in Palm et al., I" is introduced at the front of the
drift region in the IMR and it ionizes analytes in the center of the drift region, such that
less than 4 % of the analytes have interactions with wall surface according to diffusion
calculations. As a result, the delay time of CIMS coupling with this IMR design is 3 to 10

times lower than previous CIMS versions, as illustrated in Figure 1.4.
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1.3.1.2 Ionization chemistries in CIMS

CIMS has been widely used in in-sifu measurements of a variety of atmospheric
trace gases and aerosol species due to its excellent selectivity and sensitivity. The most
common reagent ions used with CIMS include H3O*, NO*, CsHs", CoHsOH", NH4", and
protonated amines in the positive ion mode, and I, CH3C(O)O~, CF30, SFs, Br, and
NOs™ in the negative ion mode. It is essential to choose an appropriate reagent ion for CIMS
to selectively and effectively ionize one or several targeted classes of compounds from a
complex system. A comparison of the types of ion chemistry and targeted species by
different reagent ions is listed in Table 1.1. Here, we focus on describing new ion
chemistries studied in recent years which allow for broader applications of CIMS in
identification and quantification of molecules relevant to atmospheric chemistry.

For all types of ion chemistry, the reagent ions are created from reagent gases by a
radioactive ion source (e.g., >!°Po and 10 MBq Am), discharge,!?> 196 X-Rays,* 13% 140 or
a vacuum ultraviolet (VUV) ion source.!3 4! The reagent ions react with analytes in the
IMR. The IMR operation conditions and configurations are designed for specific reagent
ions and analyte molecules. The IMR can be held at atmospheric pressure or a reduced
pressure. For instance, protonated amine and NOs3™ ion chemistries were often carried out
under atmospheric pressure while most other ion chemistries require varied levels of low-
pressure (2 — 200 mbar). The IMR also has a variety of designs. For example, the standard
IMR used for I, CH3C(O)O™, SFs, Br, etc. introduces the reagent ions perpendicularly
with the mass spectrometer inlet nozzle and orthogonally to the sample flow with a mixing

time ~ 100 — 200 ms.* The CF30 -CIMS IMR was designed in a transverse fashion with

14
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the reagent ions accelerated toward the inlet orifice by the electric field and the sample
flow in a perpendicular direction, at a much shorter mixing time ~1 ms.!*? The shorter
reagent ion-molecule mixing time results in the reaction in the kinetic limited regime.
Another important factor of IMR design is to minimize the analyte-wall interaction. For
example, for the IMR in NO3; -CIMS targeting at low vapor pressure analytes, the reagent
ions in a sheath flow are guided and accelerated via an electric field to meet the samples in
parallel to minimize the wall interaction.!’® After the IMR, the ionized samples are
transmitted through the ion optics. In the example shown in Figure 1.1, the charged ions
enter a small segmented quadrupole with tunable frequency and amplitude to be effectively
guided, focused and cooled, followed by a second big segmented quadrupole stage housed
at nearly vacuum condition.!*® Weakly bounded ion-molecule clusters could experience
collisional dissociation caused by the voltage difference between the two quadrupole
regions.*> 4% 93 144 Finally, the primary beam travels through a series of DC optics to be
further focused and accelerated before entering the mass analyzer.

With the above-described generic CIMS configuration, many ion chemistries can
be employed (Table 1.1). The hydronium ions (H3O") can ionize molecules with proton
affinity higher than water, yielding protonated ion clusters via proton-transfer reactions in
the drift tube. The reagent ion NO™ is able to ionize VOCs through three different ionization
mechanisms, charge transfer, hydride abstraction and cluster formation, dependent on the
reaction enthalpy of compound molecules.!?? The proton- or hydride-transfer reactions are
more favorable with a more negative proton or hydride transfer reaction enthalpy,

otherwise the formation of [VOC+NO]" adducts occurs. Benzene cluster cations have been
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used to detect dimethyl sulfide and terpenes by forming adducts.!?* 124 The [C;HsOH+H]*
clustering process is typically applied to detect dimethyl sulfoxide, a series of nonmethane
hydrocarbons, and amines.”® %°- 145 The NH4" ionization can detect a wide range of organic
and inorganic species, including ketones, alcohols, peroxy radicals (RO>*) and amines.””:
127, 128, 146-148 The protonated amine ion chemistry (e.g., n- or tert-butylamine or
diethylamine) has been more specifically used to measure highly oxygenated molecules
(HOMs) and RO»*.131: 149150 Among the negative reagent ions, I” and Br~ have been widely
used to measure atmospheric relevant inorganic and organic species, including halogen-
containing species, moderately OVOCs, HOMs, and RO,*.52 %4 100, 134 151 CH3C(0)O~ can
ionize inorganic and organic acids that are more acidic than acetic acid as well as HOMs.*

148, 132 N O3~ is also a well-known reagent ion to measure HOMs by forming adducts,>® 13-

155 but may have distinct sensitivities for different HOMs in comparison to CH3C(0)O .12
CF30 has been used to detect OVOCs, organic hydroperoxides and nitrates through ion-

142, 156, 157 SF6_

molecule clustering or fluoride transfer reactions. ionizes some inorganic

compounds and organic acids through proton or fluoride transfer reactions.”® 158 159 Ag
described here, the same class of organic compounds can be detected by several different
ion chemistries. Figure 1.5 shows a comparison between several popular ion chemistries
in the detection suitability of a-pinene oxidation products with varied molecular

composition.!> Depending on the volatility, stability, and degree of oxygenation, the

detection suitability for different ion chemistries also varies.
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Figure 1.5 Estimated detection suitability of the different CIMS techniques for a-pinene
and its oxidation products, plotted as a function of the number of oxygen atoms. Each panel
symbolizes a compound group: (A) monomers, (B) organic nitrate monomers, and (C)
dimers. Reproduced with permission Riva et al., 2019. Copyright 2019 Riva et al.
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1.3.1.3 Extended capabilities of CIMS

Switchable reagent ion CIMS. For both laboratory research and field studies, the
selective nature of CIMS may inhibit comprehensive measurements of a wide range of
chemicals of interest. To overcome this limitation, a few studies have developed a
switchable reagent ion (SRI, also known as selective reagent ion) approach to allow two or
more reagent ion chemistries alternate during CIMS measurements. For example, the SRI-
PTR-MS (or SRI-PTR-TOF) that enables switching between H3O", NO*, and O," has been
used to more comprehensively characterize VOCs for years.!%-162 In addition, Brophy and
Farmer developed an SRI-CIMS to switch between I and CH3C(O)O™ reagent ions to
measure compounds across a large mass range and focus on specific species.!®® Based on
the development of PTR3, more recently, Zaytsev et al. introduced a PTR3-based SRI-
CIMS that can switch between H3O" and NH4" reagent ion chemistries within two
minutes.!%> 164 Rissanen et al. developed a Multi-scheme chemical ionization inlet (MION)
for fast switching between Br  and NO;-, allowing multiple consecutive chemical
ionization in fast repetition at atmospheric pressure.!3* The ion chemistry scheme can be
changed within a second timescale by simply switching low-voltage settings, and the ion-
molecule reaction time is adjustable by changing the length between two ion sources.
Breitenlechner et al. recently coupled a VUV ion source to a commercial Vocus PTR-TOF
in which the discharge ion source is replaced with two VUV lamps.!#! Different from the
glow discharge ion source, the VUV ion source can efficiently generate both positive and
negative reagent ions, allowing for the switchable polarities to access different ion

chemistries such as the original H3O*-PTR-MS and the widely used I"-CIMS. Meanwhile,
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the VUV ion source not only reduces ion fragmentation, but also inhibits the sputtering
processes of fast ions which contributes to longer lifetime of the ion source region.
Thermal desorption based CIMS for aerosol analysis. Although CIMS was
originally designed for real-time analysis of atmospheric trace gases, its coupling with
thermal desorption-based inlets allows for measurements of chemical composition in the
particle phase. One commonly used aerosol inlet in the past few years is the Filter Inlet for
Gases and Aerosols (FIGAERO), which simultaneously sample gas species and collects
aerosol particles on a Teflon filter followed by temperature-ramped thermal desorption to
vaporize particle-phase chemicals into the gas phase.>® The relatively short sampling time
(hourly) due to its high sensitivity allowed the usage of FIGAERO-CIMS in the laboratory
settings and real atmosphere.'®-167 Without filter collection, real-time particle-phase
composition analysis can be achieved by direct thermal desorption, though the detection
limit is degraded than the filter-based method.!®® Two common examples of such inlets are
described below. The first one is the “chemical analysis of aerosol online” (CHARON)
inlet system for online chemical characterization of semi-volatile submicron particle.>> The
CHARON particle inlet consists of a gas phase denuder which removes gas-phase organic
compounds, an aerodynamic lens which concentrates aerosols in the subsampling flow
with the combination of an inertial sampler, and a thermal desorption unit which operates
at a reduced pressure of ~ 10 mbar and a constant heating temperature in the range of 50 —
250 °C for particle volatilization prior to the chemical analysis by PTR-MS.%% 110- 169 The
CHARON-PTR-MS has been successfully used for detection of organic compounds and

ammonium constituents in aerosol particles.’> 1% 170 The second example is the Vocus inlet
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for aerosols (VIA), recently introduced by Hékkinen et al. for measurements of particle-
phase HOMs by coupling to NO3;~CIMS.!"!- 172 Similar to the CHARON inlet, the VIA
first passes aerosols samples through an activated charcoal gas denuder to remove gas-
phase constituents.!’”> Then the remaining aerosol species are evaporated at a chosen
temperature between 25 and 300 °C by a Sulfinert-coated stainless-steel thermal desorption
tube under ambient pressure.!’!-173 A dilution flow of clean air is introduced to cool down
the samples before they enter the IMR.

CIMS with Orbitrap as the mass analyzer. Chemical ionization coupled to an
Orbitrap mass spectrometry (CIMS-Orbitrap) has become a new technique among high-
resolution CIMS instruments in atmospheric chemistry.!”# 17> Orbitrap is an ion trap mass
analyzer essentially consisting of three electrodes.!’® 177 Two outer barrel-like electrodes
face each other and are electrically isolated, held together with a coaxial inner spindle-like
central electrode. A strictly linear electric field is generated when the voltage is applied to
the outer and the central electrodes, while ions are trapped to the central electrode by the
radial electric component. lons cycle around the inner electrode by balancing the
electrostatic attraction and the centrifugal force of tangential movements. Meanwhile, the
axial electric component forces ions moving back and forth along the axis. As a result, the
trajectories of ions inside the trap are nearly circular spiral. Ions with different mass-to-
charge ratios move with the same axial frequency but different rotational frequencies, thus
ions of interest with a specific mass-to-charge ratio could be selected and guiled to the
analyzer. Compared to TOF-CIMS, CI-Orbitrap has much higher mass resolving power

(m/Am of 140,000), and has been proved to be able to measure VOCs and RO»* at
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atmospherically relevant concentrations.!*® Direct mass spectra comparisons of CI-
Orbitrap with typical TOF-CIMS are shown in Figure 1.6, demonstrating the superior peak
identification and formula assignment using CI-Orbitrap. A recent study showed improved
sensitivity in measuring the OVOC with low concentrations down to 5 x 10* molecules
cm as well as the number of detected compounds above the 50% sensitivity threshold by
optimizing different governing parameters of the chemical ionization Orbitrap Fourier
transform mass spectrometry.!’”® Moreover, its ability to use tandem mass spectrometry
analysis allows for structural analysis of target molecules, leading to its potential
applications in detecting trace-level components of atmospheric complex chemical

mixtures.
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Figure 1.6 Mass spectra (red) of different HOM, at m/z 325, 342, 357, and 484, measured
by a NO3-CI-Orbitrap during limonene ozonolysis. The orange trace represents the
spectrum that would be observed using an instrument with mass resolving power of 10000.
Dashed lines stand for the fits of individual ions. The TOF-MS signals represent synthetic
data using arbitrary units and do not aim at matching the surface area measured using the
CI-Orbitrap. Reproduced with permission Riva et al. 2019. Copyright 2019 American
Chemical Society.
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1.3.2  Ambient Ionization Techniques Designed for Aerosol Analysis

Ambient ionization usually refers to ionization methods in which molecules are
ionized in their native environment, typically for condensed-phase samples in air. In the
past, many ambient ionization mass spectrometry techniques were employed based on
physical-chemical processes such as laser ablation, thermal desorption and vibrational
excitation, enabling analysis of environmental samples.!” In atmospheric chemistry,
especially for aerosol research, ambient ionization mass spectrometry techniques are used
to ionize molecules in aerosols directly in the air, allowing for nearly real-time sampling
and the subsequent analysis for aerosol molecular chemical composition without sample
collection, preparation or extraction.** " Recently, real-time and direct aerosol mass
spectrometry analysis with soft ambient ionization has made large progress, such as
extractive electrospray ionization (EESI) and direct analysis in real time (DART). The key
advances of these soft ambient ionization mass spectrometry techniques are summarized

in this section.

1.3.2.1 Electrospray ionization (ESI)-based techniques

EESI-MS. ESI is a well-known technique that uses electrospray to ionize polar
molecules under high voltage and transfer the ions from solution phase into the gas phase
as the sprayed microdroplets evaporate. As described in the Introduction, the early
applications of ESI-MS in aerosol research were mostly through direct infusion of liquid
samples after aerosol collection and extraction.®® 18 The EESI technique combines ESI

with online aerosol measurement as the simplified configuration shows in Figure 1.7A.7%
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77, 181-183 Gas-scrubbed aerosol samples can be directly introduced into the EESI inlet,
where the sample flow collides with a charged and stable solvent electrospray plume to be
extracted into the bulk electrospray, which is generated by the potential difference between
an ESI probe and the mass spectrometer inlet (Figure 1.7A). The electrospray solution is
usually doped with a strong ionic compound such as sodium iodide to promote ionization
by providing stronger adducts and reference signals for mass calibration.!®* 135 The angle
and the distance between aerosol sample flow, the ESI probe, and the mass spectrometer
inlet could be optimized for best ion signals. The aerosol molecules are ionized and ejected
into the gas phase by the rapid evaporation of electrospray solvent through the Coulomb
explosion mechanism.!®® Then aerosol samples enter a heated ion capillary to ensure the
evaporation of electrospray droplets during the ~1 ms capillary transit before mass
spectrometry analysis. Finally, the generated molecular ions are detected by a mass
analyzer to obtain real-time aerosol composition measurements at a near-molecular
level.!8” The reported detection limit using recently developed sensitive EESI-MS is
typically on the order of 1 to 10 ng m™ in 5 5,182 183

EESI-MS provides a controlled ionization scheme to avoid the reliance of the
conventional methods on thermal desorption, fragmentation causing by hard ionization or
separated collection-extraction-analysis —stages.!3%1%0  Although EESI-MS showed
significantly different sensitivity towards different organic compounds by up to a factor of
30, the ion signals of a respective compound exhibit a linear response to compound mass
over several orders of magnitude, highlighting the potential benefits of EESI to quantify

182,

atmospheric aerosols.!8% 183 According to ambient measurements, potential factors
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affecting the instrument response, including the soluble inorganic matric, varied water
vapor and largely varied particle sizes, only slightly disturb the aerosol detection and
analysis.!6% 182 183 'With the increasing needs of using soft ambient ionization mass
spectrometry methods to perform real-time measurements and quantitive characterization
of aerosol compositions at the molecular level, EESI-MS is expected to provide
comprehensive analysis of atmospheric aerosol species.!”!> 12 For example, EESI-MS is
promising as an alternative of the offline LC-ESI-MS to measure key atmospheric SOA
tracers such as organosulfates in real time.!”®> EESI-MS also exhibits a quantitative
capability to monitor the dynamic concentrations of individual compounds in mixed
organic-inorganic particles during the formation and aging of SOA, meanwhile proving a
near molecular-level measurement with high resolution.!®® Furthermore, EESI could
combine high time resolution, high resolving power, and detailed structural analysis to
provide in-depth understanding of atmospheric chemistry. For instance, Lee et al. have
developed an EESI inlet coupled to an Orbitrap to acquire molecular composition of the
aerosol components at atmospherically relevant concentrations with ultrahigh mass
accuracy and resolution, meanwhile shown the instrument’s ability to perform online

tandem mass spectrometry analysis.!8’
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MS inlet

MS inlet

Figure 1.7 Schematics of (A) EESI and (B) DART ion sources interfacing with mass
spectrometry.

ESCI-MS. Zhao et al. recently presented a new in-situ electrospray chemical
ionization mass spectrometry (ESCI-MS) technique by coupling an ESI source to a time of
flight mass spectrometer (TOF-MS), for the detection of atmospheric inorganic and organic
species in the gas phase.'®* The electrospray is achieved by generating spray droplets via a
high voltage power supply. The salt solutions dissolved in methanol are emitted through a
fused silica spray needle housed in a cylindrical evaporation tube and are carried out by a
flow of ultra-high-purity N> gas to the IMR, followed by a stainless-steel capillary tube
which act as atmospheric pressure interface between the IMR and the mass spectrometer.
Any unevaporated droplets are moved out of the effective ionization region by reagent ion
source flow, excluding the interference of secondary or extractive ESI. Thus, the sample
molecule reacts with the reagent ion to form an ion-molecule adduct via ligand switching
reactions under atmospheric pressure in the IMR. This ESCI technique provides an

extended option for both ESI-MS and CIMS applications in measurements of a broad range
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of atmospheric compounds. Using I as the ESCI reagent ion under atmospheric pressure
ionization showed high sensitivity for RO;®, allowing for probing specific RO*
chemistry.!**

PS-MS. The PS ionization mass spectrometry (PS-MS) is a variant of ESI-MS,
allowing for direct and indirect detection of dissolved compounds on aerosol filter samples
under ambient temperature and pressure.”® It has been regarded as a promising offline
technique to provide quick and effective filter sample analysis with quantitative capabilities
in ambient measurements.!?> The paper substrate is soaked or continuously saturated with
apposite solvent matrix to generate an electrospray plume from the paper tip under a certain
high voltage.” 1% The typical PS-MS analysis requires no sample preparation, where
samples are directly deposited onto the substrate and analyzed by a mass spectrometer.!*>
Recently, PS-MS has also been used in single droplet analysis, where the filter
chromatography papers are cut into triangular piece and then attached to a high voltage
power supply.'®”- 18 Microdroplets are allowed to fall on the paper. During the formation
and transportation process of the spray plume, the analytes in the microdroplets are ionized
and transmitted towards the mass spectrometer inlet. Because deposition location of
analyte droplets on the paper substrate impacts the instrument performance, the spray tip

angle and substrate geometry are adjusted to obtain the reproducibility and time scale.!®’

199
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1.3.2.2 other ambient ionization techniques

DART-MS. Among the non-ESI-based ambient ionization mass spectrometry for
real-time aerosol characterization, direct analysis in real time (DART) is a plasma-based
technique that excites ambient molecules into ions through corona discharge of a carrier
gas, such as helium, argon or nitrogen.!” 2°° Among them, helium is one of the most
frequently adopted carrier gas because its electronically excited 23S state has 19.8eV of
energy capable of ionizing atmospheric molecules.?’! The excited gas carrier containing
metastable atoms flow out of the source to thermally volatilize and ionize analyte
molecules which are directly introduced into the ionization region between the DART ion
source and the mass spectrometer inlet (Figure 1.7B).”- 7 The heated gas can improve
the instrument sensitivity by increasing the surface desorption of analyte samples.?*> The
metastable carrier gas atoms can react with atmospheric water and oxygen molecules to
produce a secondary ionizing species such as protonated water clusters (H3O") and
molecular oxygen ions (O2") which could ionize sample molecules to form [M+H]" in the
positive mode, and superoxide anions (O2") which incite analytes to [M—H] and M ions
in the negative ion mode through ion-molecule reactions.”- 293 294 Analytes with low
ionization energy could be ionized directly during the process.?* In recent years, DART-
MS has been commonly used to measure aerosol components in multiphase chemistry,
such as studying the uptake of gaseous hypochlorous acids,?*® OH*,20%-207.208 gpd Q3,204,209
219 on aerosol particles, contributing to the understand of the reaction kinetics and chemical

mechanisms of OA aging.
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AeroFAPA-MS. The aerosol flowing ambient-pressure afterglow (AeroFAPA) is
another plasma-based soft ambient ionization mass spectrometry used in atmospheric
research for real-time characterizing the molecular composition of complex aerosol

matrices.* 211213

This source is based on a helium glow discharge plasma to excite and
ionize helium species as the primary reagent ions.* The helium discharge gas can directly
desorb and ionize a large range of OA compounds at atmospheric pressure within its high-
energy metastable state for mass spectrometry detection in the afterglow region. The
particle-phase analytes need to have a certain volatility to be ionized during the
temperature-driven desorption process. Besides, the usage of helium source allows for
longer lifetime of the ion source electrodes due to its low sputtering activity. Similar to the
DART source, the AeroFAPA technique utilizes ambient Oz and H>O to produce Oz ions
through the interaction of thermal electrons and subsequently ionize aerosol molecules to
form negatively charged analyte ions.?'* In addition to O>~ ions, the signals of other reagent
ions, like O~, OH", HO,~, 037, NO: ", and NO3™ ions are observed in the negative mode.!!:
215 On the other hand, in the positive-mode measurements, the presence of O>*, N>*, NO™,
02", NO;" as well as protonated water clusters has been reported, and these reagent ions
are produced via the charge-transfer reactions between the AeroFAPA source with N> and
H>O molecules in the air.?!

