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ABSTRACT 

Aerosol particles constitute a class of atmospheric pollutants that are detrimental to 
human health and influence the Earth’s climate. A significant fraction of aerosol mass is 
composed of organic material, produced by photochemical reactions of organic trace gases which 
form secondary organic aerosol (SOA). However, the large diversity of volatile organic 
compounds (VOCs) makes it challenging to identify all of the chemical reactions contributing to 
SOA formation. In addition to this chemical complexity, our ability to identify and measure all of 
the relevant organic compounds, especially species present in aerosol particles, is limited by 
challenges in efficiently sampling and detecting the various classes of molecules formed. 
Improving knowledge of the chemical behavior of aerosol will improve our ability to predict how 
changing emissions and chemical conditions will impact the formation and properties of 
particulate matter in the future. 

This thesis will explore recent improvements in instrumentation and measurement 
techniques and apply them to laboratory studies of organic carbon and SOA. First, we adapt a 
technique for measuring total suspended carbon to laboratory chamber experiments, converting 
organic compounds with high temperature catalysis to carbon dioxide, which is then monitored 
in real time. This allows for a “top-down” constraint on the overall concentration of all organic 
species (including SOA) as experiments proceed, as some lower volatility products are lost to the 
surfaces of the laboratory chamber. Second, we compare the measurements of SOA from three 
chemical ionization mass spectrometers using different ionization and desorption methods to 
detect particle-phase species. Clear differences emerge in the detected formulas across 
instruments, highlighting variations in chemical sensitivities to different classes of compounds 
and the influence of fragmentation on the detected products. Finally, we explore how changing 
peroxy radical fate influences SOA formation by monitoring SOA composition with extractive 
electrospray ionization (EESI) mass spectrometry. Differences in particle-phase products, 
particularly nitrates, hydroperoxides, and dimers, make the dependence of initial SOA 
composition on peroxy radical pathways clear. Over time, we observe a convergence of SOA 
spectra formed under different peroxy radical regimes, suggesting the influence of secondary 
products and particle-phase chemistry, though some differences persist from the initial gas-
phase peroxy radical fate. Overall, this thesis demonstrates improved tools for constraining and 
investigating VOC oxidation pathways leading to particle-phase organic species. 

Thesis supervisor: Jesse H. Kroll 
Title: Peter de Florez Professor of Civil and Environmental Engineering, Professor of Chemical 
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Chapter 1: Introduction 

1.1 The chemistry of organic compounds in the atmosphere 

The atmosphere is a chemically reactive environment whose local properties are 
determined by the presence of trace compounds. Two classes of compounds, ozone and aerosol 
particulate matter, have been recognized for their contribution to poor air quality since the 
identification of smog formation from emissions of volatile organic carbon species (VOCs) and 
nitrogen oxides (NOx, NO+NO2) (Haagen-Smit, 1952). Exposure to high concentrations of ambient 
aerosol is the most significant environmental risk factor for premature death worldwide 
(Landrigan et al., 2018; Pozzer et al., 2023). Aerosols and ozone are also climate forcers, 
influencing the balance of incoming UV and outgoing thermal radiation passing through the 
atmosphere (Fishman et al., 1979; Charlson et al., 1990; Pöschl, 2005). Decades of study 
investigating the processes controlling ozone and aerosol abundance have revealed a complex, 
multiphase, nonlinear system. Most reactions in the atmosphere are driven by the chemistry of 
radicals, which are generated by sunlight, combustion processes, and lightning (Anderson, 1987). 
Accurately describing the properties of this system and determining its sensitivity to changes in 
the biosphere, anthropogenic emissions, and the climate is essential for making projections of 
future atmospheric composition and its effects on society and ecosystems. 