Ambient ionization mass spectrometry without external energy. A few ambient
ionization mass spectrometry methods were recently employed to study OA composition
that do not require external energy such as high voltage or heating. Sonic-spray ionization

(SSI) is one of these methods.?!®2!¥ In SSI, the mechanical action of sheath gas flow
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approaches sonic velocities and generates excess charges on aerosol particles and droplets,
leading to gas-phase ions. In a recent study by Wingen and Finlayson-Pitts, this method
was applied to solid particles with core-shell morphologies.?!® SSI turned out to be surface-
sensitive and was used to probe the surface composition of laboratory OAs. Similar to SSI,
droplet-assisted ionization (DAI) as an inlet ionization technique has been recently
developed for online aerosol characterization, with the advantage of no need for sample
preparation or high voltage utilization.?!® The inlet interface consists of a temperature-
controlled stainless-steel capillary tube. The analyte-doped droplets within water matrix
are charged when they pass through the capillary from atmospheric pressure into a vacuum,
and then gas-phase molecular ions are produced after these droplets undergo aerodynamic
and/or thermal breakup due to pressure and temperature gradients.?'*-222 DAI-MS has been
applied in characterization of airborne nanoparticles??? and the molecular components of
a-pinene SOA including HOM monomers and dimers with oxygen atom number as high
as 14.2" Another soft ambient ionization mass spectrometry method without coupling to
an external ionization source named inlet or vacuum ionization has been developed to study

aerosol surface composition.???

In a recent work reported by Qin et al., a triple quadrupole
mass spectrometer is used to monitor aerosol interfacial molecular composition without an
ion source.??* Instead, the sublimation of solid core materials (e.g., glutaric acid) in the
particles leads to the ejection of molecular ions of the surface compounds. By comparing

the mass spectral intensities of core and surface materials under different coating

thicknesses, the proposed ionization scheme was verified. These surface-sensitive
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approaches were also found to have minimal decomposition of the analyte, providing new

paths for understanding the surface composition of atmospheric aerosols.

1.3.3  Novel coupling of separation techniques and mass spectrometry

Despite that the greatly improved mass spectrometry techniques for atmospheric
chemistry in the past few years have enabled lower detection limits, higher mass and time
resolutions, and more comprehensiveness, structure identification and isomer separation
are still challenging for mass spectrometry by itself. Tandem mass spectrometry is useful
to study chemical structures for targeted analysis, but to resolve the structural/isomeric
information of complex and unknown atmospheric species in a non-targeted fashion, mass
spectrometry needs to be coupled with separation techniques. Column-polarity based
methods (e.g., GC and LC) are well-established separation techniques to characterize
atmospheric species on the isomer-resolved level. In addition, ion mobility spectrometry
(IMS) separation coupling to mass spectrometry has been recently shown as a promising
approach in aerosol research. In this section, we review new advances on GC, LC, and IMS

coupled to mass spectrometry.

1.3.3.1 GC-CIMS

GC can separate and quantitatively characterize chemical components in complex
mixtures with structural information. However, previous GC analysis usually requires
sample collection and preconditioning steps, and the separation effectiveness for certain

chemical classes largely relies upon the column selection.??® The traditional GC-MS uses
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either the hard El ionization, or the relatively softer chemical ionization with reagents such
as methane. '3 22227 [n the past several years, the development of CIMS with a variety of
ionization methods led to the emergence of coupling GC and CIMS in new fashions, to
provide near real-time isomer identification and quantification.

In the recently developed real-time GC-CIMS by the Wennberg group at Caltech
which focused on polar oxygenated VOCs,??$233 the sampling gases are firstly collected
on the head of an RTX 1701 GC column cooled to a desired temperature using an
isopropanol bath or liquid CO». Then analytes elute in an order depending on their polarity
and are separated by the retention time. The GC eluates are diluted by carrier N> gas and
transmitted to the IMR region of CIMS that uses CF30O™ as the reagent ion (see 1.3.1.2).
The GC-CF30 -CIMS can determine important atmospheric isomeric components, such as
isoprene epoxydiols (IEPOX)??® and organonitrates 2% 230, 233-235

Recently, Bi et al. coupled a thermal desorption aerosol gas chromatograph (TAG)
to CIMS to expand GC-CIMS capability to also measure particle-phase compounds.?*® The
TAG is a custom-built instrument including a sampling cell, an automatic liquid injection
system and pre-separation process of a polar GC column.?*’-2° In TAG-CIMS, aerosol
samples are collected by the sampling cell while chemical standards are injected into the
cell automatically by a liquid injection program. These compounds are thermally desorbed
in helium to the column head and are separated by passing through the GC column.
Moreover, the analytes may be derivatized to improve transmission efficiency and stability
for the analysis of oxygenated organic compounds.?*® By coupling a TAG to a CIMS, the

mass resolution of individual molecules is enhanced at the cost of extended analysis time.
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Bi et al. further developed a multi-reagent ionization mode for TAG-CIMS in which I” and
zero air are both used as reagent gases.?*¢ This mode could determine additional chemical
species by the high abundance of non-adduct ions without losing the original advantage to

use I clusters to identify oxygenated compounds.

1.3.3.2 New methods based on LC-MS

Similar to GC-MS, LC-MS is another well-established analytical chemistry
technique to combine the separation of dissolved aerosol mixtures by liquid
chromatography (LC) and the mass analysis capabilities of molecularly resolved
information provided by mass spectrometry. A LC-MS system equipped with an ESI and/or
an atmospheric pressure chemical ionization (APCI) source is extensively used for
molecular-level characterization and analysis of polar or water-soluble organic molecules
commonly found in complex samples of atmospheric aerosol.® 66, 241-246

lodometry-assisted LC-MS. Organic peroxides have been shown to account for a
major fraction of SOA.?*"2>2 In traditional studies, quantification of organic peroxides was
achieved by using spectroscopic techniques coupled with iodometry. However, this method
only determines total organic peroxide molar mass. Molecular characterization cannot be
achieved using this approach, hindering the understanding of the organic peroxide
composition. Recently, Zhao et al. combined the iodometry with LC-ESI-MS and showed
that by comparing the peaks in the LC-ESI-MS with and without the iodometry treatment,
specific organic peroxide species in SOA can be identified with molecular and sometimes

structural information.?>* 234 In this approach, the collected SOA samples on filters are first
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extracted using traditional methods.® ® The extract solutions are subsequently divided into
two aliquots of which one is treated with iodometry and the other without, and the
concentration of a peroxide compound is achieved by comparing the signals of ions with
the same retention time according to the base peak intensity chromatograms. The
iodometry-assisted LC-ESI-MS were furthered used for isomer-level identification and
characterization of organic peroxides from monoterpene SOA,?*2°7 as well as for kinetics
and chemical aging of isomer-resolved peroxide hydrolysis in aqueous-phase.?®

LC-MS with HILIC column. Another recent development of LC techniques is to
use a hydrophilic interaction liquid chromatography (HILIC) to study polar hydrophilic
species in aerosol chemistry. Traditionally, reverse-phase liquid chromatography (RPLC)
has been a popular method to detect polar and water-soluble components. However, RPLC
measurements are extremely limited by its performance in short retention times, ion
suppression effects or poor peak shapes. It has been proved that HILIC could effectively
separate water-soluble organosulfates, showing its potential to identify and quantify

isoprene SOA constituents.?>-26!

In the study by Cui et al., an ultra-performance liquid
chromatography (UPLC) with a HILIC column is interfaced to ESI-MS to measure water-
soluble IEPOX-derived SOA isomers in the negative mode.?*? The UPLC parameters, such
as buffers, pH values, and column temperatures, can be optimized to increase the sensitivity.
The mobile phases are composed of eluents containing ammonium acetate and water,
sometimes ACN, of which the eluent pH is adjusted to 9.0 with NH4OH buffer. The column

is held at a constant heated temperature (~ 35 °C). The relatively low temperature used in

the HILIC method reduces the decomposition of organosulfates and other IEPOX-derived
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components, improving its ability to distinguish water-soluble isomers and evaluate SOA

yields in isoprene-rich regions.

1.3.3.3 IMS-MS

IMS as a powerful analytical technique has gained attention and prominence for
separating structural isomers that have different molecular shapes over the last 20 years.?6*:
264 But only very recently, this technique started to be applied in the field of atmospheric
chemistry to separate and detect both gas- and particle-phase atmospheric constituents on
the isomeric level 265270 In the drift-tube based IMS, ionized molecules can be separated
based on their ion mobilities which arises from their collisional cross sections (CCS) and
ion-molecule interactions in an inert carrier buffer gas (e.g., He or N2). An ionization source
(usually ESI and APCI) can generate charged analytes of interest under controlled pressure
and temperature, and the ions are then separated in the IMS drift tube.?67-26%271-275 The IMS
drift tube is followed by a pressure reduction interface, after which ions are transmitted
into the mass analyzer.?64

The recently developed IMS-MS by Tofwerk Inc. and Aerodyne Research Inc. uses
the TOF mass analyzer, similar to their TOF-CIMS configuration (see Chapter 1.3.1).
Between the IMS and the TOF, the potential differences between the two quadrupoles are
used for collision induced dissociation (CID) analysis where molecular ions are fragmented
and weakly bound ion clusters are dissociated.?’® The resultant fragmentation mass
spectrum is similar to traditional tandem mass spectrometry measurements but providing

additional information of relationships between precursor ions and fragment ions as well
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as spectra over the entire mass-to-charge range.?®> IMS-MS measurements are not
constrained by solvent or stationary-phase like traditional LC or GC, but still allow for the
ability to distinguish organic species with different structures. The drift times are
instrumental-dependent value which are transferable under the same buffer gas and
temperature conditions, so that the measured CCS therefore are comparable to provide
structural information.?6®

Another recent application of IMS-MS was used in the real-time analysis of aerosol
particles in prebiotic chemistry with a vacuum-assisted plasma ionization (VaPI) source to
ionize organic molecules.?’” The VaPI ion source utilizes a glow discharge at near
atmospheric pressure to generate heated plasma gases. The aerosols sampled by a sampling
tee collide with the plasma gas to be chemically ionized through proton transfer reactions.
Then ions of interest are transferred from the sampling tee to an IMS-MS instrument for
real-time analysis. Besides, the signals of oligomer clusters formed from ion-molecule
reactions are observed in real time, indicating the high reactivity of the VaPI source to

provide new insights into the prebiotic aerosol chemistry.

1.4 Applications of the New Mass Spectrometry Techniques in Atmospheric
Chemistry Research

The advances in mass spectrometry techniques described above are crucial for
understanding the molecular and even isomeric compositions of complex atmospheric
components in both the gas and particle phases and help elucidate the processes that lead

to the formation and evolution of atmospheric organic species.” 193278 In the forthcoming
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section, we summarize the recent applications of these techniques to highlight the key
progress in the characterization and identification of a broad range of organic species in

atmospheric chemistry.

1.4.1 Detection of atmospheric VOCs from traditional and emerging sources

VOCs are ubiquitous in the Earth’s atmosphere. Speciation and quantification of
VOC:s are thus critical for understanding their emission sources, oxidation chemistry, and
impacts on air quality and climate. PTR-MS is a key technique to quantitatively and
sensitively measure a large variety of VOCs in real-time. The design and performance of
PTR-MS have been extensively reviewed in previous publications.*” 27 The sensitivities
to different VOCs increase linearly as a function of the proton-transfer reaction rate,
illustrating the quantitative ability of PTR-MS to atmospheric gas tracers.!> 2% Yet, some
VOCs under ambient conditions may have very low concentrations (e.g., pptv or even sub-
pptv levels), for which detection and quantification are still challenging. In this section, we
will mainly focus on specific applications of the new versions of PTR-MS, namely Vocus
and PTR3, in laboratory investigation and field work of atmospheric organic vapors and
show their comparison with conventional PTR-MS.

With the greatly improved sensitivity and resolving power, the Vocus PTR-TOF
allows for better quantification for VOCs with high molecular weight (e.g., m/Q 150-300
Th) than traditional PTR-TOF (Figure 1.4).' It has been recently used to characterize and
quantify VOCs and their oxidation products in both laboratory studies and field

measurements, !02-105. 164,281,282 B example, in the first study of VOCs in forested regions

41



using Vocus PTR-TOF, abundant terpene-derived VOCs consisting of comprehensive
elemental composition classes with CH, CHO, CHN, CHS, CHON, CHOS were reported,
while oxygenated products with carbon numbers of 5-10, 15, and 20 are dominant among
the hydrocarbon categories.?®3 The low-volatility diterpenes was observed in real time in
ambient air for first time using Vocus PTR-TOF at 2 ppt level. Vocus PTR-TOF can also
efficiently detect the less oxidized organic nitrates and other nitrogen-containing organic
compounds,?®* such as the product of alkyl nitrite photolysis (Nihill et al., 2021) and the
organic nitrates from aromatic VOCs oxidation under varied NO, conditions (Mehra et al.,
2020). Besides the detection of atmospheric VOCs from traditional biogenic and
anthropogenic sources, Vocus PTR-TOF has also shown promising capability to study
VOCs from emerging sources such as the volatile chemical products (VCP) and
wildfires.?>-2%7 In addition, Vocus PTR-TOF has allowed for the quantitative source
attribution of indoor VOC emissions.?*® %% For instance, it is applied in the detection and
quantification of numerous products from human skin ozonolysis,?®® the quantitative
analysis of metabolic exhaled breath,>! the dark production of potentially toxic cyanogen

2 and the examination of VOCs and crystal

chloride during blench cleaning process,*
monomers released from liquid crystal display screens.?’

Very similar to Vocus PTR-TOF, PTR3 is well suited to detect atmospheric VOCs
due to its high sensitivity to atmospheric trace gases, resulting in one of its widest usages
to monitor the gas-phase reactant precursors in the new particle formation (NPF) studies.

For example, PTR3 has been used in NPF studies through monitoring the gas-phase

reactant concentrations of isoprene,?? 2** monoterpenes!?” 2427 and other VOCs!%: 107:
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298,29 In o-pinene ozonolysis experiments conducted in the CLOUD chamber, PTR3
shows good agreement of oxidation products with a NO3 -TOF-CIMS.!%- 139 [n this study,
over 1000 formulas were obtained by PTR3, showing a detection range for broader
volatility compound species with much higher sensitivity to a-pinene and monomeric and
dimeric oxidation products (Figure 1.8).!% Further, as mentioned above, Zaytsev et al.
developed a novel instrumentation based on PTR3 with switching regent ions of H3;O" and
NH4" for qualitative and quantitative measurements of VOCs with a large range of
volatilities.”” This technique was used to detect and quantify both ring-retaining products
and ring-scission products derived from a series of toluene and 1,2,4-trimethylbenzene
photooxidation, while the H3O" mode is more sensitive to less oxidized molecules but NH4*

to larger and more functionalized compounds.'®*
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Figure 1.8 PTR3 (red) and NO3; -TOF-CIMS (blue) results from an ozonolysis experiment
of saturation vapor pressure ranging by volatilities.

Breitenlechner et al. 2017. Copyright 2017 American Chemical Society.



1.4.2  Highly Oxidized Molecules (HOM:s)

The HOMs are a class of organic compounds containing six or more oxygen atoms
with high O/C ratios, usually formed via autoxidation chemistry involving RO>* in the
atmosphere.!3% 133300 They consist of a wide range of chemical functional groups (e.g.
—OH, =0, and —OOH) and may be key components of atmospheric SOA after partitioning
to the particle phase due to their extremely low volatility.!52 31392 In this section we will
review recent studies that applied the above-described mass spectrometry techniques to
characterize and quantify HOMs.

Because HOMs are formed from RO:* autoxidation, it is thus important to detect
not only the closed-shell HOMs themselves, but also the HOMs-RO;*. This was shown to
be feasible by using CIMS with NO3~, CH3;C(O)O™, I", Br-, NH4", and pronated amines as
the reagent ions (see Table 1.1).131 148, 149, 151, 153, 164, 298,303 Among these methods, NOs -
CIMS has the highest selectivity to HOMs with high number of oxygens and was the first
technique developed for HOMs detection. 32 153 302,304 Tt observed HOMs formation from

50.134,153.302 jsoprene, ' 7- 392 aromatic VOCs, !51:395:306 and other

oxidation of monoterpenes,
VOCs!34 304307 Tnitial studies using NO3 -CIMS, concluded that HOMs are formed at
higher yields in monoterpene ozonolysis, but not in *OH oxidation.!>* However, later
studies by Berndt et al. found that *OH oxidation of monoterpenes also produces high
yields of HOMs, which can be more sensitively detected by CH3C(O)O—CIMS.!3? This
results also suggest that CIMS with different ionization methods may lead to distinct

sensitivities for different HOMs molecules. In addition, Br~ and I" are the other two reagent

ions to couple with CIMS and measure HOMs. !3!- 166, 194,267,298 They are less selective than
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NO;~ and CH3C(O)O™. Further, NH4*-CIMS is the least selective method among the
mentioned ion chemistries which measures a wide range of species from hydrocarbons to
HOMs.!*® Consistently, the new NH4* PTR3 has been shown to be more sensitive to HOMs
with low volatility in the atmosphere than a typical PTR-TOF.!% Lastly, protonated amines
as the reagent ions have been used to measure HOM dimer formation from RO>*® cross
reactions in the oxidation of a-pinene!'*® and 1,3,5-trimethylbenzene!!.

In addition to CIMS, Zhao et al. applied different reagent ions (e.g., I, NOs",
C,H307, Li*, Na*, K*, and NH4") to the ESCI-MS, and compared the obtained gas-phase
chemical composition including HOMs from a-pinene ozonolysis with typical CIMS.!84
They concluded that ESCI-MS with I” as reagent ions have high sensitivity, comparable to
the I'-CIMS. It was also found that monomeric products (nc < 10) are evident in all ion
modes, but most dimeric products are only observed in the Na* ion mode. Besides, the
reagent ion Na" is more sensitive to less oxidized species (no < 3) than I" or NOs",
consistent with the observations in previous studies.’? 33 CIMS with both I and NOs3~
could detect HOMs with similar oxygen contents, while the different signal intensities
might be caused by the identities and locations of the functional groups.’ 132 In a later
study, Zhao et al. used [ -ESCI-MS coupled with a LTOF device to detect HOMs derived
from a-pinene ozonolysis, including 150 gaseous dimers identified as Cis-20H243404-13
which contribute to 5-60% of SOA mass yields.?!°

Besides the measurements of gaseous HOMs using CIMS with the above-
mentioned reagent ions, CIMS can be coupled with a FIGAERO to detect the condensed

HOMs in the particle phase.!6% 166311312 For example, Mohr et al. reported an ambient
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observation in Finland that a large variety of dimers with Ci6 20HyOs-9 were formed from
monoterpene oxidation in both the gas and particle phases by employing CH3C(O)O™ and
I as the reagent ions in FIGAERO-CIMS.!% In this study, the total dimer concentrations
were quantified in the two phases on the same order of magnitude and estimated a dimer
contribution of 5% to the early stage of particle growth, highlighting the importance of
HOMs condensation for aerosol growth. In addition to the FIGAERO-CIMS measurements,
ESI-based techniques have also been used to monitor HOMs in the particle phase, both in
real time and offline. Specifically, EESI-MS has been used to characterize HOMs in SOA
from a-pinene ozonolysis as well as the real-time degradation of individual monomer and
dimer HOMSs species to investigate the effect of HOMs on the SOA evolution (Figure
1.9).!% Through the online EESI-MS characterization of SOA composition, this study
further proposed that particle-phase reactions such as the decomposition of reactive oxygen
species and the evaporation of volatile carboxylic acid play an important role in the SOA
aging.’!? Lee et al. used EESI-MS to measure the monomer and dimer HOM distributions
in a-pinene SOA, which showed good agreement with other particle-phase HOMs
measurements using offline techniques.'*®> 137> 219 Furthermore, in a Zurich field
deployment of EESI-MS, a similar result of dominant factors and mechanisms in the
oxidation of monoterpenes has been reported to be consistent with NO3; -CIMS
measurements of gas-phase HOM formation in a Finland forest.’!# 31> Finally, organic
nitrate HOMs were observed in the NOs*-derived a-pinene SOA using both FIGAERO-

CIMS and EESI-MS, suggesting their large contribution to SOA aging.316:3!7
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Figure 1.9 Time evolution of particle and gas-phase composition for a-pinene ozonolysis.
(A) a-Pinene injection into the chamber (~ 35 ppbv) measured by PTR-TOF and gas-phase
evolution of its oxidation products measured by NO3 -TOF-CIMS. (B) Time evolution of
particle phase dimers, grouped by their carbon number. (C) Time evolution of three dimers
and one monomer measured in the particle phase showing very distinct behavior despite
similar saturation vapor concentration. (D) Time evolution of particle phase monomers,
grouped by their carbon number. All signals are normalized to the maximum EESI-MS
signal recorded for the respective ion during the displayed period. Reproduced with
permission Pospisilova et al., 2020. Copyright 2020 Pospisilova et al.
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Other than the CIMS and EESI applications, recent developments in the
combination of separation methods with mass spectrometry have also enabled new findings
on HOM formation and composition. Krechmer et al. employed IMS-MS with the NO3;~
chemical ionization source for online measurements of gas-phase HOMs derived from a-
pinene and limonene oxidation, meanwhile the number of isomers for each HOM formula
is obtained by drift times.?®> Zhang et al. present the characterization of a-pinene derived
HOMs in the form of Cg-10H12-1804-9 monomers and Cis-20H24-360s-14 dimers using IMS-
MS with ESI.3!® In this work, through the application of CID to fragment dimer ions after
mobility separation, the fragmented monomer ions with the same drift time can be
determined; hence, IMS-MS enables the investigation of HOM dimer structures (Figure
1.10). Zhao et al. coupled IMS-MS with I"-CIMS analysis to separate and identify isomeric
HOMs from a-pinene ozonolysis, and proposed an autoxidation rate of 20-fold faster of
ring-opened C1oH1504 RO2* than the ring-retained ones which are produced simultaneously
in a-pinene ozonolysis.?®’ Integrating IMS-MS and I"-CIMS measurements, Mayorga et al.
observed a series of HOMs characterized as organic nitrates and nitrooxy RO>* derived
from the oxidation of limonene, meanwhile emphasized a significant contribution of
nitrooxy RO,* autoxidation and sequential NO3* oxidation to HOM yields.*!” Moreover,
the iodometry-assisted LC-ESI-MS method was used to study the fate of peroxide
monomers (Cs-10H12-1805-s) and dimers (Ci5-20H22-3405-14) in SOA samples derived from
a-pinene oxidation, demonstrating the potential of iodometry-assisted LC-ESI-MS to
separate and identify HOMs that contain peroxide functional groups on the isomeric level

(Figure 1.11).%%
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Figure 1.10 (A) Ion mobility spectra for one pair of precursor-fragment ion adducts as a
representative example of the dimers from a-pinene ozonolysis. The ion adduct at m/Q 239
Th with a drift time of 40 — 42 ms is assigned to a monomer product (Ci0H160s) and the
ion adduct at m/Q 409 Th with a drift time of 52 — 57 ms is assigned to a dimer product
(C19H300g). The ion adduct at m/Q 239 Th with a drift time of 52 — 57 ms is assigned to
the fragment ion from CID of its precursor ion at m/Q 409 Th. (B) Intensity profiles of
these three ion adducts as a function of the collision energy, as characterized by the CID
voltage. (C) Proposed McLafferty rearrangement for the CID of the C19H30OsNa* dimer to
the CioH1605Na" monomer. (D) Positive IMS-MS mass spectrum of SOA from a-pinene
ozonolysis. Reproduced with permission Zhang et al. 2017. Copyright 2017 American
Chemical Society.

50



6 X 104 1 1 1 6 X105 1 1 1
a) C10H1806Na+ b) CZOH3206NHZ
5 6.21 - 5 L -
w/o iodometry
4 1 4.75 - 4+ |——w/ iodmetry -
© ©
5 31 - 537 -
n »n
10.27
2~ - 2 -
1 - 14 -
0 I T 1 0 — T T
2 4 6 8 10 8 9 10 11 12
Retention Time (min) Retention Time (min)

Figure 1.11 Extracted LC-ESI-MS ion chromatograms of (A) CioHisOsNa“ and (B)
C20H32,06NH4" measured for SOA samples treated with (black) and without (magenta)
iodometry. The isomer peaks of C1oHisOsNa" at 4.75 and 6.21 min and C20H3,06NH4" at
10.27 and 10.38 min are assigned to organic peroxides. Reproduced with permission Yao
et al. 2022. Copyright 2022 American Chemical Society.
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1.4.3  Real-time OA Bulk and Surface Molecular Composition

Real-time measurements of OA molecular composition have long been desired.
Although thermal desorption methods coupled with CIMS have made this possible,>? 32%-
321 heating-induced artifacts have been a concern to interfere accurate interpretation of OA
molecular composition. In contrast, the recently developed EESI-MS overcomes the issue
and is able to perform online OA molecular composition without extensive heating.*’- 16%
182 Despite the ongoing debate of the ionization mechanism by EESI, it is often considered
to measure the compositions of the aerosol bulk.'® In recent EESI-MS studies, the spray
solution is usually a mixture of water and methanol/acetonitrile, doped with ~100 ppm of
a strong ionic compound like sodium iodide, such that analytes are detected as [M + Na]*
adducts in positive mode and as [M — H] ions in the negative mode.!®* 182 187 EESI-MS
quantification can be accomplished by performing mass calibrations of atomized aerosol
particles, where ion abundance displays a linear response to mass due to the lack of matrix
interference.!83 18%314 EESI-MS has been successfully deployed for ground-based ambient
sampling, aircraft tests, and laboratory experiments, demonstrating its versatile
applications and reliable performance in various environmental conditions, 6% 182,313, 322-324
In an example of EESI-MS performance shown in Figure 1.12, the time series of
levoglucosan and nitrocatechol measured by EESI-MS in wildfire smoke aerosols
exhibited excellent agreements with other bulk aerosol measurements and gas-phase

tracers.'%?
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Figure 1.12 Examples of (A) levoglucosan and (B) nitrocatechol time series measured by
EESI-MS from wildfire smoke aerosol, including comparison to CHARON PTR-MS and
AMS (scaled by a factor of 0.71 to show temporal agreement). Carbon monoxide
measurements are included to show the boundaries and structure of the smoke plumes.
Reproduced with permission Pagonis et al., 2021. Copyright 2021 Pagonis et al.
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Qi et al. and Stefenelli et al. presented some of the first ambient measurements
using EESI-MS to characterize OA molecular composition in Zurich, a Switzerland urban
site.*- 314 In these studies, the real-time analysis for atmospheric aerosols on a near-
molecular level was provided to determine the emissions sources and investigate
physicochemical processes. Coupling the EESI-MS measurements with positive matrix
factorization (PMF) analysis, these studies determined biogenic emissions as major and
secondary sources contributing to OA mass during summer and winter, respectively.
Furthermore, through combining with co-located measurements, various EESI-MS studies
of the ground and aircraft aerosol samples provided valuable insights into the OA bulk
properties and molecular composition, suggesting that the unban OA were mostly derived

from oxidation of terpenes and aromatic hydrocarbons,*>3?° biomass burning,*- 16%- 326327

40.326 and cooking emissions.?? EESI-MS has also been applied in in-situ

cigarette smoke,
analysis of metals in aerosols. A wide range of ion adducts formed by the reactions between
disodium ethylenediamine tetraacetic acid (EDTA) dihydrate and water-soluble metal

compounds and trace elements were detected using the negative ion mode.*?8

Moreover,
EESI-MS was used in the indoor air studies for quantitative OA composition measurements.
Brown et al. have detected over 200 unique indoor OA molecular species using EESI-MS,
including fatty acids, carbohydrates, phthalates and low-volatility siloxanes, which are
strongly consistent with the results from FIGAERO-CIMS and other techniques.'®

In laboratory studies, researchers have used EESI-MS to measure the molecular

composition and time series of oxidation products in a-pinene derived SOA in both positive

and negative ion modes.!** ¥ Liu et al. have utilized EESI to measure the particle-phase
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products formed from *OH heterogeneous oxidation of organophosphate flame retardants
and liquid crystal monomers in real-time, to study their toxicological mechanism on
photooxidation.??% 330 Besides, EESI-MS was often combined with gas-phase analytical
approaches to characterize the formation and evolution of SOA in laboratory research.
Lamkaddam et al. demonstrated that over half of isoprene oxidation products partitioned
into the cloud droplets and were further oxidized, leading to the formation of in-cloud
aqueous SOA, by determining the particle bulk molecular composition using EESI-MS and
the gaseous composition using PTR-TOF and NO3; -CIMS.*3! Because of the capability to
detect aerosols with a large range of particle sizes, EESI-MS has also been used to study
the molecular composition of ultrafine particles as small as 20 nm from naphthalene or 3-
caryophyllene oxidation.!”?

In contrast to that EESI-MS is used in both ambient aerosol composition studies
and laboratory SOA composition, the other ambient ionization mass spectrometry such as
DART-MS has been more often used to measure laboratory aerosol composition in

multiphase chemistry, such as the heterogeneous oxidation of model OA systems,

81,207,332-335 204,206, 336 205,

including multifunctional carboxylic acids, alkenes, organosulfates
208,337. 338 Tn most of these studies, the comprehensive molecular characterization of the
oxidation products by DART-MS allowed for elucidation of the OA heterogeneous
oxidation mechanisms. In addition, the quantitative nature of DART-MS measurements
also make it possible to use the kinetic results to help understand the effects of aerosol

207

phase state,®! aerosol viscosity,?’” and organic-inorganic mixing3*>.
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In addition to the aerosol bulk composition, it is often important to also understand
the surface composition of aerosol particles, especially when it is different than that of the
aerosol bulk. The surface chemistry provides unique insights in aerosol formation and
evolution, helping better understanding their impacts on air quality, human health, and
atmospheric climate. In fact, the above-described DART-MS was first reported to be a

79, 200, 207 For

surface-sensitive technique, when not assisted by sample vaporization.
example, Zhao et al. studied the multiphase reactions between submicron diacid particles
and gas-phase amines, proposing that DART-MS probes ~ 30 nm the surface layer of the
particles.!®* Using this technique, the surface composition of SOA from a-cedrene
oxidation were characterized (Figure 1.13).'%* Besides DART-MS, the ambient sonic
spray ionization mass spectrometry and the inlet ionization mass spectrometry are also
powerful approaches to uniquely identify the surface molecular components of OA in the
atmosphere. Wingen and Finlayson-Pitts and Qin et al. has utilized these techniques to
study the surface compositions of organic particles using model OA and SOA systems,
providing new insights into aerosol surface composition, chemistry, and gas-particle

interactions.?!8-224
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Figure 1.13 DART-MS mass spectra of polydisperse a-cedrene SOA particles with surface
weighted geometric mean diameters of 21 nm (A-B) and 28 nm (C-D) at particle stream
temperatures (Tps) of 23 and 125 °C. Reproduced with permission Zhao et al., 2017.
Copyright 2017 Zhao et al.
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1.4.4 Isomer-level Identification and Quantification

Atmospheric organic constituents are largely comprised of structural isomers, from
VOCs to low-volatility species in aerosols.**® Thus, resolving the atmospheric organic
mixtures on the isomeric level is crucial for understanding reaction kinetics, chemical
mechanisms, and environmental impacts. The GC pre-separation process prior to mass
spectrometry analysis has the ability to offer unique retention time for isomers, leading to
the potential of GC-CIMS in detecting isomeric distributions derived from the oxidation of
diverse atmospheric species. GC-CIMS using CF3O™ as the reagent ion has been largely
used in these applications to unravel the reaction kinetics, oxidation products, and reaction
mechanisms. For example, Teng et al. resolved the gas-phase isomeric hydroxy nitrates
that are formed via reactions of NO + RO;* derived from OH-initiated oxidation of isoprene
to quantify the RO>* isomerization rates and the reversible conversion between alkyl
radical and RO* (Figure 1.14).2*? Vasquez et al. used the same technique and showed that
different isoprene-derived hydroxy nitrate isomers have distinct hydrolysis rates and hence
different effects on NOx recycling.’*® Kurtén et al. suggested that nitrate radical oxidation
of a-pinene favors the formation of volatile pinonaldehyde via bond scissions of nitrooxy
alkoxy radicals over low-volatility organonitrate by experimentally quantifying the
isomeric hydroperoxyl nitrates using GC-CF3;0 -CIMS and computationally calculating
the barriers and rate constants of the different bond scission pathways.?* In addition to
biogenic VOC oxidation processes, the isomer-resolved identification and quantification
of dominated phenol and hydroxy nitrates from the oxidation of bicyclic RO:* radicals in

the presence of NO have implied the new benzene oxidation mechanism under atmospheric
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Figure 1.14 The distribution of isoprene hydroxynitrate isomers from isoprene
photooxidation measured by the Caltech GC-CIMS. These isomers are separated using GC
and detected as a cluster ion with CF30™ observed at m/Q 232 Th. The grey line shows the
GC oven temperature as a function of time. Reproduced with permission Teng et al. 2017.
Copyright 2017 American Chemical Society.
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conditions.?*? Other regent ions such as NO™ and its hydrated ion NO-H,O" were developed
in the positive mode of GC-CIMS to characterize less oxygenated compounds, such as,
non-methane organic gaseous isomers from biomass burning via GC-NO*-CIMS,!% and
benzene and its oxidation product glyoxal via GC-NO-H,O*-CIMS?*.

Iodometry-assisted LC-ESI-MS has been a helpful method to separate and
distinguish organic peroxide isomers. As has been mentioned earlier, isomer-resolved
characterization of peroxide monomers and dimers produced from a-pinene ozonolysis was
achieved by this technique.? In this work, a total of 75 organic peroxides were observed
in a-pinene-derived SOA via iodometry-assisted LC-ESI-MS in both the positive and
negative ion modes. Meanwhile, the varied abundance of most organic peroxides during
the evaporation process suggested the significance to develop a comprehensive technique
in aerosol chemistry to identify molecular structure of peroxide isomers and other
atmospheric species. In the study by Zhao et al., a-acyloxyalkyl hydroperoxides as organic
peroxides formed via stabilized Criegee intermediates from a-pinene ozonolysis reacting
with carboxylic acids were identified using iodometry-assisted LC-ESI-MS.?>* They
determined the total organic peroxide content in a-pinene SOA and reported a lower total
mass yield than previous work using the spectroscopic method, which could be explained
by the rapid decomposition or inefficient ionization in LC-ESI-MS for certain
peroxides,247-249: 251,341,342 Thig group further utilized the technique to characterize isomer-
resolved molecular composition of a-pinene and isoprene oxidation, including identifying

isomer-resolved dimer esters derived from acyl RO, during o-pinene ozonolysis,>’
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measuring Cs—Cyo isomeric species during the oxidation of isoprene and monoterpene
mixtures,?® and investigating the hydrolysis stability of individual peroxide compounds?>®,

The IMS-MS could separate isomeric compounds based on ion mobilities by
providing a unique drift time of each isomer at the same mass-to-charge ratio, indicating
its ability to resolve structural isomers which are otherwise challenging to be distinguished
in typical mass spectrometry measurements. In the study carried out by Krechmer et al.,
three isomers of hydroxy sulfate ester derived from the reactive uptake of IEPOX onto wet

acidic sulfate aerosols were characterized over distinct drift times by IMS-MS.2% Further

studies have used this capability to demonstrate OA compositional evolution during

3 8

aging®* and heating!®® on the isomeric level. In addition, by comparing with the ion
mobilities of authentic standards, oxidation products during heterogeneous *OH oxidation
of model OA compounds can be structurally verified, hence providing important insights
into the multiphase oxidation mechanisms (Figure 1.15).26% Lastly, the IMS-MS was used
to distinguish actual dimers with covalent bonds from artifact clusters resulted from ESI
by monitoring the dimer ion fragmentation with increased collision-induced dissociation
voltage.?”! This led to the first report of dimer formation during heterogeneous *OH
oxidation of OA. Most of these above-mentioned IMS-MS applications were possible
owing to the additional mobility separation. Otherwise, the formula-level measurements

and potential matrix effects in typical ESI-MS would make the findings challenging to

explain.
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Figure 1.15 IMS-MS drift time — m/Q diagram of major fragmentation products in the
heterogeneous oxidation of five studied OA systems (see legend). The drift times of
relevant available chemical standards are labeled, helping identifying oxidation products.
Reproduced with permission Zhao et al. 2020. Copyright 2020 American Chemical Society.
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1.5 Current Issues

In Chapter 1.5, we summarize new developments of mass spectrometry techniques
in the field of atmospheric chemistry and their applications to identify and quantify a broad
range of atmospheric chemicals in both the gas and particle phases. Although these new
developments have made unprecedented advancements in understanding atmospheric

composition and processes, a few unsolved issues still remain.

1.5.1 Instrument artifacts

Despite versatile CIMS development with new IMR designs and various reagent
ions, a remaining issue is the measurement artifacts. The artifacts may arise from a number
of physical and chemical processes. First, the interactions between relatively low-volatile
analytes and instrument inner walls, such as absorption or desorption processes, have been
suggested to contribute to negative or positive artifacts in measured chemical
concentrations.!'? 34 Second, chemical reactions may occur in the sample inlets. For
example, artifacts were found by different air sampling configurations due to the reactions
between air samples and overloading filters.!%® !> Third, secondary chemistry between
components in the IMR during chemical ionization may cause interference to chemical
composition analysis. Dorich et al. reported the biased detection of HNO;3 as NO3™ in the
presence of peroxyacetic nitric anhydride (PAN), peroxyacetic acid and O3 using I -
CIMS.3* Zhang et al. further proposed the interactions between a strong oxygen donor
such as O3 or peracids and acidic organics such as carboxylic acids or organic

hydroperoxides in the IMR region of I'-CIMS, causing the formation of monomer and
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dimer iodide adducts to interfere the measurement of molecular compositions.**® In
addition, Bernhammer et al. reported secondary reactions between organic precursors in
the PTR3 reaction chamber that interference the measurements of isoprene-derived HOMs
and might cause an overestimation of both the nucleation rate and the growth rate.>*’” Last
but not least, fragmentation of chemicals or ions may occur for certain ionization
chemistries. For instance, Li et al. showed that the commonly observed peroxide dimers
using many CIMS techniques were found to have small signals in Vocus PTR-TOF,
because the protonation in PTR leads to fragmentation of such compounds.**® However, as
we described earlier, many of the same dimers were successfully measured by PTR3
(Figure 1.8), despite its similar ionization technique with Vocus PTR-TOF.!% The
contrasting results may suggest that the dimer fragmentation in Vocus PTR-TOF could be
caused by other reasons rather than protonation. Further investigation is warranted.

In addition to the artifacts for gas-phase CIMS measurements, a common problem
in characterizing particle-phase compounds using vaporization-based methods is thermal
decomposition.!6% 34%-351 More importantly, thermal decomposition was found to occur
even at moderately heated temperatures for multifunctional compounds.'%® For the ESI-
based techniques that apply minimal heating, artifact may also exist. In particular, ESI has
been known to generate microdroplets with charges at the surface, where chemistry could
occur at much faster rates than in the bulk.%23% 1t is thus unclear whether some of the
products observed via ESI-MS could be formed during ESI, rather than in the intrinsic
aerosol processing. Another uncertainty is whether the entire microdroplet or aerosol

sample is probed by ESI and EESI. Some previous studies have reported that ESI-MS only
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sample the outermost surface layers of the microdroplet.’>® We suggest these questions to
be carefully investigated in future research to better understand the measurements of

atmospheric aerosol molecular composition.