The chemistry of reactive organic carbon (ROC) is crucial for the overall reactivity of the 
atmosphere, and has controlling influences on both ozone and aerosol chemistry (Heald & Kroll, 
2020). Organic emissions from the biosphere are ubiquitous, and many other classes of organic 
molecules are emitted during fossil fuel exploitation and the use of volatile chemical products. 
Once emitted, carbon-containing molecules undergo oxidation reactions with atmospheric 
radicals. This involves breaking higher energy carbon-hydrogen bonds or carbon-carbon bonds 
which are reformed as more stable carbon-oxygen bonds. The furthest extent of oxidation for a 
given carbon atom results in carbon dioxide. Though a substantial amount of carbon dioxide is 
formed from organic molecules in the atmosphere (Safieddine et al., 2017), much of the carbon 
in the atmosphere is instead removed by deposition (Bi & Isaacman-VanWertz, 2025). Many 
oxidation reactions facilitate the sequential addition of oxygen, as well as other inorganic atoms 
including nitrogen, sulfur, and chlorine. When these reactions proceed faster than fragmentation 
of the carbon skeleton, the resulting larger molecular structures and functional groups increase 
the polarity of the compound, lowering its volatility. The lowest volatility multifunctional 
products then deposit onto surfaces or condense into particles, generating secondary organic 
aerosol (SOA) pollution. 

A key branching point in the oxidation of organic compounds is the fate of the peroxy 
radical (RO2). The most prevalent oxidant in the atmosphere is the hydroxyl radical, OH (Orlando 
& Tyndall, 2012). ROC reactions with OH produce alkyl radicals, formed by the breaking of a 
chemical bond, which leaves a reactive open electron site. This is rapidly followed by the addition 
of gaseous oxygen (O2), producing a peroxy radical (Atkinson, 1986). Peroxy radicals then can 
react bimolecularly with nitric oxide (NO), the hydroperoxyl radical (HO2), cross reactions with 
other peroxy radicals, and nitrogen dioxide (NO2). Some can undergo isomerization reactions, a 
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unimolecular rearrangement that produces a secondary alkyl and then peroxyl radical (Peeters 
et al., 2009). Figure 1.1 illustrates the RO2 formation pathway and branching ratios leading to 
oxidized VOCs and SOA, which can react again to generate later generational products. The 
chemical formulas of the products from these different RO2 pathways will differ, and the relative 
rates of these pathways rates will depend on the relative oxidant concentrations for a given air 
parcel. Therefore, the overall rates of SOA formation, as well as SOA composition, are likely to be 
impacted by oxidation conditions of the peroxy radicals. 

 

Figure 1.1: Schematic of VOC Oxidation 

1.2 Laboratory measurements of organic carbon 

Studies of reactive organic carbon in the laboratory provide the opportunity to isolate key 
reaction pathways and identify trends in chemical behavior. This has been accomplished by 
focusing on characteristic ROC systems, such as the most common biogenic and anthropogenic 
emissions, which may be generalized to represent chemistry of the atmosphere in model 
simulations. Laboratory studies have been traditionally performed to characterize the overall 
yield of carbon converted from an organic precursor to SOA. Because the composition of the 
aerosol also determines its toxicity and radiative impacts, and may indicate the chemical 
formation pathways producing SOA, more recent studies have attempted to identify specific 
particle-phase products. It has been estimated that there may be hundreds of thousands of 
organic species in the atmosphere, with a wide range of chemical behavior that eludes 
comprehensive measurement. Therefore, “carbon closure” experiments have also been 
attempted to assess current instrumentation’s ability to track the evolution of organics through 
different stages of oxidation (Isaacman-VanWertz et al., 2017, 2018). 