1.5.2  Bias caused by selectivity of ionization methods

Lastly, it is important to point out that selectivity of ionization methods can often
cause bias for molecular analysis. As described earlier, the HOM formation yield from o.-
pinene + OH may have very different results by using NO3;-CIMS vs. CH3C(O)O -
CIMS.153 357 In another example, it was reported that very different light-absorbing
chromophores in biomass burning OAs were determined using ESI vs. atmospheric

358 These results suggest that multiple complementary ionization

pressure photoionization.
methods need to be applied to the same sample or same reaction system for more

comprehensive characterization.
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1.6 Aims and Scope of Dissertation

The aims of this dissertation are to (1) address and improve the applications of mass
spectrometry technique in atmospheric chemistry; (2) examine gas-phase and particle-
phase chemical composition of OA systems through experiments and kinetic simulations.
We focus on the role of RO;* dynamics in the aerosol oxidation and expand the
investigation on RO;*-centered chemistry from the molecular level to isomer level coupled
with improved mass spectrometry technique. By carrying out laboratory experiments under
various chemical conditions and timescales to mimic atmospheric process, we intend to fill
the critical knowledge gap between laboratory measurements and ambient observations.
The overall scope of this dissertation is for furthering development of mass spectrometry
techniques and expand current understanding in chemical dynamics and molecular
composition of aerosol chemistry.

Chapter 2 studies the gas-phase oxidation chemistry of VOCs in real time using [~
-CIMS technique. We report the occurrence of the secondary ion chemistry from
interactions between a strong oxygen donor (such as O3z and peracids) and acidic OVOCs
(such as carboxylic acids and organic hydroperoxides) in the IMR region of [ '-CIMS. Such
interactions can lead to acidic organic molecules (HA or HB) clustering with [IO] (e.g.,
[HA+IO]") and dimer adducts ([A+B+I]"), in addition to the well-known iodide clusters
([HA+I]"). This ion chemistry was probed using common chemical standards as well as the
gas-phase oxidation products of a-pinene and isoprene in a flowtube reactor. The results
show that the secondary ion chemistry can lead to misinterpretations of molecular

compositions and distributions of the gas-phase products and an overestimation of the
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elemental O/C ratio overall. Nevertheless, the varying degrees of signal change in response
to the secondary ion chemistry might be a clue to inform OVOCs’ functionalities.
Specifically, in the a-pinene ozonolysis system, the extents of ion signal reduction in the
presence of additional acids in the IMR suggest that CoH1404 produced in the gas phase is
a peracid, rather than the often-assumed pinic acid. Thus, we suggest that the potential
application of the secondary ion chemistry to inform organic functionalities is promising,
which could help better understand the molecular compositions of gas-phase OVOCs and
the reaction mechanisms therein.

Chapter 3 shifts the focus of aerosol chemistry to multiphase oxidation mechanism
and kinetics under atmospheric-like hydroxyl radical (*OH) conditions. We performed
heterogeneous oxidation experiments of several model OA systems under varied aging
timescales and gas-phase oxidant concentrations. Our results suggest that OA
heterogeneous oxidation may be 2-3 orders of magnitude faster than previously reported
when [*OH] is decreased to atmospheric levels. Direct laboratory mass spectrometry
measurements coupled with kinetic simulations suggest that an autoxidation mechanism
mediated by particle-phase RO* greatly accelerates OA oxidation, with enhanced
formation of organic hydroperoxides, alcohols, and fragmentation products. With
autoxidation, we estimate that the OA oxidation timescale in the atmosphere may be from
less than a day to several days. Thus, OA oxidative aging can have greater atmospheric
impacts than previously expected. Furthermore, our findings reveal the nature of
heterogeneous aerosol oxidation chemistry in the atmosphere and may reconcile the

discrepancies between atmospheric observations and laboratory studies on OA aging.
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Chapter 4 builds on the work from the previous chapter to explore the role of
hydroperoxyl radicals (HO>*), as important oxidant in the troposphere coupled with «OH,
in heterogeneous OA oxidative aging. We carry out *OH-initiated heterogeneous oxidation
of several OA model systems under different HO,* conditions in a flow tube reactor and
characterize the molecular oxidation products using a suite of mass spectrometry
instrumentation. By using hydrogen-deuterium exchange with thermal desorption iodide-
adduct chemical ionization mass spectrometry, we provide direct observation of organic
hydroperoxide formation from heterogeneous HO>* and RO;* reactions for the first time.
The hydroperoxides may contribute substantially to the oxidation products, varied with the
parent OAs chemical structure. Furthermore, by regulating RO>* reaction pathways, HO>*
also greatly influence the overall composition of the oxidized OAs. Lastly, we suggest that
the RO2* + HO»*® reactions readily occur at the OA particle interface rather than in the
particle bulk. These findings provide new mechanistic insights into the heterogeneous OA
oxidation chemistry and help fill the critical knowledge gap in understanding atmospheric

OA oxidative aging.
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Chapter 2 Secondary Ion Chemistry Mediated by Ozone and Acidic Organic
Molecules in Iodide-adduct Chemical Ionization Mass Spectrometry
2.1 Introduction

VOC:s are ubiquitous in the atmosphere with substantial emissions from numerous
biogenic and anthropogenic sources.!"* Reactive VOCs can be oxidized by oxidants in the
atmosphere, producing OVOCs which are a highly variable and complex class of organic
mixtures with diverse functional groups, such as ketone, alcohol, carboxylic acid,
hydroperoxide, etc.* > They play an important role as precursors to the formation of SOA
which have crucial impacts on the Earth’s climate, air quality, and human health.®?
Understanding the compositions of OVOC:s is thus imperative to gain significant insights
into atmospheric chemistry and climate change.

CIMS has been a popular analytical technique to measure atmospheric VOCs and
OVOC:s in the past decades. It is well known for the high time-resolution (< 1 Hz), high
sensitivity (ppt level), and the quantitative capability.!%!3 The soft ionization approach also
allows for straightforward assignment of chemical formulas. Extensive studies in recent
years applied a variety of reagent ions (e.g., I, CH;COO™, CF30~, COs", SFs, Br, and
NOs;™ in the negative mode; H;O", NO*, O,", NH4", C¢Hs", and C:HsOH™ in the positive
mode) to selectively ionize different classes of organic compounds.!'#2° I"-CIMS has been
a favorite method among the various ionization schemes to detect a wide range of OVOCs
due to its low selectivity.?!>22 The detected iodide adducts are usually referred to as [M+1]",
where M is considered as the molecular formula. Despite the wide usage of I"-CIMS,

potential interferences caused by, for example, secondary ion chemistry other than the
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iodide adducting have not been widely considered and examined.!> 2> 24 Dorich et al.
recently reported that the presence of strong oxygen donors such as O3 and peracetic acid
lead to biased detection of HNO3 as NO3 ™ using I -CIMS by the formation of [TOy].% It is
yet unclear: (1) whether such secondary ion chemistry in I"-CIMS could also affect organic
compounds; (2) whether the “M” in measured iodide adducts [M+I]™ can all be interpreted
as molecular formulas in the samples; (3) if any secondary ion chemistry occurs, how
product quantification can be affected; and (4) how the secondary ion chemistry might be
utilized to help identify products. To address these questions in this work, we examined
the interactions of the strong oxygen donors (i.e., O3, peracetic acid, and hydrogen peroxide)
with organic species with diverse functionalities in I'-CIMS using available OVOC

chemical standards as well as produced mixtures from VOC oxidation experiments.

2.2 Experimental Section

221 I'-CIMS

The I'-CIMS used in this work is a commercial instrument (Aerodyne Research
Inc.) with a time-of-flight mass spectrometer (TOFMS, m/Am ~ 5000).!* The I"-CIMS
instrument contains differentially pumped stages with a series of optics to achieve soft
ionization and transmission of target molecules in the gas phase.!*2!-22 Defused CH3I as a
reagent source is introduced through a 2!°Po alpha emitter into to the IMR chamber
orthogonal to the sample flow to form charged iodide adducts with analytes under 100 —
110 mbar in the IMR, where the reaction time is ~ 0.1 s.!> 13 The IMR is followed by a

)10, 11, 13

collisional dissociation chamber (CDC containing a segmented quadrupole where
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weakly bound ion-molecule clusters can dissociate into reagent ions and a neutral molecule
with the changing electric strength. The CDC is followed by a second segmented
quadrupole and a series of DC optics to guide, focus, and accelerate the primary beam into
the TOFMS. The pressures in the two segmented quadrupoles are 4.8 (£ 0.1) and 7.0 (+
0.2) x 10~ mbar, respectively. The voltage difference (dV) between the two quadrupole
regions can be tuned to control ion declustering.?!-22 The operating dV is 4.8 V, determined
by the tuning software (Thuner, v1.11) to optimize instrument sensitivity and resolving
power. The effective ion path length of the TOFMS is approximately 0.5 m to capture the
ions under vacuum (0.8 — 1.0 x 10" mbar) by the detector with different detection time
corresponding to different m/Q in the mass spectra.!® 13:20-22 The TOFMS was operated
over an m/Q range of 0-700 Th. All data analysis was done using Tofware (v3.2.0) running

with Igor Pro (WaveMetrics, OR, USA).

2.2.2  Chemicals and reagents

The following chemicals and reagents with purities and suppliers were used in the
present study: formic acid (FA, 98% — 100%, LiChropur), acetic acid (AA, >99%, Sigma-
Aldrich), propionic acid (PRA, 99%, Fisher), pyruvic acid (PYA, >97.0%, TCI), cis-
pinonic acid (PIA, 98%, Sigma-Aldrich), peracetic acid (PAA, 32% wt.% in AA, Sigma-
Aldrich), deuterated-4 acetic acid (dAA, 99.5%, CIL), acetone (99.7%, Fisher Chemical),
glycerol (100%, J. T. Baker), propylene glycol (99%, Combi-Blocks), tert-butyl

hydroperoxide (TBH, 70% aq. soln., Alfa Aesar), hydrogen peroxide (H202, 30% aq. soln.,
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Fisher Chemical), a-pinene (98%, Acros Organics), and isoprene (99%, Alfa Aesar). None

of the above reagents were further purified.

2.2.3  Secondary ion chemistry examined using chemical standards

All the above-mentioned chemical standards except a-pinene and isoprene were
used to study the secondary ion chemistry in the I'-CIMS. They were introduced to the
clean dry air flow (2.1 L min’!, provided by a clean air generator by Aadco Inc.) into the
IMR inlet by a syringe pump (Chemyx Inc.), either individually or as mixtures. In addition,
O3 was added to the sampling air flow by an O3 generator (Ozone Solution Inc.) at 0 — 200
ppb which is a typical range for lab experiments and polluted atmosphere.?® 27 The O3
concentrations were measured by an O3z analyzer (Thermo Environmental Instruments,
49C). Alternatively, H>O2 and PAA as oxygen donors were hypothesized to play a similar
role as O3 in the secondary ion chemistry (if any). Thus, in two separate sets of experiments,
H>O> or PAA was injected using a separate syringe pump into the sampling air flow at
varied concentrations to interact with the other chemical standards in the IMR. The mixing
time of O3/H202/PAA with the organic standards before entering the IMR was ~ 0.2 s.
Finally, we have also tested the effects of relative humidity (RH) and IMR pressure on the

secondary ion chemistry using AA and Os.

2.2.4  Gas-phase products from oxidation of a-pinene and isoprene
To examine the secondary ion chemistry with more realistic atmospherically

relevant OVOCs, gas-phase oxidation experiments of two important VOCs, a-pinene and
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isoprene, by Oz were conducted in a laminar flowtube reactor (Quartz, 110 cm long, 5.5
cm id., cone-shaped ends, volume ~ 2.1 L) at room temperature (~21 °C). The experimental
setup of VOCs oxidation is shown in Figure 2.1. The residence times were 60 s and 70 s
for the o-pinene and isoprene experiments, respectively. a-Pinene and isoprene were
injected into the flowtube using a syringe pump. To minimize the influence of residual O3
from the flowtube reactor on the secondary ion chemistry in the IMR, low initial O3
concentrations (~ 20 ppb) and high VOC concentrations (14.7 ppm a-pinene and 68.0 ppm
isoprene, respectively) were used. Under these experimental conditions, O3 concentrations
were estimated to be < 5 ppb at the exit of the flowtube reactor, based on the kinetic Master
Chemical Mechanism (MCMv3.3.1) model.?® At the exit of the flowtube, additional O3 (~
0.3 L min’!, concentration measured by a second Os analyzer) was introduced to meet with
the oxidation-derived OVOC mixtures (O3 concentration after mixing ~ 0 — 200 ppb) and
guided into the IMR. Because the VOC (e.g. a-pinene) ozonolysis products may contain
oxygen donors themselves (i.e., peroxides and Criegee intermediates),>*! we added
various acids (FA, AA, dAA, and PRA) into the IMR instead of H,O, or PAA, with the
goal to elucidate the oxygen donors in the OVOC products. Similar to the chemical
standard experiments, the mixing time between the oxidation products and the additionally
injected O3 or acids was ~ 0.2 s before entering the IMR. Thus, reactions during this mixing

time are expected to be negligible.
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flow tube reactor (2.1 L)

dry air/0, A/—»
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1.4 /min

IMR of I-CIMS

Figure 2.1 The schematic diagram of the VOC oxidation experimental setup consisting of
an injection system, a self-designed flowtube reactor and the I -CIMS. The flow rates of
the various injection and sampling lines are illustrated.

2.3 Results and Discussion
2.3.1  Observation and proposed mechanism for the secondary ion chemistry

To demonstrate the secondary ion chemistry in the I'-CIMS IMR between different
classes of organic compounds and oxygen donors, we performed experiments using a series
of standard compounds with different functional groups. Figure 2.2 presents the
experimental results using a mixture of five carboxylic acids. The concentrations of the
individual acids in the sampling air flow were in the range of 21 — 72 ppb. Upon the
addition of O3 (Figure 2.2B) or PAA (Figure 2.2C), the mass spectra clearly showed
additional peaks, indicating their reactions with the acidic compounds. This is unexpected
because these standard compounds do not contain C=C double bonds and should not react
with O3 or PAA on the short mixing timescale. Thus, we suggest that these new product
ions were formed from secondary ion chemistry in the IMR. The detailed analysis of the
I"-CIMS mass spectra allowed us to elucidate the chemical formulas of the product ions,
labeled in Figure 2.2. Apparently, the new product ions were iodide clusters with the

formulas of [HA+IO]™ and [A+B+I]” (HA and HB represent generic acids). The variations
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of the parent iodide clusters (i.e., [HA+I]") and the products ions with O3 or PAA
concentrations are displayed in Figure 2.3A — B, which clearly show the formation of
[HA+IO] monomers and [A+B+I]" dimers as a function of IMR O3 and PAA, along with
the decreased parent ion intensities. We further examined the parent and product ions under
declustering dV scans where iodide adducts dissociate into I" and neutral molecules with
increasing collisional energy (Figure 2.3C). The parent ions signals kept decreasing with
increased dV, consistent with previous work.?> However, [HA+IO]  and [A+B+I]
exhibited different extents of delayed dissociation with increased dV. Particularly, the
[A+B+I]" dimers showed an increasing trend at dV from 5 to 10 V. We suggest that the
observed delayed dissociation and even enhanced ion signals with dV increase are likely
caused by the secondary ion chemistry. In a test with AA by varying the RH (< 2 — 80%)
and IMR pressure (65 — 100 mbar), the secondary ion chemistry products were always
present, which however, became more pronounced with higher RH but exhibited a

decreasing trend as the IMR pressure dropped (Figure 2.3D).
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Figure 2.2 I'-CIMS mass spectra of the acid mixture experiments. (A) the acid mixture
only (B) in the presence of 100 ppb Os in the IMR, and (C) in the presence of 100 ppb PAA
in the IMR. The I” part of the ions are omitted in the labels for clarity. Note that the signal
of dAA showed up at m/Q 190 Th ([CD;COOH+I]"), resulting from a H/D exchange on
the acid group. The signal of AA at m/Q 187 Th in (C) was from the impurity of PAA (32%
wt.% in AA).
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Figure 2.3 I -CIMS ion intensities of the parent ions ((HA+I]"), [HA+IO]", and [A+B+I]"
as a function of (A) O3 concentration and (B) PAA concentration in the IMR. The parent
ion signals are normalized for comparison. (C) Normalized ion intensities during the dV
scans. (D) Normalized intensity ratios of [HA+IO]™ : [HA+I]” and [A+A+]] : [HA+I]
varied with different RH conditions (bottom x-axis) and IMR pressures (top x-axis). The
signals of [IO] are also shown in (A), (B), and (D). In (A) — (C), the dimer ions [A+B+I]"
can be formed from the same or different monomeric acids and hence all the dimer ions
are represented by red circle symbols.
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In addition to the carboxylic acids, the experiments using TBH also showed sign of
the secondary ion chemistry. Although TBH itself is not detectable by the I"-CIMS, in the
presence of O3 and PAA, [HA+IO] and [A+B+I]” were observed. In contrast, we did not
observe the secondary ion chemistry in the experiments using the alcohols (propylene
glycol and glycerol) or acetone. Acetone itself is not detectable by I -CIMS similar to TBH,
but the absence of products with O3 or PAA suggests that it does not undergo the secondary
ion chemistry. Interestingly, unlike O3 and PAA, H2O: does not induce the same secondary
ion chemistry with the organic molecules, despite that it is also considered an oxygen donor
like PAA. Moreover, when TBH was added with the organic acids, no additional products
were observed, suggesting that simple hydroperoxides could not initiate the secondary ion
chemistry as the oxygen donor. Based on these measurements, we propose a plausible
mechanism of the observed secondary ion chemistry through the interactions of O3 or
peracids (the oxygen donors) with acidic organics (e.g., carboxylic acids and

hydroperoxides) as follows:

[ +03> [I0] + 02 (R2.1)
I" + RC(0)OOH - [I0] + RC(O)OH (R2.2)
[H,O0+I]” + O3/RC(O)OOH > [IO] + H20 + O2/RC(O)OH (R2.3)
[10]” + HA > [HA+IO] (R2.4)
[I0] + HA > A~ + HOI (R2.5)
[HA+IO]” + HB = [A+B+I]” + H,0 (R2.6)

In this mechanism, O3 and peracids (RC(O)OOH) initiate the secondary ion

chemistry by reacting with I and produce [IO]” ((R2.1 and R2.2). The presence of water
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could promote the production of [IO] (R2.3) and hence the secondary ion chemistry
(Figure 2.3D). This mechanism is further supported by the fact that [IO] was observed to
form in the presence of O3 and PAA and promoted by RH (Figure 2.3A, 2.3B, and 2.3D).
Following its formation, [IO] can further cluster with acidic compounds (HA) to form
[HA+IO] (R2.4). In a previous study by Iyer et al., dehydroxylation of PAA in the presence
of I" and H,O was calculated to produce AA + [IO] and [AA-H] + HOI, with the latter
combination having lower free energy than the former. This indirectly suggests that [I0]~
might be able to deprotonate organic acids (R2.5). Consistent with this reaction, the
deprotonated organic acid ions are all found to be enhanced with O3 and PAA. In addition,
we propose that [HA+IO]™ could cluster with another acidic molecule HB, and form the
[A+B+I]" dimer clusters and water (R2.6). As the declustering dV initially increased, the
enhanced neutral molecules from cluster dissociation combine with [HA+IO]™ to form
[A+B+I]", explaining the temporal increase of the dimer clusters shown in Figure 2.3C.
However, how A and B are bonded with each other and with iodide in [A+B+I]” remain
puzzling and warrant future computational work. Further, the influence of the secondary
ion chemistry on other organic functionalities is unknown so far due to the lack of standards
detectable by I'-CIMS. Small amounts of trimers were also observed (Figure 2.2), but their

formation mechanism is not the focus of this work.
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2.3.2  The effects of the secondary ion chemistry on molecular compositions of VOC
oxidation products

Following the observation of the secondary ion chemistry using the chemical
standards, we further performed oxidation experiments of o-pinene and isoprene in the
flowtube reactor and used the I -CIMS to measure the OVOC products (Figure 2.1), with
the additional O; or acids at the IMR inlet. In the a-pinene ozonolysis experiments without
additional O3 or organic acids in the IMR (the control experiment), the gas-phase OVOC
products are shown in Figure 2.4A, with the major peaks assigned to iodide adducts with
Cs-10H12-1803.6 with high-resolution peak fitting in the range of m/Q at 295 — 365 Th. These
assigned formulas are consistent with prior studies of o-pinene ozonolysis gas-phase
products.* 3233 In the presence of additional O3 in the IMR, most of the o-pinene derived
OVOC products are affected by the secondary ion chemistry. With 197 ppb IMR O3, the
degrees of the variations of these products measured by I'-CIMS are shown in the mass
defect (dm) vs. m/Q plot in Figure 2.5A. The combination of the formation of [HA+IO]~
and the decreasing signal of [HA+I]™ caused by the addition of IMR O3 likely has led to
the observed relative ion intensity changes. As a result, the intensities of many ions have
largely increased, and some have reduced owing to the Os-mediated secondary ion
chemistry in the IMR. The dV scanning measurements also support these results. For
example, the declustering profiles of [CioHi16041]" (a major product from o-pinene
ozonolysis) show delayed declustering in the presence of IMR O3 (Figure 2.6A). This
observation is consistent with the results using chemical standards (Figure 2.3C),

suggesting that the observed [CioHi1604I]" was partially resulted from [CioH1603+10]"
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when O3 is present in the IMR. This is likely the case for many other product ions.
However, the formation of the [A+B+I]" dimer ions is unclear with additional IMR Os,
owing to the low concentrations of the individual OVOC monomers and the fact that pre-
existing dimers from a-pinene ozonolysis** could mask the identification of the formed