Measurements of atmospheric composition have to overcome the challenge of detecting 
trace levels of many different species, which also span a wide range of chemical properties. The 
most broad type of chemical measurements are elemental analysis techniques, where a property 
such as the total concentration of carbon is measured with no chemical specificity (Roberts et al., 
1998; Maris et al., 2003). For identification of specific chemical pathways, online techniques are 
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highly valuable for monitoring the impact of atmospheric chemical processes with high time 
resolution, often occurring on a timescale of minutes to hours. Certain gas-phase species, such 
as ozone, NOx, and CO2 can be detected by gas analyzers, which quantify analyte concentrations 
by measuring the decrease in infrared light transmitted through a sampling cell due to 
interference of that species. Mass spectrometry techniques, which measure analytes by 
converting them to ions, ordering them by mass via manipulation through electric fields, enable 
versatile compositional measurements of a wide range atmospheric molecules. Time of flight 
mass spectroscopy has greatly increased the mass resolving power necessary to distinguish 
formulas with the same nominal masses (Junninen et al., 2010). The ability to ionize a given 
molecule determines how efficiently it will be detected with a mass spectrometer. Furthermore, 
higher energy techniques such as electron ionization tend to fragment the analytes sampled, 
prohibiting direct identification of the chemical formulas being measured. Chemical ionization 
mass spectrometry (CIMS) techniques manipulate ion-adduct chemistry to lower fragmentation 
rates and have permitted the direct detection of molecular species (Bertram et al., 2011). A 
proliferation of different ionization methods expanded the range of compounds which could be 
detected, including multifunctional, more oxidized, and intermediate- and lower-volatility 
species (Ehn et al., 2012; Lee et al., 2014a). Figure 1.2 (reproduced from Heald & Kroll, 2020) 
illustrates the increasing coverage of measurements over time with the expansion of available 
instrumentation. 

 

Figure 1.2: Timeline of available measurement coverage of different classes of reactive organic 
carbon species, classified by volatility. Reproduced from Heald & Kroll, 2020. 

For aerosol composition, offline measurements have long been used for probing aerosol 
properties and mass loadings. This involves a filter collection followed by either gas 
chromatography or elemental analysis to characterize the particles (Johnson et al., 1981; Chow, 
1995; Solomon & Sioutas, 2008). For mass spectrometric measurements of aerosols, the aerosol 
mass spectrometer (AMS) has been used to great effect in advancing online measurements of 
aerosol composition (DeCarlo et al., 2006). AMS measurements have been meticulously 
characterized with aerosol standards, enabling bulk aerosol quantification and speciation. 
However, the electron ionization method used in the AMS results in high fragmentation and 
cannot characterize individual products. This limitation motivated the adaptation of CIMS 
techniques to measurements of aerosol particles. Thermal desorption techniques have been 
coupled to CIMS in order to sample particle-phase species directly, though the high temperatures 
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involved can induce fragmentation of some species during vaporization (Lopez-Hilfiker et al., 
2014; Eichler et al., 2015). Finally, techniques such as electrospray ionization have been used to 
further limit the impact of thermal fragmentation (Lopez-Hilfiker et al., 2019). Different particle 
CIMS instruments, implementing a variety of source ions, have been able to measure a wide 
range of organic species, but have not been as extensively characterized for measurements of 
the particle phase as for the gas phase. 

Despite the advancements which have been made in atmospheric measurements, 
important gaps remain in our understanding of the oxidation systems commonly investigated in 
the laboratory. Though a complete accounting of carbon from precursor to a mixture of products 
has been achieved in chamber experiments, complications from deposition to the chamber walls 
are known but poorly constrained. Speciated measurements of aerosol species have greatly 
enhanced knowledge of the composition of SOA, but the comprehensiveness of these 
techniques, which are chemically selective, has not been thoroughly investigated for potential 
biases in the classes of aerosol which are detected. Lastly, while many studies of the formation, 
composition, and properties of aerosol have been conducted, there has been little systematic 
exploration of the impacts of gas-phase oxidation conditions on the identities of SOA 
components, especially with respect to conditions where multiple peroxy pathways are 
competitive. 

1.3 Thesis Outline 

This thesis will explore recent improvements in instrumentation and measurement 
techniques. It will assess their implications for laboratory and studies of the chemistry of organic 
carbon, focusing and applying some of these advances to characterize measurements of SOA 
composition, and connect particle-phase composition to the chemistry of peroxy radicals in the 
gas phase. 

In Chapter 2, we adapt a technique for measuring total carbon to laboratory chamber 
experiments, which lack direct constraints on carbon losses to walls and surfaces. We use the 
principle of high temperature catalysis to rapidly convert reactive organic carbon into carbon 
dioxide, which is then compared to a reference measurement. This is a straightforward way to 
quantify the overall levels of carbon present in a system. The low levels of background carbon 
dioxide make it easier to measure the quantities of carbon typically studied in a laboratory 
setting. The high time resolution of this measurement additionally enables us to identify changes 
in the amount of carbon dioxide lost to surface deposition, and the mineralization to carbon 
dioxide from extended amounts of oxidation. 

In Chapter 3, we compare the simultaneous measurements of multiple particle-phase 
chemical ionization mass spectrometers during chamber oxidation experiments in order to 
evaluate the relative differences in detection of individual SOA compounds. These comparisons 
assess the chemical identities detected in different instruments that can be determined from 
their chemical formulas. They identify overlaps between the particle-CIMS measurements, as 
well as key differences in the relative distributions of each instrument signal, with some 
ionization schemes favoring specific classes of products. These differences arise due to selectivity 
and fragmentation processes specific to the ionization and desorption methods used. Lastly, each 
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of the SOA measurements are compared with the more established but chemically nonspecific 
aerosol mass spectrometer, and relevant applications of different particle CIMS techniques are 
discussed. 

In Chapter 4, we apply another novel method for measuring particle-phase species, 
Extractive Electrospray Ionization (EESI) mass spectrometry, to investigate the impacts of 
oxidation conditions on the composition of SOA from α-pinene, a common biogenic precursor. 
The series of experiments conducted span a range of oxidation conditions to vary RO2 pathways. 
Specific product formulas measured in the SOA imply the influence of specific RO2 pathways 
consistent with explicit chemical modeling of the RO2 fates in illustrative experiments. 
Differences in particle composition across all experiments allow identification of trends in the 
behavior of atmospheric oxidation. The evolution of SOA composition as oxidation proceeds 
indicates increasing similarities in the products detected across experiments, but with some key 
features persisting. These results show that when adapting a simplified mechanism of SOA 
formation chemistry in earth system models, competition between multiple RO2 fates, rather 
than a paradigm which assumes linear competition of NO with HO2, will more accurately 
reproduce the chemistry of intermediate chemical regimes. 

In conclusion, this series of studies demonstrates the importance of developing and 
characterizing chemical measurements for the study of aerosol chemistry and organic reactivity. 
They identify important metrics for assessing the performance of specific measurement 
techniques and expand the range of conditions to be considered upon designing future studies 
of organic photooxidation by demonstrating the ability to monitor differences in composition in 
those different chemical regimes. These advances will assist in the development of more precise 
investigations of atmospheric processes, leading to better parameterizations of aerosol 
formation and its properties. 
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Chapter 2: Development of a Total Suspended Carbon Instrument for Use 

in Laboratory Studies  

2.1 Chapter Abstract 

The oxidative processing of reactive organic carbon (ROC) involves a very large number of 
unique species. Measurements of an increasing range of organic compounds have improved our 
picture of the overall presence of ROC and its oxidation products in the atmosphere. However, 
in spite of this progress within the laboratory towards a complete accounting of the 
transformation of all precursor carbon, or carbon closure, the quantification of loss processes to 
the walls of the chamber remains incomplete. In order to measure total suspended carbon in 
chamber experiments, we adapt a “total carbon” technique originally developed by Veres et al., 
2010 for calibration of field instruments. This measurement is performed by combining high 
temperature platinum and palladium catalysts to fully oxidize ROC to CO2, followed by a 
differential CO2 measurement to quantify the total carbon content. Here we characterize this 
setup (the “Oxycat”) in detecting a range of gas- and particle-phase carbon-containing species 
over a range of relevant concentrations. Furthermore, we demonstrate the incorporation of the 
Oxycat in estimating wall loss from oxidation of ROC, the evolution of total suspended carbon 
over time, and the formation of secondary CO2. The addition of this top-down carbon 
measurement provides a valuable constraint towards the quantification of wall loss and the 
assessment of the remaining gaps and overlaps between different ROC measurements. 
 