[A+B+I]" dimer ions.
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Figure 2.4 Mass spectra showing (A) the chemical composition of a-pinene ozonolysis
monomer products (Cs — Cio) in the absence of additional IMR O3 or acids, (B) in the
presence of IMR AA, and (C) in the presence of IMR dAA. Major products are labeled in
the mass spectra, with the iodide part of the ion formulas omitted for simplification. The
ion intensities are multiplied by 5 in the gray region. The vertical dashed lines are to guide
the eye. The 3 Th mass shift of the same peaks between (B) and (C) was caused by the
usage of dAA.
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Figure 2.5 Mass defect plots of a-pinene ozonolysis Cs — Cio products in the gas-phase (A)
with IMR O3 (B) and with IMR AA. The relative ion intensity change is marked by the
color scheme in comparison to the products from the control experiment.
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Figure 2.6 (A) Normalized ion intensities of CioH1604I" with and without IMR O3 and
C11H160sI” with IMR AA as a function of dV during the declustering scans. (B) The effect

of the secondary ion chemistry on the average O/C ratio of a-pinene ozonolysis major Csg
— Cio products. (C) The decreasing signals of PAA, ISOPOOH and CoH14041" by varying
degrees as the IMR acid concentration increases.
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In comparison to the results with additional IMR Os, a number of product ions
showed up more prominently in the range of m/Q at 355 — 410 Th in the presence of IMR
AA, which were determined as Cio-12H14-2005.7 by the high-resolution peak fitting (Figure
2.4B). These observations indicate that the gaseous monomers with the formulas CxHyOz
have largely formed the [A+B+I]" dimer adducts ions with AA resulting in the apparent
chemical formulas of Cx+:Hy+0z+ (i.e., [CxHyOz+CoH402-2H+I]"). This is further
confirmed by the m/Q shift of 3 Th in the mass spectra with dAA employed instead of AA
(Figure 2.4C). From the experiments using the various chemical standards, we suggested
that the formation of such [A+B+I]" dimer clusters require an oxygen donor and acidic
organics. It should be noted that in these experiments, there was very little O3 present in
the IMR. Thus, we suggest that other oxygen donors naturally present in the a-pinene
ozonolysis system such as peracids could be responsible for the occurrence of the
secondary ion chemistry. In fact, a-pinene ozonolysis is known to produce substantial
organic acids; therefore, the secondary ion chemistry could occur even without external
interference with O3 or acids. However, the extent of such ion chemistry is unassessable
only by using I"-CIMS. It is also worth studying whether other oxygen donors, such as
Criegee intermediates, could play a similar role as O3 and peracids in the studied ion
chemistry since they are abundant intermediates in a-pinene ozonolysis. It is also highly
likely that the OVOC products from a-pinene ozonolysis that showed the capacity of
forming dimer clusters with additional IMR acids contain at least one acid, hydroperoxide
or peracid functional group, as indicated by previous studies.* Moreover, the dimer clusters’

intensities in general correspond to their monomeric precursors, except for [Ci11Hi6Os1]™
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whose precursor, CoH1403 has a low signal. The relatively poor sensitivity of I -CIMS to
detect molecules with only two or three oxygen atoms may be partly responsible for this
exception. Nonetheless, the declustering scan results shown in Figure 2.6A for
[C11H160sI]™ have clearly demonstrated that it is a dimer cluster from the secondary ion
chemistry. On the other hand, more of the Cs — Cio product intensities decrease with the
addition of IMR AA, in contrast to the IMR O3 experiments, as shown in Figure 2.5B. This
is likely due to that the parent compound (CxHyOz) consumption by reacting with
[AA+IO] to form dimer clusters outcompetes the formation of [CxHyOgz.i+IO]". We
further examined the overall impacts of the secondary ion chemistry on the measured
OVOC compositions using the elemental O/C ratios as a metric. As shown in Figure 2.6B,
the average O/C ratios have increased by 15-20% as the concentrations of IMR O3z or AA
increased from 0 to 200 ppb. Therefore, the studied ion chemistry can lead to
misinterpretation of molecular compositions by using ['-CIMS, especially when both
acidic molecules and oxygen donors are naturally present in the OVOC products.

The isoprene ozonolysis experiments showed only a few major peaks in the I"-
CIMS mass spectra, and thus is less focused in this work. Additionally, in comparison with
the a-pinene experiments, isoprene oxidation is known to form less acidic products.* 33 3>
37 The only major product of interest is [CsH10OsI]~, which can be assigned to the isoprene
hydroxy hydroperoxide (ISOPOOH) and the ISOPOOH-derived epoxydiol (IEPOX).*8 But
based on the MCM Kkinetic simulations, under the short timescale in the flowtube
experiments, ISOPOOH is expected to be 5 orders of magnitude more abundant than

IEPOX. Thus, the observed [CsHioOsI]™ signals could be primarily contributed by
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ISOPOOH. With the additions of IMR O3, we observed enhanced [CsHi0O3+IO],
consistent with the secondary ion chemistry. With IMR dAA (dAA used instead of AA to
avoid [2AA-2H+I]" confusion with [CsHi0O3I]™ at m/Q 245), enhanced [CsHi0O3+dAA-
H-D+I]” was also observed, but the compositional change is to a lesser degree than a-
pinene ozonolysis (Figure 2.4), likely owing to the smaller amount of oxygen donor in
isoprene ozonolysis products. These results are consistent with the TBH standard
measurements, suggesting that the secondary ion chemistry occurs for hydroperoxides

which are slightly acidic.

2.3.3  The potential application of the secondary ion chemistry to inform functional
groups and help elucidate chemical mechanisms

In the chemical standard experiments, we found that the addition of acids into the
IMR can largely consume [PAA+I]". Figure 2.6C shows the normalized ion intensity of
[PAA+I] as a function of the concentration of IMR acids (dAA and PRA). With 200 ppb
of carboxylic acids, approximately 60% of the initial PAA adduct signals ([C2H4O31]") were
reduced due to the secondary ion chemistry under study. However, because we did not have
another hydroperoxide standard observable by the I'-CIMS available (TBH is not
detectable by I -CIMS), it was unclear whether the observed PAA reduction is due only to
the hydroperoxide or the entire peracid functionality. This question was addressed by the
measurements of ISOPOOH ([CsH100s3I]") in the isoprene ozonolysis experiment. The
intensity of ISOPOOH decreased by a much smaller degree in the presence of IMR acids

than that of the PAA (Figure 2.6C), indicating that the peracid functionality is crucial for
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the significant reduction. The dramatic difference between peracids vs. hydroperoxides
also provides insights into the a-pinene ozonolysis products which decreased greatly with
IMR acids (Figure 2.5B). In particular, the intensity of [CoH14O4I]" in the a-pinene
experiments dropped by a similar fraction to PAA, corresponding to the IMR acid (Figure
2.6C). The molecule CoH1404, a key product from a-pinene ozonolysis, is commonly
known as pinic acid in the particle phase.’% 33 Jenkin et al.’” proposed a mechanism of the
formation of pinic acid from the isomerization of a Co acyloxy radical (Figure 2.7). In
contrast, Ma and Marston*® showed that pinic acid was enhanced by the addition of HO»
radicals, suggesting that pinic acid could also be formed from perpinalic acid (a peracid)
through intramolecular isomerization (Figure 2.7). In this work, the large drop of
[CoH14041] in the presence of IMR acids in I -CIMS suggesting that the CoH1404 molecule
in the gas phase is mostly likely a peracid (i.e., the perpinalic acid), in support for the Ma
and Marston’s work. It is possible that perpinalic acid undergoes further Baeyer-Villiger
reactions? to further form pinic acid in the gas and/or particle phases. The investigation of
the formation and structures of CoH1404 could be a focus in future experiments. Although
the studied secondary ion chemistry from interactions of oxygen donors and acidic organics
in ['-CIMS can affect OVOC compositional interpretations, it likely has varying degrees
of impact on different classes of organic compounds. Therefore, the potential application
of I'-CIMS secondary ion chemistry to inform functional groups is promising in

forthcoming studies.
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Figure 2.7 Proposed mechanism of the formation of CoH1404 in the gas phase which is
identified as perpinalic acid.
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2.4 Conclusions

In this work, we observed iodide clusters in the forms of [HA+IO]™ and [A+B+I]~
in I'-CIMS, as a result of the secondary ion chemistry other than the well-known [HA+I]"
clusters. A possible mechanism of the studied ion chemistry was proposed, through which
the presence of O3 or peracid as oxygen donors mediates the secondary ion chemistry with
acidic organic molecules, including carboxylic acids, hydroperoxides, and peracids. In
addition, we illustrated that the secondary ion chemistry in the IMR of I -CIMS could lead
to misinterpretation of molecular compositions of oxidation products overall. The
intensities of certain ions can be reduced by the formation of dimer clusters or enhanced
from the secondary ion chemistry of the molecules with one fewer oxygen. As a result, the
average O/C ratio of a-pinene ozonolysis products was increased by 15-20% due to the
secondary ion chemistry with the addition of 200 ppb IMR O3 or IMR acid. In the present
study, we have also shown that the studied ion chemistry might be potentially applied to
inform organic functionalities with the varying effect of the secondary ion chemistry. Thus,
application of I'-CIMS to identify different organic classes is promising, as we
demonstrated that the oxidation product CoH1404 from o-pinene ozonolysis is first formed

as perpinalic acid in the gas phase.
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Chapter 3 Unexpectedly Efficient Aging of Organic Aerosols Mediated by
Autoxidation
3.1 Introduction

OAs are ubiquitously present in the Earth’s atmosphere and greatly contribute to
fine particulate matter."? The chemical composition and properties of atmospheric OAs
can significantly impact air quality, climate, and human health.> 4+ Despite the immense
ubiquity of OAs and the oxidizing nature of the atmosphere, the OA reactivity through
heterogeneous oxidation by gaseous oxidants such as *OH has been considered a very slow
process,’!? in comparison to the timescales of other important atmospheric processes and
the overall aerosol lifetime.

The universal metric to quantify the heterogeneous oxidation kinetics is the
effective reactive uptake coefficient of *OH (yetr), which describes the probability of *OH-

particle collision leading to oxidation events:’

__ 4kpN Vv
Yeff = ~ 4

(E3.1)

where £ is the second-order degradation rate constant of an OA surrogate, p is the particle
density, Na is Avogadro’s number, € is the mean thermal velocity of *OH, M is the
molecular weight of the OA surrogate, V is the particle volume, and A is the particle surface
area. Previous studies have often reported yefr in the range of 0.01 — 1.0,% 8111314 \ith the
smaller y.fr values often observed for more viscous OAs due to that oxidation is confined
at the particle surface region which the inside materials cannot efficiently diffuse to. The

kinetic information expressed in y.sr could also allow for estimation of the OA oxidation

timescales by:!3
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where d, is the particle diameter. Thus, the yefr value of 0.01 — 1.0 translates to oxidation
timescales from several days to years. These significantly longer timescales than the typical
aerosol lifetime in the atmosphere (~ 10 days'®) suggests that heterogenous oxidation of
OAs in the atmosphere is unlikely a key process to significantly impact air quality and the
climate. However, this long-standing view was derived from previous laboratory studies
using *OH concentrations 3 — 5 orders of magnitude higher than atmospheric
concentrations (i.e., [*OH] ~ 10° — 10! molecules cm™) to offset the short oxidation time
(t ~ 1 min or less) in flow tube reactors (FTR),% 7-%-11- 13.17 guch that one can interpret OA
oxidation under relevant atmospheric conditions, termed as ““OH exposure” (= [*OH] x 7).
But it remains unclear whether the results obtained from high-[*OH] and short-t studies
can be extended into real atmospheric conditions, where OAs are aged for many days under
much lower [*°OH] (~ 10° —107 molecules cm™).!®

Here, we probe the *OH-initiated heterogeneous oxidation of a few common OA
model systems in a custom-designed continuous flow stirred tank reactor (CFSTR).!%-%2
Experiments were conducted under a large range of [*OH] (5 x 10° — 1 x 10° molecules
cm?) to bring the OA aging conditions from typical laboratory [*OH] much closer to
ambient levels. The chosen OA surrogates (adipic acid, succinic acid, citric acid, and 3-
methylglutaric acid) are highly oxidized compounds (O/C ratio ~ 0.7 — 1.2) containing
multiple carboxylic acid functional groups. They all have been used in prior research to

represent the oxygenated and viscous nature of generic OAs in the atmosphere.? 10 11 13.23-
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25 In these experiments, the particle diffusion coefficients (Dorg, 10® — 1071% cm? s7') and
mixing timescales (1073 — 102 s) are also representative of typical aerosol phase state in the
lower troposphere.?> Their degradation upon heterogeneous *OH-oxidation was monitored
in real-time using a thermal desorption iodide-adduct chemical ionization mass
spectrometer (TD-CIMS) to provide accurate kinetic measurements.? 27 The
comprehensive OA oxidation products were measured by the TD-CIMS and the IMS-MS?3:

26, 2830 which provides additional isomer-resolved capability. Complementary FTR

experiments were also performed following similar procedures as in previous studies.? 2
This allows for direct comparisons of the heterogeneous oxidation kinetics and products

between the CFSTR and FTR experiments. In addition, a multilayer reaction-diffusion

kinetic model was developed to simulate and interpret the experimental results.?¢

3.2 Materials and Methods
3.2.1 Experimental setup

All experiments were performed at 22 °C and varied water activity (aw of 35 —70%).
A customized CFSTR (volume ~ 250 L)** 3! was used in this work. Here, the CFSTR was
operated in the “semi-batch” mode under room temperature.'® Before each experiment, the
CFSTR was flushed overnight with clean dry air, supplied by a zero-air generator (Aadco
Instrument, Inc.). At the beginning of each experiment, the CFSTR background was
monitored to ensure that aerosol particles were not present. Polydisperse OAs of selected
model compounds were generated into the CFSTR using a constant output aerosol atomizer

(TSI, Inc.). The OA injection was stopped when targeted OA mass concentration was
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reached (~ 1500 — 2000 ug m). After OA injection, the clean air injection was adjusted to
a total flow of 1.5 L min!. Two different a, levels were studied for the OA model
compounds: 0.36 £ 0.01 and 0.67 £ 0.03. For adipic acid and succinic acid, the injected
OA through the dryer effloresced the particles and ay levels does not change their phase
state and Dore. But for citric acid that does not have an efflorescence point, different a
levels lead to different amount of water in the OA and hence affect the phase state and
Dorg.'!> 3233 The 3-methylglutaric acid OA was only studied under ay = 0.36. In all the
CFSTR experiments, the mean surface-weighted particle diameters for adipic acid,
succinic acid, citric acid, and 3-methylglutaric acid were 210 + 50 nm, 420 + 120 nm, 290
+ 15 nm, and 221 + 17 nm, respectively. After the OA injection, a one-time injection of a
VOC tracer (either acetic acid or propionic acid) was made to reach a VOC concentration
of 1 — 2 ppm. After both the OA and VOC tracer have been injected, they were allowed to
undergo dilution (caused by the continuous flow) and wall loss in the CFSTR. Then, either
O3 or H202 was continuously injected into the CFSTR. With the UV lamp on, this injection
initiated the in-situ generation of *OH radicals.?%2?° By changing the injection concentration
of O3 or H2O3, the [*OH] was controlled. During the *OH-initiated oxidation, the total flow
rate and ay, were maintained the same as the “dilution and wall loss only” period. Therefore,
the changes in the decay rates of both the OA and VOC tracer were caused by oxidation.
The oxidation was maintained for 1 — 2 hours. To compare results obtained from the
CFSTR experiments, auxiliary FTR experiments were performed in parallel with the
CFSTR studies. The setup for the FTR is the same as our previous work.?: 26: 2829 The

injection system and the kinetic measurements are the same as for the CFSTR experiments.
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3.2.2 Instrumentation

The OA particle size distribution and number concentration were analyzed by a
scanning electrical mobility spectrometer and mixing condensation particle counter (SEMS
and MCPC, Brechtel Inc., 2100). A high-sensitivity proton-transfer-reaction mass
spectrometer (PTR-MS, Ionicon Analytik Inc.) was used to measure the decay of the VOC
tracers at 0.3 L min"! in some experiments.** The OA composition was measured in real
time by the I'-CIMS with a TD tube following a charcoal denuder to remove volatile
gases.?6:27-30 The desorption temperature was set to 90 — 160 °C for different OA systems
to vaporize most of the parent OA species. For the experiments in which the PTR-MS was
unavailable, the VOC tracers were also monitored by the CIMS, where a separate gas
sampling line was added bypassing the TD unit. The oxidation of 3-methylglutaric acid
and adipic acid OA was used as the model system for the offline chemical composition
analysis and comparison between the CFSTR and FTR results. The oxidized OA particles
were collected using a sequential spot sampler (Aerosol Devices Inc., SS110) downstream
of a charcoal denuder. The collected OA samples were immediately extracted by
acetonitrile and infused into an electrospray ionization (ESI) IMS-MS (Aerodyne Research
Inc.) in the negative ion mode. The IMS-MS measurements could provide isomer-resolved
characterization by separating ionized molecules with their structure-dependent collisional
cross sections.’> 3¢ More details were described in our prior studies.?* 2% 2% 3! Finally, a
UV-visible spectrophotometer (Agilent Inc., 8453) was used for total hydroperoxides

(ROOH) quantification.
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3.2.3 Calculations of the heterogeneous oxidation kinetics and timescales

By comparing the decay rates of the parent OA compound and the VOC tracer
before and after the oxidation, the [*OH] in the CFSTR and the second-order oxidation rate
constants (k) of parent OA compound through heterogenous OH oxidation were determined.
Specifically, the *OH oxidation rate constants of acetic acid and propionic acid (kvoc+som)
were known from the literature (6.6 x 10°'* c¢cm?® molecule! s! and 1.64 x 102 cm?

molecule™! s7!, respectively).?” 38 Thus, the [*OH] can be calculated by:

[. OH] — kVOC,ox_kVOC,DL (E3.3)

kvoc+-oH

where kvoc,ox and kvoc,pr are the first-order VOC decay rates during the oxidation period
and the dilution-wall loss period, respectively. Then, the second-order oxidation rate
constants (k) of parent OA compound through heterogenous *OH oxidation was calculated
by:

__ koaox—koapL
k= —['OH] (E3.4)

where koa.ox and koapr are the first-order parent OA decay rates during the oxidation
period and the dilution-wall loss period, respectively. The four first-order decay rates
(kvoc.ox, kvocpL, koaox, and koapr) were obtained from the PTR-MS or TD-CIMS
measurements. The high-frequency measurements made by the two instruments allow for
high confidence decay rates, and hence reliable estimates of k. The k values were then used
to calculate the effective uptake coefficient (yetr) shown in Equation (1).” Therefore, the
relationships between the yerr and [*OH] can be obtained. The oxidation timescales are

hence estimated by Equation (2).'°
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3.2.4  The reaction-diffusion multilayer kinetic model

To explain the experimental observation, a reaction-diffusion multilayer kinetic
model was developed, as described in our previous work?® and is essentially a similar
representation to several other models that simulates heterogeneous OA oxidation

processes.>?4!

The model constructs a multi-compartment rectangular prism to
approximate the OA particle. The area of the square surface of the prism is set to be the
same as the spherical OA aerosol in the experiments and the height of the rectangular prism
is dy/6 to maintain the same surface-to-volume ratio of the spherical aerosol and hence
preserves the relevant scaling between surface and bulk processes. The thickness of each
compartment is set to 0.5 nm, which was suggested to be a good representation of semisolid
and solid aerosol particles.*! Each compartment is assumed to be a well-mixed volume.
The model includes (1) the adsorption, desorption, and reactions of *OH and HO»* at the
outermost (i.e., surface) compartment of the OA particles, (2) organic radical-centered and
multi-generational reactions in each compartment, and (3) diffusions of all the species
molecules between compartments and evaporation of the relatively volatile products from

the surface compartment to gas phase. The FACSIMILE software was used to perform the

simulations.2®

3.3 Results and Discussion
3.3.1 Heterogeneous oxidation Kinetics
As shown in Figure 3.1, the measured ye.sr exhibits striking enhancement as [*OH]

decreases from ~ 1 x 10 to ~ 5 x 10° molecules cm™ for all the studied OA systems. As
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[*OH] approaches atmospheric levels (10° —107 molecules cm™), the e values are 2-3
orders of magnitude higher than those obtained from the high-[*OH] FTR experiments
performed in this work and in prior studies. It is also worth noting that in the citric acid
system, where varied aw was studied, higher a,, and hence faster diffusion in the particles
led to larger yetr under [*"OH] > ~ 108 molecules cm™ (Figure 3.1C), agreeing with prior
work.!!:13-42 However, the difference appears to diminish as [*OH] further drops, implying
that particle-phase diffusion may not be a key limitation for OA multiphase oxidative aging
under ambient conditions. These kinetic results suggest that OA heterogeneous oxidation
in the atmosphere may have a much shorter timescale than previously expected. For
example, for a 500-nm diameter particle under [*OH] of 10° molecules cm™, yesr of 10
indicates an oxidation timescale of ~ 2.3 days, compared to 231 days when yes is 0.1.
Consistent with these results, a summary of the scarce kinetic measurements from prior
studies presents a similar trend, but in smaller [*OH] ranges, with larger uncertainties, and
to a lesser degree of y.sr enhancement.!>: 1843 In these prior studies, the ["OH]-dependent
Yeit Was suggested to be possibly due to (1) slower *OH reaction than the *OH adsorption
at the gas-particle interface (i.e., the Langmuir-Hinshelwood mechanism),'> (2) the
diffusion limitation of organic molecules to the interface for *OH reaction,* or (3) O3 (an

*OH precursor) shielding the particle interface.!®
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Figure 3.1 The y.fr — [*OH] relationship for OA surrogate systems. (A) adipic acid, (B)
succinic acid, and (C) citric acid, under various experimental conditions (see figure legend).
For succinic acid (B) and citric acid (C), measurements from a few prior studies are also
shown. !0 1. 13- 43 For citric acid, experiments were performed under two different ay
conditions, resulting in different Do values. Model simulations with and without the
consideration of autoxidation are shown with the experimental data. Similar yerr — [*OH]
trend obtained from three 3-methylglutaric acid experiments is in general consistency with
the results shown here.
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Hence, we used a multilayer reaction-diffusion kinetic model to investigate the
cause of the [*OH]-dependent yerr. The model explicitly considers the adsorption and
desorption of *OH at the gas-particle interface and the diffusion and reactions at the particle
surface and in the bulk.?% % 44 The main reaction mechanism in the model is shown in
Figure 3.2 (top part), where self-reaction of peroxy radical (RO>*) plays a central role: *OH
oxidizes a parent OA molecule (RH) through H-abstraction and produces an alkyl radical
(R*); RO2* is subsequently formed following oxygen addition; the RO>* + RO;* self-
reaction then produce an alcohol-carbonyl pair (ROH and R=0), known as the Russell
mechanism, or two alkoxy radicals (RO*);>* the RO® may decompose to smaller oxidized
products or undergo chain propagation reactions, forming an alcohol product and a new
RO;*. The mechanism may occur at multiple generations, forming multifunctional
products.” 23 For instance, both ROH and R=0 can be further oxidized to form R(OH),
(diol), R(=0): (dicarbonyl), and R(=O)OH (hydroxycarbonyl). This mechanism has been
widely accepted to explain the major heterogeneous OA oxidation products observed in
prior research. However, the kinetic model with this mechanism fails to simulate the
increased yefr with reduced [*OH] (Figure 3.1), indicating that the traditional RO>* + RO,*
dominant chemistry cannot explain the observations. Moreover, the results also suggest
that the previously attributed Langmuir-Hinshelwood mechanism!®> and particle-phase
diffusion limitation** do not explain the increased y.sr with reduced [*OH] under the studied
conditions of [*OH] and particle Dorg, because these processes are already explicitly
considered in the kinetic model. The model performance is consistent with other models

developed in previous studies which also considered these processes.!** The Os shielding
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mechanism!'® can also be ruled out as we observed similar yes by using H>O> as the *OH
precursor (Figure 3.1); in the absence of O3, the same y.—[*OH] behavior was observed.
Furthermore, the previously proposed RO*-driven chain propagation reactions could only
slightly enhance yef,%° and is independent of [*OH]. Therefore, the ["OH]-dependent yesr
suggests that a previously unrecognized mechanism is needed to explain the unexpectedly

high y.sr under low [*OH].
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ROH

RH

ROOH Re

Figure 3.2 The *OH-initiated heterogeneous oxidation mechanism of organic aerosols in
the atmosphere. The top part of the scheme (in black) illustrates the previous mechanistic
understanding, and the bottom part (in green) shows the autoxidation mechanism proposed
in this work.
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3.3.2  Oxidation products highlight the formation of organic hydroperoxides

To elucidate the unrecognized mechanism, we further examined the oxidation
products (Figure 3.3). Consistent with the above-mentioned reaction scheme, the most
abundant products observed from these experiments by the TD-CIMS are R=O and ROH
from the RO>* + RO»* self-reaction. Interestingly, another major product with two
additional oxygens than RH (“RH+20”) was also observed in some of the studied OA
systems. We determine this product to be the ROOH. Although the same chemical formula
could be the second-generation products R(OH),, the absence of the other two expected
concurrent second-generation products, R(=O)OH and R(=0),, ruled this out (Figure
3.3A-B). Additionally, the “RH+20” signal appears almost simultaneously with the onset
of *OH oxidation, while a second-generation product is usually indicated by delayed
formation.” To further confirm its identity, the IMS-MS was used to compare the oxidation
products between experiments under different [*OH] on the isomer-resolved level. In this
comparison, adipic acid oxidation under very different [*OH] produced identical isomer
distributions and abundances for both R=O and ROH. In contrast, “RH+20” exhibits very
different isomer distributions between the two [*OH] conditions, with a unique and
dominant isomer present only under lower [*OH], providing unambiguous evidence for
ROOH formation. Moreover, auxiliary total hydroperoxide analysis also supports the
formation of ROOH under low [*OH] in the CFSTR. In Figure 3.3C-D, we present the
signal-based fractions of R=0 and “RH+20” among the three major products as a function
of [*OH] in the adipic acid system, where all three products were detected. The results,

compared with measurements from the high-[*OH] FTR experiments, clearly show that the
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formation of R=0 is inhibited while “RH+20” (mostly ROOH) is enhanced under low
[*OH]. On the contrary, most of “RH+20” detected under high [*OH] in the FTR are
R(OH),. This [*OH]-dependent OA composition also explains the contradiction between
this work and prior studies which reported no evidence of ROOH formation,” 46 as prior
studies used high [*OH] to investigate OA oxidative aging. Finally, to test whether the
ROOH formation is formed from the RO,* + HO>* reactions, we incorporated HO,* uptake
and subsequent RO>* + HO>* reactions into the model using known kinetic parameters.*”-
48 However, the results suggest that this process plays a negligible role in yes prediction
and is unlikely to produce sufficient ROOH under the studied conditions. In support of this,
[*HO:] is expected to be higher with increased [*OH] and thus, ROOH formed from RO,*
+ HO»* should also increase with [*OH], which is opposite to the observed ROOH trend
(Figure 3.3D). It should also be pointed out that during thermal desorption in TD-CIMS,
decomposition of the products, especially ROOH, cannot be ruled out. However, thermal
decomposition should not affect the ROOH trends shown in Figure 3.3 and may indicate

that the formation of ROOH through autoxidation is even more important.
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Figure 3.3 Major products from adipic acid OA oxidation. (A — B) TD-CIMS time-series
of the three major first-generation products (i.e., R=O, ROH, and “RH+20”) for two adipic
acids oxidation CFSTR experiments under different [*OH]. For comparison, one of the
second-generation products (R(=0O)OH) is shown. The other second-generation product,
R(=0),, is also absent as R(=O)OH and hence is not shown. The light-yellow shades
suggest the oxidation periods; the fitted curves are to guide the eye. (C — D) The fractions
of R=0O and “RH+20” in the first-generation products from adipic acid oxidation
experiments. The error bars represent the measurement standard deviation, and the curves
are model results. The model simulations with autooxidation show consistent trends with
the measurements.
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3.3.3 Autoxidation as the key aging mechanism

Through relating the enhancement of both y.rr and ROOH formation under low
[*OH], we propose a chain reaction mechanism between RO,* and RH, leading to the
formation of ROOH and regenerating RO»* in the presence of O> (Figure 3.2, bottom part).
The formed ROOH may decompose into RO®* and *OH, both of which could abstract H
from RH in the condensed phase. This RO;*-mediated mechanism thus sustains the other
chain reaction (RO* + RH) and creates additional secondary pathways to consume RH,
further increasing yerr. Under high [*OH], the large *OH flux at the particle surface leads to
the substantial formation of RO>*, thus favoring the RO,* + RO»* self-reaction. With lower
[*OH], the interfacial and particle-phase [RO,*] also decreases, allowing for the competing
RO;* + RH reaction to become nonnegligible. This mechanism has been known for decades
in biochemistry and polymer chemistry for lipids and rubbers (also known as
“autoxidation”),*->! but for the first time here, this mechanism is reported in aerosol
chemistry. More importantly, we demonstrate that the autoxidation mechanism exhibits a
unique [*OH]J-dependent behavior in aerosol chemistry, suggesting that the OA
heterogeneous oxidation results obtained in the past decades may not accurately describe
the processes occurring in the real atmosphere.

Following the proposal of the autoxidation mechanism, we implemented it into the
kinetic model to aid the interpretation of the experimental results. The RO>* + RH reaction
rate constant is estimated to be on the order of 10 times slower than that for RO® + RH.>

The ROOH decomposition rate may vary significantly, likely owing to the stability and
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reactivity of the ROOH. Although some studies showed that ROOH can be stable in room
temperature for as long as 24 hours,>*->* ROOH in atmospheric OA were more often found
to be rather labile, especially for the highly functionalized molecules, with first-order
decomposition rate ranging from 3 x 107 s to ~ 2 x 1073 s71.55-5 Further, little in known
regarding the detailed ROOH decomposition mechanism and products. Unimolecular
decomposition via breaking the weak O—O bond to form RO*® and *OH was suggested as a
possible reaction at ambient temperature for peroxides with O/C ratios at 0.5 or higher.>
In addition, bimolecular reactions were also suggested, such as the Baeyer-Villiger reaction

and Korcek mechanism.>% °

But these bimolecular mechanisms do not directly produce
free radicals, hence cannot propagate the chain reactions shown in Figure 3.2. The lack of
detailed kinetic and mechanistic understanding leads to great challenges to explicitly
incorporate the ROOH chemistry into the kinetic model. Therefore, we lumped the possible
ROOH unimolecular® and bimolecular®® decomposition pathways as a single pseudo first-
order decomposition reaction forming RO® + *OH with tunable yield.

Despite the simplification, this model reasonably reflects the chain propagating
nature of the autoxidation mechanism. To capture the observed y.rr — [*OH] relationship
over the entire studied [*OH] range, the model needs to constrain the formation rate of RO*
+ *OH from ROOH decomposition at 1 x 10 — 1 x 10 s, while keeping the RO»* + RH
reaction rate constant in a reasonable range (i.e., 5 — 20 x 102! cm?® molecules™! s!) for all
the studied OA systems. Here, the formation rate of RO*® + *OH is a combination of ROOH

decomposition rate and the branching ratio of RO®* + *OH. For example, if all the ROOH

decomposition forms RO* + *OH, the decomposition rate is the same as the formation rate
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of RO* + *OH; while if only 10% of ROOH decomposes to RO* + *OH, the overall ROOH
decomposition rate needs to be approximately one order of magnitude higher, which is still
within the range of previously reported ROOH decomposition rate constant mentioned

above. 8

Model simulations of the yerr — [*OH] relationship using the autoxidation
mechanism agree nicely with the measurements (Figure 3.1), suggesting that autoxidation
in the condensed phase can indeed greatly accelerate OA aging under atmospherically
relevant [*OH]. It should be noted that the good model-observation agreement does not
require a certain unique set of parameters. Rather, with any formation rate of RO* + *OH
in the above-mentioned range, a coupled RO;* + RH reaction rate constant can be
determined to result in a similarly good agreement as shown in Figure 3.1. Furthermore,
it is remarkable that the model results also agree with the trends of [*OH]-dependent
fractions of R=0 and “RH+20” (Figure 3.3C-D), further supporting the autoxidation
mechanism. Lastly, to test whether other radical-involved chemical processes might affect
or contribute to the enhanced OA degradation, unimolecular H-shift isomerization for RO>*
and RO* were considered in the kinetic model. This unimolecular process has been shown
to play important roles in the gas phase,®*-%? but our model simulations suggest that they
are not fast enough at typical reaction rate constants to compete with the bimolecular
autoxidation mechanism and play a very minor role in OA aging kinetics.

The kinetic model further suggests that autoxidation-involved reactions (i.e., RH +

RO>*, RH + RO, and RH + *OH from ROOH decomposition) could account for > 95% of

total RH consumption under atmospheric [*OH]. This means that the collision of gas-phase
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*OH with OA particles plays more of an initiator role, rather than acting as the dominant
oxidant of OA under atmospheric conditions. This also implies that once the oxidation is
triggered, the autoxidation may proceed even in the dark. Since most of the OA molecules
are not oxidized directly by the *OH from gas-phase adsorption under low [*OH], the OA
oxidation is no longer confined to the interfacial region of the particles. Consistently, model
results suggest that the OA oxidation could occur throughout the entire particles under
atmospherically relevant [*OH], contrary to the dominant interfacial oxidation under much
higher [*OH] for all the examined OA systems. Beyond the Do range for the studied OA,
the simulations indicate that even for more viscous OA particle across the semi-solid and
solid ranges, the OA oxidation events could still spread throughout the particles in about
an hour under atmospheric [*OH]. These simulations highlight that the autoxidation
mechanism leads to highly efficient OA aging by allowing the oxidation to occur in the
particle bulk and bypassing diffusion limitations, hence, making the viscous particles more

homogeneous during oxidation.

3.3.4  Overall aerosol composition influenced by autoxidation

Finally, we investigated how autoxidation may impact the entire OA composition.
For this purpose, we focus on the 3-methylglutaric acid system which is more readily
oxidized and can form diverse oxidation products.?* The observed oxidation products (Ci-
6H2-1003.8) by the IMS-MS were employed to calculate the intensity-based elemental ratios,
averaged carbon number (nc), and fraction of fragmentation products in the particle phase

under different oxidation conditions (Figure 3.4). As the Van Krevelen diagram shown in
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Figure 3.4A, the FTR experiments with the highest [*'OH] (> ~ 2 x 10'° molecules cm™?)
exhibit the steepest H/C — O/C trajectory, with a slope ~ -0.91, indicative of a mechanism
that forms similar amounts of carbonyls and alcohols (consistent with the Russell
mechanism). In comparison, the lower [*OH] CFSTR experiments all had shallower H/C —
O/C trajectories, with slopes of -0.65 — -0.69 under [*OH] < ~ 2 x 10® molecules cm™ and
-0.82 under [*OH] ~ 2 x 10? molecules cm™. The slope shift as a function of [*OH] suggests
that low [*OH] favors the formation of alcohols and hydroperoxides over carbonyls,
consistent with the autoxidation mechanism. This mechanistic difference was also
supported by comparing the major functionalization products: higher abundance of
alcohols and hydroperoxides were observed in the CFSTR than the FTR and higher ratios
of the “RH+20” signals over the other two major second-generation products were found
under lower [*OH]. Interestingly, the favorability of alcohol and hydroperoxide formation
has been suggested as a plausible reason to explain the similarly shallow H/C — O/C
relationship (slope ~ -0.6) for atmospheric OAs.%* As expected, the low-[*OH] experiments
also reached comparable carbon oxidation state with much lower *OH exposure, again
owing to the highly efficient oxidation driven by autoxidation. It is also evident that under
[*OH] >~ 2 x 10° molecules cm™ (in both reactors), the fraction of fragmentation products
increases and nc decreases exponentially with *OH exposure (Figure 3.4B), consistent with
prior understanding that fragmentation is increasingly important after the functionalization
products are further oxidized. However, under lower [*OH] (< ~ 2 x 10® molecules cm™),

an appreciable fraction of the measured species are fragmentation products (20 — 30%,
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Figure 3.4B), even with very low *OH exposure (i.e., < 10! molecules cm? s). In
comparison, the high-[*OH] experiments needed > 4 x 10'?> molecules cm™ s to reach the
same fraction of fragmentation products and nc. We suggest that this is because the
enhanced autoxidation under low [*OH] promotes RO® formation through ROOH
decomposition and hence increase fragmentation even with low *OH exposure. These
results suggest that autoxidation could provide a new pathway to rapidly produce small,
oxidized compounds which could evaporate to the gas phase and contribute to important
atmospheric processes such as secondary OA formation.

Overall, the chemical composition of oxidized OAs provides observation-based
support to the autoxidation mechanism and ROOH decomposition pathways. Specifically,
the increased formation of alcohol and fragmentation products under lower [*OH] strongly
supports the ROOH unimolecular decomposition to RO* + *OH;>® the enhanced alcohol
formation may also be partly due to the Baeyer-Villiger reactions.’® Therefore, it is likely
that both ROOH processes take place to promote autoxidation and explain the

measurements.
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Figure 3.4 Chemical composition of oxidized 3-methylglutaric acid OAs. (A) The Van
Krevelen diagram for four 3-methylglutaric acid oxidation experiments. The experiment
with the highest [*OH] was performed in the FTR and the other three lower-[*OH]
experiments were performed in the CFSTR. The linear fits with slopes are shown with the
data; the color scale indicates the *OH exposure for each data point. (B) The fraction of
fragmentation products (left axis) and nc (right axis) as a function of *OH exposure for the
same 3-methylglutaric acid oxidation experiments as in (A).
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3.4 Atmospheric Implications

In this work, we report strong and direct evidence for an autoxidation mechanism
in heterogeneous oxidative aging of OAs. Although only a few highly oxidized OA
surrogates were examined, its nature is rather nonspecific.’*>2 We show that autoxidation
may occur at much faster rates than the other particle-phase RO;* pathways (e.g., RO>*
reactions with RO2* and HO>*) and significantly boost OA oxidation under atmospherically
relevant [*OH]. Through autoxidation, OA oxidative aging in the atmosphere may proceed
on timescales from less than a day to several days, much more rapidly than prior laboratory
results have suggested. This result opens up new avenues for heterogeneous OA oxidation
to play key roles in various atmospheric processes. Although the laboratory studies showed
clear evidence for enhanced OA aging kinetics and the formation of ROOH, ROH, and
fragmentation products, the autoxidation-involved kinetic parameters have large
uncertainties. This is mainly caused by: (1) the RH + RO»* reaction kinetics have been less
studied for system relevant to atmospheric OA species;*? and (2) the ROOH decomposition

33-38 Therefore,

rate constant and mechanism are largely varied with chemical structures.
the corresponding kinetic model is constrained within the wide ranges of reported values
to our best knowledge. Thus, future studies are needed to help better determine the key
parameters for more accurate prediction of multiphase OA aging kinetics.

In the atmosphere, many OA processes could occur simultaneous with aging (e.g.,
secondary aerosol formation, new particle formation and growth, aqueous-phase reactions,

evaporation, etc.); thus, direct field evidence to support such rapid OA oxidation is

unavailable. However, the autoxidation-mediated fast OA aging reported in this work
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should be considered in the interpretation of field measurements. Another surprising
outcome of our findings is that the gas-phase *OH is only an initiator of OA aging, rather
than the main oxidant, implying that OA oxidative aging may efficiently take place even
under dark conditions (e.g., nighttime or in indoor environments). Additionally, substantial
ROOH may be present in the oxidized OA particles as reactive oxygen species, which are
well known to result in health effects.* We also suggest that autoxidation can lead to OA
oxidation throughout the entire aerosol particle even for highly viscous OA, rather than
confined at the gas-particle interface, as previously understood. Lastly, we show that
autoxidation may have an extending influence on the entire OA particle composition during
oxidative aging. It will increase the oxygenation of OA efficiently and facilitate
fragmentation chemistry. The rapid and enhanced oxygenation of aerosol particles through
this mechanism may result in increased cloud formation potential than previously predicted,
leading to larger indirect climate effects. Overall, the autoxidation mechanism reported
here unveils the nature of heterogeneous aerosol oxidation chemistry and highlights the

need to rethink aerosol aging processes in the real atmosphere.
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Chapter 4 Role of Hydroperoxyl Radicals in Heterogeneous Oxidation of Oxygenated

Organic Aerosols

4.1 Introduction

OAs account for a large fraction of fine particulate matter (PMa 5) in the atmosphere,
significantly impacting climate, visibility and human health.!-* Throughout their lifetime,
OA particles undergo heterogeneous oxidative aging by gaseous oxidants, such as *OH,
which continuously affect their reactivity, chemical composition, and properties.** HO-®
closely coupled with *OH, are another important gas-phase reactive oxidants in the
atmosphere and are primarily generated by daytime photochemical reactions.” The typical
tropospheric [HO2*]/[*OH] ratios are approximately within the range of 10-100, with
[HO:°"] up to the order of 10® molecules cm™.10-13

The oxidation mechanism and related kinetics of HOx* (= HO,* + *OH) reactions
are well-studied in the gas phase.'*!” *OH initiates the oxidation of a generic gas-phase
organic molecule (R—H) by H abstraction to produce an alkyl radical (R*), and a subsequent
peroxy radical (RO,*) is formed after molecular oxygen addition. In the absence of nitrogen
oxides, the RO>* primarily undergo bimolecular reactions with HO* to form organic
hydroperoxides (ROOH) and with another RO»* to produce an alcohol-carbonyl pair (i.e.,
ROH and R=0), wherein both pathways could also form RO*® with varied branching ratios
depending on the RO, structure.!®-?3 The labile hydroperoxide functionality in ROOH has
a significant impact on the subsequent organic degradation and evolution in both the gas

and particle phases.!®- 2426 In strong contrast to this well-known gas-phase HO»* chemistry,
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the mechanistic understanding of the multiphase HO,* processes is very limited despite
that kinetic observations of HO»*® uptake on the interface of aerosol particles have been
widely reported, especially for aqueous aerosols.?’3? For example, Lakey et al.?° reported
HO»* uptake onto aerosol particles with the uptake coefficient from < 0.004 (dry particles)
to ~0.09 (aqueous particles) in laboratory studies; Copper et al.?” and Zhou et al.! observed
HO:* uptake onto ambient aerosols with the uptake coefficient of 0.025 — 0.24. George and
Abbatt® summarized the heterogeneous *OH oxidation mechanisms of OAs in analogy to
the gas-phase oxidation and proposed that the RO,* + HO;* reactions proceed in a similar
manner leading to ROOH formation. But to our knowledge, no prior work has reported the
direct observation of this pathway. For instance, previous studies have attempted to
indirectly probe ROOH formation by including the reaction mechanism in a kinetic
model® or estimating the number of oxygen atoms added per reacted parent OAs.** But
conclusive evidence for ROOH formation in heterogeneous oxidation was not provided
due to the challenges in directly detecting ROOH. Furthermore, it is unclear how gaseous
HO,* affects heterogencous OA oxidation kinetics and molecular composition by
regulating RO* formation and hence secondary chain propagation chemistry.® 2% 34 Lastly,
it is also elusive whether the RO;* + HO>* reactions (if any) occur at the particle interface
following collisions or in the bulk by the absorption mechanism.?’

In the study, we perform *OH-initiated heterogeneous oxidation experiments of
several oxygenated OA model systems under varied [*OH] and [HO.*] with controlled

[HO2*]/[*OH] ratios. These OA model surrogates contain multiple functional groups with
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a wide range of O/C ratios of 0.40 — 1.00, representing moderately to highly oxidized OAs
in the atmosphere. We characterize the molecular composition of the heterogeneously
oxidized OAs by a suite of mass spectrometry instrumentation.> 3>37 From these
measurements, we report direct observation of ROOH formation and propose the *OH-
initiated heterogeneous OA oxidation mechanisms under atmospherically relevant

[HO:*)/[*OH] ratios.
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4.2 Materials and Methods

4.2.1 Chemicals and reagents

The chemicals and reagents with their purities and suppliers used in this study are
as follows: 3-methylglutaric acid (TCI, >99.0%), adipic acid (Sigma-Aldrich, >99.5%),
glucose (TCI, >98%), tricarballylic acid (Acros Organics, 99%), 1, 2, 3, 4-
butanetetracarboxylic acid (Acros Organics, >99%), camphoric acid (Sigma-Aldrich, 99%),
1, 3, 5-cyclohexanetricarboxylic acid (Sigma-Aldrich, cis 90%), suberic acid (TCIL, >99%),
xylitol (Acros Organics, >99%), methanol (Fisher Chemical, 99.9%), hydrogen peroxide
(H203, Fisher Chemical, 30% aq. soln.), water (Fisher Chemical, HPLC Grade Submicron
Filtered), deuterium oxide (thermo scientific, 99.8 atom % D), toluene (Certified ACS,
99.9%), pyridine (DriSolv., 99.8%), BSTFA W/1% TMCS (Restek Corporation),
acetonitrile (Fisher Chemical, 99.95%), tartaric acid (TCI, >99.0%) and isoprene (Alfa

Aesar, 99%). None of the above chemicals nor regents were used with further purification.

4.2.2 Experimental details

All experiments were carried out in a Quartz laminar FTR (~4.12 L) under room
temperature (~ 295 + 2 K).> 3339 The relative humidity (RH) was adjusted by controlling
the fractions of clean dry air through vs. bypassing a water bubbler to achieve the wet
condition (77 £ 3%) or dry condition (32 + 3%). The total flow rate in the FTR was 4 L
min!, corresponding to a residence time of ~ 60 s. O3 was introduced into the FTR by
passing pure Oz through an ozone generator (Jelight, Model 610). *OH were generated by

Os photolysis in the presence of water vapor by two mercury UV lamps (A = 254 nm). A
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total of nine OA model compounds with multiple different functional groups were studied
under wet conditions, including 3-methylglutaric acid (CsH1004), adipic acid (CsH1004),
glucose (CsH120g), tricarballylic acid (CsHsOs), 1, 2, 3, 4-butanetetracarboxylic acid
(CsH100s), camphoric acid (Ci0H1604), 1, 3, 5-cyclohexanetricarboxylic acid (CoH120g),
suberic acid (CgH1404), and xylitol (CsH120s). A constant output aerosol atomizer (TSI Inc.
Model 3076) was used to generate polydisperse OA particles from aqueous solutions (1 g
L) of these model compounds. The typical OA particle mass loading in the FTR was 2600
— 5000 ug m>; the mean surface-weighted particle diameters of the generated OA
surrogates were in the range of 200 = 20 nm — 240 + 30 nm. The high aerosol mass loadings
are necessary to ensure that minimal fractions of the OA species, which already have low
volatilities, are in the gas phase such that any observed ROOH is formed in the condensed
phase. For these nine model systems, two oxidation conditions were examined, i.e.,
[HO2*)/[*OH] < 1 vs. [HO2*]/[*OH] ~ 40 (see the section below). Among these OA
surrogates, 3-methylglutaric acid was investigated in greater detail under more
experimental conditions, including varied RH and particle sizes, more scattered
[HO:*)/[*OH] scenarios, and more comprehensive product characterization. This allows for
a closer examination of the HO»*® heterogeneous chemistry and its impacts on the oxidation
kinetics and OA molecular composition.

The OA particle size distribution and number concentration were measured by the
SEMS and the MCPC, respectively. O3 concentration was measured by an ozone analyzer
after a HEPA filter that removes particles at the FTR exit. The OA particles were guided

through a charcoal denuder to remove gas-phase compounds followed by a 1.6 L min’!
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dilution flow containing humidified air with H,O or D,0O. With D0, it allows for
hydrogen-deuterium exchange (HDX) on any labile H atoms (i.e., H in -O—H and -O-O-
H converted to D).*° The diluted OA particles were then sampled by the TD-CIMS
Aerodyne Research with the I chemical ionization source for real-time molecular
composition analysis, with the TD temperature set to 180 °C to vaporize most OA species.>
38 Under this TD temperature, only ~0.8% and ~1.6% of unoxidized and oxidized 3-
methylglutaric acid particles were remained in the particle phase, respectively, indicating
the high efficiencies of vaporizing the OA particles into the gas phase. In addition to real-
time characterization, aerosol samples at all oxidation stages were collected by a sequential
spot sampler for offline analyses using an electrospray ionization time-of-flight mass
spectrometer in the negative ion mode ((-)ESI-MS, Aerodyne Research Inc.)’® and a gas
chromatography mass spectrometer (GC-MS, Agilent Inc., 7890 GC and 5975 MSD) with
prior derivatization®> #!- 42 in the 3-methylglutaric acid experiments. The (-)ESI-MS was
utilized to examine the role of HO,* in the comprehensive OA molecular composition. The
GC-MS analysis was conducted to study the HO,* impacts on heterogeneous OA oxidation

kinetics and provide some insights into the isomer-resolved products.

4.2.3 HOx’ control and estimation

For the heterogeneous oxidation experiments requiring higher [HO:*]/[*OH],
methanol was continuously injected into the FTR by a syringe pump at controlled rates.
The *OH oxidation of methanol is known to efficiently generate HO,®.#**> Without a

detection method to directly quantify [*OH] and [HO-°], their concentrations were
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estimated by a photochemical box model based on MCM v3.2 including all the inorganic

39, 46, 47

gas-phase reactions and methanol oxidation mechanism. The chemical reactions to

generate *OH and HO>* in the box model are listed in the Table 4.1. The estimation of

39,48 In these reactions, the

[*OH] was carried out using this approach in our prior studies.
only unknown parameters are Oz photolysis rate constant and *OH and HO>*® wall loss rate
constants.*® We set these values as tuning parameters and optimized their values to reach
the best measurement-simulation agreement. Specifically, the measured and simulated [O3]
were used to constrain O3 photolysis rates; [*OH] experimentally determined by the
consumption of methanol measured using a high-sensitivity proton-transfer-reaction mass
spectrometer (PTR-MS, lonicon Analytik Inc.) were used to constrain *OH wall loss rate
constant in the box model. Lastly, the production of H>O; has been used to estimate [HO>*]
in prior research because HO»"® is the principal H,O, source.**> >° We followed the same
approach and constrained the HO® wall loss rate constant by comparing simulated [H20]°
with that quantified using H2O» standards detected by I'-CIMS. The model performance
was verified by comparing simulation outputs and measurements in characteristic
experiments. The comparison results suggest that the model can simulate [*OH] and [HO:*]
within 30% accuracy under most experimental conditions. The model results suggest that
in the absence of added methanol, HO2* can be produced by *OH + O3, but the resultant
[HO:*)/[*OH] ratio is only < 1, much lower than atmospheric conditions. With methanol
oxidized by *OH, we can achieve much higher [HO:*]/[*OH] by regulating O3 and methanol

injection concentrations. We hence used this box model to design the initial [O3] and
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[methanol] in experiments to reach controllable [HO*]/[*OH] with maximum values ~ 55,
which is relevant to real atmospheric conditions. The *OH exposure ranged from 9 x 10'°

to 4 x 10'2 molecules cm™ s in all experiments.
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Table 4.1 Reactions and rate constants in the box model

Reactions Rate constant (s! or cm® molecule™! s!)
O3 2 01D I
01D - *OH + *OH 2.14 x 10'° x [H,0]
*OH + O3 > HO»* 1.70 x 102 x exp(-940/T)?
HO,* + 03 > *OH 2.03 x 10716 x (T/300)*57 x exp(693/T)
*OH + HO,® 2> 4.8 x 10! x exp (250/T)
HO;* +HO,* 2 H,0; 2.20 x 10°1% x KMT06¢ x exp(600/T) + 1.90 x

1033 x M x KMTO06 x exp(980/T)

H,0; - *OH + *OH Jo?
CH3;0H + *OH - HO,* + HCHO 2.85 x 107" x exp(-345/T)
HCHO - CO + HO;* + HO>® J1x0.342 x 0.2/1148/0.92
HCHO - H; + CO J1x0.342 x 0.497/1148/0.92
*OH + HCHO - HO,* + CO 5.40 x 1072 x exp(-135/T)
*OH - wall loss 50¢
HO,* = wall loss 4¢

4J; = 0.17 under wet conditions (RH ~ 74%—80%); J1 = 0.2 under dry conditions (RH ~
29%—-34%).

bT: temperature (K).

KMTO06 = 1 + (1.40 x 10! x exp(2200/T) x [H20]

], = 0.00254 s”! based on measurement.

“The wall loss rate constants are constrained by the box model.
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4.3 Results and Discussion
4.3.1 ROOH formation during OA heterogeneous oxidation

Consistent with the well-accepted mechanism described above, the OH-initiated
heterogeneous oxidation of all the studied oxygenated OA surrogates forms a series of
multi-functionalized products through RO;* self-reaction, including the first-generation
products of R=0 (carbonyl), ROH (alcohol), along with the second-generation products of
R(=0); (dicarbonyl), R(=0)OH (hydroxycarbonyl), and R(OH): (diol).> ¢ 33 35 Because
ROOH and R(OH): are isomers, it is impossible to differentiate them by typical mass
spectrometry analysis, causing challenges for ROOH identification. But because they are
formed by different oxidation generations and pathways, we attempt to demonstrate their
different abundances under varied [*OH] and [HO:*]. In the (—)ESI-MS results for 3-
methylglutaric acid oxidation shown in Figure 4.1A, CsH10Os (sum of ROOH and R(OH)»)
were formed with very limited fraction among all the major functionalization products (<
1% signals) under [HO;*]/[*OH] < 1 and low [*OH]. Its relative abundance increases with
enhanced *OH exposure, indicative of the formation of the second-generation product
R(OH),.*? In contrast, under identical [*OH] and thus likely similar R(OH)., the fractions
of C¢H100¢ are much greater (up to ~ 10%) with higher [HO:*]/[*OH]. The gap is especially
significant under lower [*OH], suggesting that ROOH formed from RO>* + HO»* is likely
the dominant contributor to C¢H100s where multigenerational oxidation is limited.
Likewise, results from the TD-CIMS measurements of relative C¢H10Os signals from 3-
methylglutaric acid oxidation (Figure 4.1B) under two constant conditions of *OH

exposure conditions both exhibit increasing trends as a function of [HO:*], supporting
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formation of ROOH from RO;* + HO:*. Notably, the fractions of C¢H100s among the major
products are always higher under lower *OH exposure condition, further suggesting that
ROOH is a main contributor.

Figure 4.2 illustrates the TD-CIMS mass spectra for the heterogeneously oxidized
3-methylglutaric acid. Two conditions with identical *OH exposure but very different
[HO2*]/[*OH] are focused with the ratio of < 1 (without methanol) and ~ 40 (with methanol,
determined by the box model). The CsH10Os signals in Figures 4.2A—2B show the sum of
ROOH and R(OH);, which are much stronger with higher [HO>*]/[*OH] under similar
[*OH], while the differences for the other major peaks are negligible (Figure 4.2B vs. 4.2A),
indicating the enhanced ROOH formation from RO;* + HO,* and agreeing with results
illustrated in Figure 4.1. To unambiguously determine ROOH formation and abundance,
we applied the HDX method to couple with the TD-CIMS to separate ROOH from R(OH)s.
HDX is expected to occur on functional groups with labile H atoms (i.e., H in —O—H and —
O-0-H).>!>3 In the experiments using D>0O, the I clusters of a detectable organic molecule
(i.e., [M+I]") were observed to undergo a m/Q shift by mass units corresponding to the
number of labile H atoms in the organic molecule structure. The I adduct ion of CsH10Os
from 3-methylglutaric acid heterogeneous oxidation has a m/Q shift of 3 Th by ~85%,
corresponding to the ROOH, and a m/Q shift of 4 Th by ~15%, corresponding to the
R(OH), (Figure 4.2C). This directly demonstrates that ROOH is the major form of
CeH1006 under the studied conditions. We ruled out the possibility of incomplete HDX for
R(OH); by testing tartaric acid, a chemical with two carboxylic acid groups and two alcohol

groups, which exhibits complete HDX with a m/Q shift of 4 Th. The other studied OA

170



model compounds with multiple alcohols or carboxylic acids also exhibit complete HDX.
These results elucidate the formation of ROOH during heterogeneous *OH oxidation for
the first time. As a minor note, the m/Q shifts for the other species in the mass spectra are
also consistent with their expected functionalities. As shown in Figure 4.2C, most of the
initial CgH100s signals are contributed by ROOH under atmospherically relevant
[HO2*]/[*OH], strongly supporting the importance of ROOH from RO2* + HO>* during

heterogeneous *OH oxidation.
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Figure 4.1 The fractions of CsHi10Os in all the functionalization products, including
CsHsOs (R=0), CsH100s (ROH), CsHsOs [R(=0)2], CsHsOs [R(=O)OH], and CecHi0Os
[sum of ROOH and R(OH)], from 3-methylglutaric acid oxidation in (A) (-)ESI-MS
results as a function of *OH exposure; and (B) TD-CIMS results as a function of [HO>"].
The [HO:*]/[*OH] ratios ranged between < 1 and 55 are indicated by the color scheme
shown in (A).
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Figure 4.2 The mass spectra of *OH-initiated heterogeneous oxidation of 3-methylglutaric
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The unambiguous formation of ROOH was not only observed from the 3-
methylglutaric acid systems, but also from the other studied OA surrogates. We further
calculated the intensity-based fractions of ROOH among the first-generation
functionalization products (i.e., the sum of ROOH, R=0, and ROH) in the oxidized OA
under a range of *OH exposure (7.6 x 10''=1.5 x 10'> molecules cm™ s) for all the
investigated OA surrogates (Figure 4.3). We found that high [HO,*]/[*OH] leads to an
increase in the ROOH fractions for all the model systems except for tricarballylic acid.
This suggests that the proposed ROOH formation from RO* + HO>® is rather a generic
reaction during heterogeneous oxidation of OAs. The relative abundance of ROOH for
these OA surrogates ranges from 0.37+0.02% to 10.37£1.10% under [HO>*]/[*OH] < 1 but
are enhanced to 1.83+0.06% — 24.95+0.53% under [HO>*]/[*OH] ~ 40. It should also be
emphasized that ROOH are known to be thermally labile and could undergo decomposition
during thermal desorption in TD-CIMS.>*>7 To provide some quantitative constraint of the
thermal decomposition, we generated a well-known gas-phase ROOH, isoprene hydroxy
hydroperoxide (ISOPOOH, CsH003)>% %%-! in the FTR from isoprene oxidation, which is
the dominant product detected at m/Q 245 Th by I"-CIMS.%? The isoprene oxidation
products including ISOPOOH was sampled by the TD-CIMS under room temperature and
180 °C (the same operation temperature for the oxidized OA model systems). We found
that the CsH1003 signal dropped by ~2/3 under 180 °C, indicating that the actual ROOH
can be 3 times more substantial than the results reported in Figure 4.3. Taking the ROOH
thermal decomposition loss into account, the ROOH relative abundance in 3-

methylglutaric acid heterogeneous oxidation under [HO:*)/[*OH] ~ 40 are in similar
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magnitude between the TD-CIMS measurements (~6%) and the (—)ESI-MS data (~10%,
Figure 4.2). The ROOH relative abundance among the first-generation functionalization
products approximately reflects the branching ratio of RO,* + HO»*® against RO>* + RO>".
These results thus suggest that the branching ratio of RO,* + HO>*® in heterogeneous OA
oxidation under atmospheric [HO:*]/[*OH] may account for up to ~50% of the RO,*
bimolecular fates. We should note that this approximation assumes that all the
functionalization products have similar sensitivities in I'-CIMS and similar sensitivities in
(—)ESI-MS, which is not confirmed due to the lack of authentic standards. But it is likely
a reasonable estimate considering the similar chemical structures of the products for each
OA surrogate system. However, different ROOH may have distinct thermal decomposition
behavior and treating all ROOH the same could lead to some uncertainties.

Obviously, the ROOH enhancement (by a factor of 1.3 — 5.0) is to a much lesser
degree compared to that of [HO,*] (by a factor of > 40) and the reason for this is unclear.
We suspect that the HO,* uptake and reaction with RO,* is more efficient under lower
[HO>*]. The other possible explanation is that the bimolecular autoxidation (i.e., RO2* +
R—H) that we previously proposed may partly contribute to the observed ROOH.> This
would be surprising and may suggest that the bimolecular autoxidation may be rapid
enough to compete with RO;* + RO,*/ HO»* reactions even under high [*OH]. Future
studies are warranted to elucidate the ROOH formation mechanisms under low
[HO>*]/[*OH]. But regardless, the enhanced ROOH formation with higher [HO,*]/[*OH]
reported here clearly demonstrates the occurrence and importance of RO,* + HO»*® reactions

in heterogeneous OA oxidation.
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43.2 The role of HO;* in heterogeneous oxidation Kkinetics and molecular
composition

With the elucidation of ROOH formation from RO;* + HO>® reactions, we continue
to examine how HO»* affects the OA oxidative aging kinetics. It is well known that the
RO;* + RO>* reactions may partly form RO®, which can abstract H from R—H and form
RO>2* (known as chain propagation). This process effectively contributes to the R-H
degradation.® 3* The substantial presence of HO* could compete with RO,*® to react with
RO:>* and hence reduce the RO* formation from RO;* + RO;* as a smaller fraction of RO,*
undergoes self-reaction. By this mechanism, it is expected that the OA oxidation kinetics
may be slower with enhanced HO:*. Here, we investigated the degradation of 3-
methylglutaric acid as a function of *OH exposure and obtained the oxidation kinetics from
the GC-MS measurements. The enhancement of HO»® plays a negligible role in the decay
rates of 3-methylglutaric acid within the measurement uncertainties, suggesting that the
RO;* + HO>* reactions offset the reduced RO* formation from inhibited RO>* + RO2* and
sustain the secondary chemistry. This can be explained by that RO2* + HO>* reactions also
directly produce RO* (and release *OH);2%23 the ROOH may also be photolyzed into RO®
and *OH.'% 23-26 Indicated by the kinetic results for the case of 3-methylglutaric acid, the
RO* and *OH from RO;* + HO»* contributed to 3-methylglutaric acid oxidation to a similar
extent as RO*® from RO»* + RO".

As reported by Kurtén et al.®* for gas-phase RO»* + HO>*, the RO* + *OH formation

pathway may have a large branching ratio if the RO,* is on a tertiary carbon.?!"? In contrast,
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the less substituted primary and secondary RO* are likely the main contributors to ROOH
formation. In the case of 3-methylglutaric acid, the primary oxidation site is the tertiary
carbon, followed by the primary carbon, while the two secondary carbons adjacent to the
carboxylic acids are less oxidized due to the mesomeric effect, as discussed in our prior
work and supported by new isomer-resolved GC-MS results.*®> For example, the dominant
alcohol product (> 80%) has the —OH group on the tertiary carbon; the dominant carbonyl
product (> 80%) has the C=O group on the primary carbon (i.e., an aldehyde). This
aldehyde tends to be further oxidized into tricarballylic acid. Based on this, a mechanism
for 3-methylglutaric acid *OH oxidation is shown in Figure 4.4.% 236465 It is expected that,
by reacting with HO»®, the dominant tertiary RO>* mainly produces RO®* + *OH and the
less abundant primary RO,® mainly forms ROOH.?!"?3 This agrees with that the relative
abundance of ROOH during 3-methylglutaric acid oxidation is on the lower side among all
the studies OA surrogates (Figure 4.3). In fact, as shown in Figure 4.3, all the studied OA
model compounds with tertiary carbons as the primary oxidation sites have relatively lower
ROOH abundance, while those with secondary and primary carbons as the main oxidation
sites (i.e., 1, 3, 5-cyclohexanetricarboxylic acid, camphoric acid, adipic acid and suberic
acid) exhibit much stronger ROOH formation. These discrepancies among different OA

model systems are highly consistent with our proposed RO>* + HO>* mechanisms.
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Despite the little influence on the oxidation kinetics for 3-methylglutaric acid, HO,*
have a greater impact on OA molecular composition through heterogeneous oxidation. As
expected, the formation of ROH and R=0 from RO;* + RO;"* reactions is suppressed under
high [HO2*]/[*OH] because more RO,* react with HO,*. Due to the RO*® produced from
RO;* + HO»*® sustaining the chain propagation chemistry from which ROH is a product
(Figure 4.4),2-2% it is also expected that suppression for ROH is to a lesser extent than R=0.
However, this is not the case. In fact, the ratio of R=O/ROH slightly increases with higher
HO>*, indicating an efficient pathway to form R=0O with ROOH involved. We suggest that
R=0 can be formed from further *OH oxidation of the primary ROOH with *OH as the co-
product (Figure 4.4). The tertiary RO® can also undergo fragmentation reactions to produce
smaller molecules, mainly acetoacetic acid (CsH¢Os3, Figure 4.4).> 3 The absolute
intensities of acetoacetic acid measured by TD-CIMS under different [HO,*]/[*OH] vary
insignificantly, agreeing with the discussion above that RO>* + HO»® reactions offset the
decreased formation of RO®* from RO2* + RO;*. On the other hand, the much higher
abundance of acetoacetic acid relative to ROH + R=0 in the presence of additional HO,*
suggests that a great fraction of the RO*® that undergoes fragmentation comes from RO>* +
HO>*, rather than RO»* + RO»".

Finally, we examined how HO>* affected the overall OA composition. We present
the average carbon oxidation state (OSc) and O/C ratio from the 3-methylglutaric acid
heterogeneous oxidation under different [HO>*] and [*OH] conditions, based on the

observed (—)ESI-MS intensities of all the observed oxidation products with chemical
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formulas of Ci.sH2-10038. The OSc and O/C ratios increase by ~0.10 and ~0.05,
respectively, as [HO,*] increased by sevenfold under a constant lower [*OH] of ~ 4.4 x 10°
molecules ¢cm™, indicating that HO»* facilitates OA chemical evolution. In contrast, in
similar experiments but with higher [*'OH] of ~ 2.4 x 10!° molecules cm™, the OS¢ and
O/C ratios do not exhibit as prominent increasing trends with enhanced [HO:*]. These
results suggest that under high [*OH] and hence high [RO:*], RO2* + RO:* reactions are
already sufficient, and thus the impacts of HO2* on the overall heterogeneous oxidative

aging is less pronounced.

4.3.3  The interfacial nature of RO;* + HO,*

In order to further investigate where the RO»* + HO:* reactions take place in the
particles, we examined ROOH formation under both wet (high-RH) and dry (low-RH)
conditions. It was expected that the HO:* uptake is more effective under the wet
conditions®® 3%, but surprisingly, the ROOH formation was higher under the dry condition
regardless of [HO>*]/[*OH] (Figure 4.5A). The higher ROOH relative abundance under the
dry condition turns out to be a result of both more strongly increased ROOH signals and
decreased R=0 and ROH signals from the TD-CIMS data. The more prominent decrease
in R=0 and ROH intensities under lower RH is expected due to larger diffusion limitation
and reduced parent OA reactivities.® But unexpectedly, the slower oxidation and hence
reduced RO»* formation is somehow offset by the promoted RO2* + HO>* which leads to

higher ROOH. Previous studies have reported that aerosol particles containing low water
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contents tend to have negligible HO,® uptake due to the diffusion limitation.?® 3° The key
difference here is that the OA particles interacting with gaseous HO»*® are oxidized and
contain RO;* at the interface. We thus hypothesize that the higher ROOH fractions under
the dry condition is because the RO>* + HO»*® reaction takes place at the particle interface
immediately after collision, rather than by the absorption mechanism. Despite the reduced
total RO>* formation under the dry conditions, the formed RO>*® are less mobile and more
effectively accumulated at the particle surface region due to slower diffusion, allowing the
colliding HO,* to react with the interfacial RO,* more readily. The (—)ESI-MS
measurements are also consistent with the TD-CIMS results. In these measurements, the
oxidized aerosols under two different RH conditions were collected by the spot sampler
where the particles were grown into aqueous droplets under supersaturation conditions and
sit in the form of droplets for minutes before the (—)ESI-MS analysis. Thus, the fact that
the (—)ESI-MS results are consistent with those from TD-CIMS rules out possibility that
the lower ROOH under the wet condition is due to aqueous decomposition. Rather, we
suggest that the ROOH formation is indeed promoted under the dry condition. Moreover,
by varying the concentration of 3-methylglutaric acid in the aerosol atomizer, the particle
size distribution was also modified, resulting in varied particle surface-to-volume ratio by
a factor of two. With increased surface-to-volume ratio, the ROOH relative abundance
through the same heterogeneous oxidation experiments (i.e., identical [*OH] and [HO:*])
also increased (Figure 4.5B), supporting the above hypothesis that the RO>* + HO,*
reaction occurs at particle interface. In the atmosphere, particle surface uptake is an

important loss pathway for gaseous HO,*.?”-31:67 We suggest that the presence of RO>* at
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the interface in the particle bound could enhance the HO»* uptake and also heterogeneous

ROOH formation.

4.4 Atmospheric Implications

In this work, we report heterogeneous RO»* + HO>* reactions during *OH-initiated
oxidative aging for several oxygenated OA model systems. Direct observations of ROOH
formation from these reactions are shown for the first time by using HDX with the TD-
CIMS analysis. The heterogeneously formed ROOH may contribute significantly to the
total oxidized OAs. Evidence is also shown to support that the heterogeneous RO>* + HO,*
reactions may also produce RO* + *OH for tertiary RO>*, similar to that reported in the gas-
phase systems.?%23 These two RO>* + HO,* reaction pathways together facilitate
compositional change of the heterogeneously oxidized OA particles. This HO>*-involved
chemistry is suggested to occur at the particle interface and is promoted when the interface
is enriched with RO>".

Prior field observations suggested significant loss of HO:* through aerosol
uptake.®®7! The work reported here provides new mechanistic insights into the subsequent
fates of the uptaken HO»*® in the particle phase. The first RO2* + HO;* pathway leads to the
formation of ROOH, which are a class of reactive oxygen species that are known to cause
adverse health effects.”” This reaction has been highly emphasized in the gas phase for
decades because ROOH substantially contribute to the atmospheric SOA.!3 ¢1- 7> The

ROOH formation via heterogeneous oxidative reactions reported here has not been
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recognized despite of the general hypothesis.® The other RO»* + HO»* pathway forms RO*

+ *OH2*23, thus recycling radicals in the condensed phase and propagating secondary
chemistry. In the explicitly studied 3-methylglutaric acid system, this pathway is likely
very important, owing to the tertiary carbon as the primary oxidation site. It remains to be
studied to what extent the other OA model compounds undergo this pathway and how the
varied results may affect the overall oxidation kinetics. It is likely that for compounds that
more dominantly undergo the first pathway and form ROOH, the overall oxidation could
be slower. Nevertheless, the products from heterogeneous RO2* + HO»* reactions are
crucial species and intermediates and may impact the OA composition and properties
significantly.

This work, together with several of our prior studies® 3¢ %, demonstrate that the
multiphase oxidation of OA particles can have very complex mechanisms and kinetics,
especially when the oxidation occurs under atmospherically relevant conditions (e.g., in
the presence of inorganic species, lower [*OH], and higher [HO:*]/[*OH]). These results
suggest that typical laboratory experiments do not accurately mimic atmospheric
multiphase oxidation processes. The key environmental factors need to be better
represented in laboratory setup and their influences need to be systematically investigated

in future studies to help better understand OA chemical evolution in the atmosphere.
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Chapter 5 Conclusion and Future Perspectives

5.1 Summary of Dissertation Work

The work discussed in this dissertation focused on (1) the development of mass
spectrometry techniques, methods, and applications in atmospheric chemistry; (2) the
mechanisms and kinetics of RO:*-centered chemistry in the gas phase and the particle
phase under atmospherically relevant conditions.

In Chapter 1, we discussed advanced mass spectrometry techniques, methods, and
applications in atmospheric chemistry research in the past several years while highlighting
the developments of IMR, various soft ionization methods, and unique coupling with
separation. The applications in laboratory studies and field measurements focused on
improving the detection limits for traditional and emerging VOCs, characterizing
multiphase highly oxygenated molecules, and monitoring particle bulk and surface
compositions.

In Chapter 2, we reported the occurrence of interactions between O3/H2Oz/peracids
and acidic OVOCs in the IMR region of I'-CIMS. Such interactions could lead to
unexpected formation of monomer and dimer adducts, leading to misinterpretations of
molecular compositions and distributions as well as an overestimation of the elemental O/C
ratio overall. Nevertheless, the varying degrees of signal change in response to secondary
ion chemistry might be a clue to inform OVOCs’ functionalities and reaction mechanisms
therein.

In Chapter 3&4 of this work we discussed new RO;* bimolecular oxidation

reactions in heterogeneous OA aging mechanisms. Chapter 3 demonstrates an autoxidation
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mechanism that RO»* reacts with parent molecules during the heterogeneous oxidative
aging of OAs. Our results suggested that OA heterogeneous oxidation might be 2—3 orders
of magnitude faster than previously reported with enhanced formation of organic
hydroperoxides, alcohols, and fragmentation products when [*OH] was decreased to
atmospheric levels. Chapter 4 reported strong and direct evidence for the hydroperoxide
formation from RO>* + HO>® reactions at the particle interface. Evidence was also shown
that heterogeneous RO,* + HO»* reactions may also produce ROe + *OH for tertiary RO>*,
similar to that reported in the gas-phase system. Through these projects, more mechanistic
insights into OA heterogeneous would reconcile the discrepancies between atmospheric

observations and laboratory studies.

5.2 Future Work
In the section, we discuss possible future developments of mass spectrometry to
further advance the field of atmospheric chemistry and future work of underexplored RO>*-

centered multiphase aging processes to better understand aerosol formation and evolution.

5.2.1 Quantification of complex organic mixtures

Accurate quantification using mass spectrometry remains a major challenge for
atmospheric organic species, especially for the oxygenated molecules without authentic
standards. The CIMS sensitivities depend on a number of factors, including the ion-
molecule reaction rate, the yield of the product ion, the stability and transmission efficiency

of the product ion, IMR temperature, relative humidity, electric fields, etc. As a result, it is
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challenging to constrain the sensitivities using physically based models.! Such complex
dependence could be simplified to some extent by the selection of ion chemistry and the
design of IMR, allowing the sensitivities to be controlled by fewer factors.

The sensitivities of some instruments have been shown to be proportional to the
ion-molecule reaction rate constants. These instruments include CF;0 -CIMS, PTR-MS,
and NO3; -CIMS.>* In CF;0 -CIMS, the ion-molecule reaction is in the kinetic-limited
regime, as the reaction time is on the order of 1 ms, enabled by the transverse IMR in the
Caltech CIMS. The reaction time in PTR-MS is even shorter (i.e., ~0.1 ms) because of the
drift voltage. In addition, the protonated ions produced from the proton transfer reactions
are stable in the electric fields. In NO3 -CIMS, even though the reaction time is relatively
long (~200 ms), the analytesNO;™ cluster is extremely stable and does not break apart in
the electric fields, so that it is often assumed that the analytes charges are at their collision
frequency with NO3~.> The ion-molecule reaction rate constants, which are essential to
constrain the sensitivities under this condition, can be calculated based on analyte dipole
moment and polarizability,* estimated based on the analyte molecular mass, elemental
composition, and functional group,? assumed at collision limit,® or considered to be the
same as another analyte which can be experimentally calibrated> 712,

Instead of ion-molecule reaction rate constant, the controlling factor of sensitivities
in some CIMS is the stability of product ion. This applies to the IMR design in which the
ion-molecule reactions are in thermodynamic equilibrium because of the long reaction time
(~100 ms in I-CIMS,!® C¢Hs"-CIMS,!* and (C,HsOH)H"-CIMS!®) or when a strong

declustering electric field exists (e.g., NHs*-CIMS!% 7). To constrain the sensitivity, the
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stability of product ion can be experimentally estimated using the voltage scanning tests,
in which the change in the product ion signal is monitored in response of a systematic
change in the voltage gradient between two ion optics.!®!®* However, the uncertainties of
this approach could be substantial, as a recent study by Bi et al. showed that this method
may carry uncertainties on the order of 0.5 to 1 magnitude for individual analytes in I
CIMS.?

In addition to intrinsic properties of IMR, an environmental factor affecting CIMS
sensitivity is the relative humidity. The sensitivities of a vast majority of analytes in most
CIMS show dependence on relative humidity. The relative humidity can increase or
decrease the sensitivity by affecting the distribution of reagent ion clusters and product
ions, stabilizing the ion clusters with in-excess collision energy, affecting the transmission
of water-soluble gases, and other mechanisms.! '3 Such water dependence largely
complicates the quantification. It is an active research area to minimize the relative
humidity dependence. For example, Vocus deliberately adds a large amount of water vapor
into the IMR, such that the variation in ambient relative humidity causes minimal
disturbance in the IMR and the water dependence in both H3O* and NH4*H>O" chemistry
is negligible.!7-2°

The quantification challenge is further compounded by the fact that atmospheric
organic species are often very complex mixtures, enriched with isomers. Yet, many of the
above-described mass spectrometry techniques cannot separate isomers. To explore the
isomer-dependent sensitivities, Bi et al. coupled a TAG-CIMS using " to a quantitative

flame ionization detector (FID) and reported that in I'-CIMS measurements an average
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number of three to five isomers were found per chemical formula,! but the isomers’
sensitivities could vary by a maximum of 2 orders of magnitude®.

The quantification issues may be more challenging for particle-phase organics
using ambient ionization mass spectrometry. For example, although the analyte response
and sensitivity in EESI-MS is less affected by changing OA matrix compared to traditional
infusion ESI systems, individual species have different sensitivities by a factor of 30 or
more.?? In contrast, in the study by Brown et al., although the measured signals using EESI-
MS are correlated and comparable with those measured by FIGAERO-CIMS, the relative
sensitivities to various compounds change by a factor of 100.2* During an aircraft
measurement, Pagonis et al. showed that variability of EESI-MS calibration factor is 60 %
(1), implying further concerns of the quantitative capability of EESI-MS in field studies.*
Moreover, the characteristic of corona discharge in DART-MS prevents the potential of
precise quantitative assays due to the lack of enough desorption and ionization
information.?> 26 Very limited efforts have been made to quantify speciated OA compounds

using other ambient ionization mass spectrometry techniques.?’

5.2.2 Real-time characterization of structures or functional groups

In recent years, the focus of real-time mass spectrometry developments has been
to improve mass resolution, sensitivity, and the range of detectable compounds. It remains
challenging to inform chemical structures or functional groups during these measurements.
Complementary analysis could fill the gap on this aspect, such as the iodometry-assisted

LC-MS,?-31 IMS-MS,**-% and spectrophotometric methods*®-3%, However, most of these

197



approaches are offline, particle-bound focused, and require sample collection, extraction,
etc. It would be helpful to develop continuous sampling approaches and auxiliary platform
methods to covert the “offline” mode to an “online” mode for the above techniques. The
information regarding chemical structures and functional groups in real time would greatly
benefit mechanistic understanding of processes in both the gas and particle phases. In
Chapter 4, we use a HDX system in front of the inlet of CIMS to separate isomers though
element replacements with higher atomic weight on any labile H atoms, contributing to the
real-time characterization of structures or functionalities of individual OA molecules.
Recently, online derivatization methods have been designed to couple with AMS for
determining particle-phase peroxides based on redox reactions:** supersaturated gaseous
triphenylphosphine is continuously added to mix with SOA samples in the front of AMS
inlet, and the formed triphenylphosphine oxide is then monitored and quantified by AMS
with a time resolution of 2 minutes. By combining with such online derivatization method,
the real-time peroxide quantification in the SOA could be achieved. It is anticipated that
other derivatization techniques could be developed for soft ionization mass spectrometry

to provide functional group information.

5.2.3 New gas-phase and multiphase chemical mechanisms

OAs ubiquitously exist in substantial fractions in the atmospheric components and
undergo complicated chemical processes throughout their lifetime of around a week.
However, the gas-phase and multiphase chemical mechanisms in aerosol chemistry have

not been sufficiently studied due to chemical composition complexity and measurement
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limitation of OAs. Past studies have focused on investigations of OA formation and
evolution on the molecular level, resulting in missing knowledge of OA oxidation
mechanisms in the atmosphere. For instance, monoterpenes-derived HOMs are one of the
largest sources of percussors leading to SOA formation, but fewer laboratories have
reported its isomeric-level composition.*® We hypothesize that isomeric constituents of
monoterpene SOA are distinctive between oxidation conditions including different
timescale, oxidant concentrations and reactor types. Combining with the HDX method and
other advanced techniques identify the functional groups, we aim to systematically study
RO;*-centered isomer distributions to fill a critical gap of the chemical dynamics and
mechanisms. Besides, nitrogen oxides enter the atmosphere primarily as nitric oxide (NO),
and multifunctional alkyl nitrates (RONQO>) have been reported as main oxidation products
in the gas phase to impact the tropospheric chemistry. As reported by Richards-Henderson
et al.,*! it is possible that RONO; is also produced in the particle phase from RO, + NO
reactions based on prior gas-phase mechanistic understanding. We aim to study the
particle-phase composition and RO»* behavior of various OA models both at OA particle
interface and in the OA bulk in the presence of NO, highlighting a comprehensive
mechanistic understanding of multiphase oxidative aging of OAs. These proposed projects

will improve the understanding of OA effects to the environment and climate.
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