2.2 Introduction 

Organic compounds are key to the reactive chemistry of the atmosphere (Heald & Kroll, 
2020). They undergo oxidation reactions to form pollutants such as secondary organic aerosols 
(SOA), which determine air quality and have important implications for the radiative budget of 
the atmosphere. Exposure to high concentrations of pollutants such as aerosols have important 
implications for human health. Aerosols scatter and absorb light, which combined with their 
impact on the formation of clouds influences the energy balance and climate of the earth. There 
is also an estimated 1300 TGs of carbon dioxide produced from the oxidation of methane and 
other reactive organic carbon (ROC) species in the atmosphere, making it a secondary source of 
atmospheric CO2 (Safieddine et al., 2017). 

Quantification of ROC compounds and their influence on the chemistry of the atmosphere 
is a difficult problem to resolve due to the large number of species that are emitted from a variety 
of sources (Goldstein & Galbally, 2007). Key emissions and their major oxidation products have 
been identified for some time, but there remain major gaps to a comprehensive understanding 
of all compounds present in the atmosphere (Isaacman-VanWertz et al., 2017). Major 
improvements have been made in the detection of oxidized products, but these can still be lost 
to the walls of sampling lines if they are low enough in volatility. Furthermore, it is not feasible 
to make measurements of all species that are quantified by calibration of authentic standards. 
Chemical ionization mass spectrometers, which are essential for measuring large classes of 
organic compounds, have highly variable calibration sensitivities resulting from the selectivity of 
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ion-adduct chemistry. One approach to characterizing reactive carbon in the atmosphere is to 
measure total organic carbon content by combining measurements from multiple instruments, 
whose sensitivities cover different classes of compounds. Studies creating a total carbon budget 
from multiple instruments have been performed in the laboratory and ambient environments 
(Hunter et al., 2017; Isaacman-VanWertz et al., 2018; Price et al., 2019), and syntheses of multiple 
studies have been used to constrain variation in reactive organic carbon on a regional scale (Heald 
et al., 2008).  

When attempting to monitor the evolution of all organic carbon species in a laboratory 
chamber experiments, the impacts of deposition of low volatility species to the walls of the Teflon 
chamber and to the instrument sample line tubing must be considered. Losses of compounds to 
walls and sampling lines can serve as either a sink or a reservoir for species which will remain 
undetected while deposited. Some species may be volatilized at a later time after the phase 
equilibrium shifts, or products of photolytic or surface chemistry may be formed and emitted. 
This will influence the yields determined by chamber studies of SOA formation and potentially 
introduce contamination to the background concentrations in subsequent experiments. There 
have been a number of attempts at constraining the overall impact of chamber walls by 
measuring the loss rates of standard compounds (Yeh & and Ziemann, 2015) and oxidized 
products (J. E. Krechmer et al., 2016), as well as with varying aerosol loading (Nah et al., 2017) 
and temperature (L. He et al., 2024). However, these systems are not comprehensive and may 
not fully describe wall loss processes of the entire oxidation system or the variation between 
specific chambers. 

Total observed organic carbon estimates from multiple instruments can constrain the 
budget of radical organic carbon from the “bottom-up”. In contrast, a “top-down” approach to 
measuring total organic carbon can help constrain this budget by making a single, chemically 
nonspecific measurement. Early studies which measured total carbon content converted reactive 
organic species to carbon dioxide and then methane, before measuring the concentration with a 
flame ionization detector (Roberts et al., 1998; Maris et al., 2003). Veres et al., 2010 adapted this 
technique to a carbon dioxide gas analyzer, simplifying the steps involved to only require 
oxidation to CO2. Yang & Fleming, 2019 then applied this technique to sample ambient air at a 
monitoring station alongside a speciated measurement. More recently, this technique has been 
applied to ambient measurements of emissions from tar sands operations, wildfire plumes, and 
deposition rates (Hayden et al., 2022; M. He et al., 2024; K. Li et al., 2024; Liggio et al., 2025). 
Other catalyst based elemental analyses have been applied to nitrogen (Stockwell et al., 2018) 
chlorine (Furlani et al., 2023), and fluorine (R. Ye et al., 2024). Application of this measurement 
to a chamber has been performed, but mainly to quantify initial concentrations of total 
hydrocarbons (K. Li et al., 2021). To our knowledge, this approach to measuring total suspended 
organic carbon has never been used to monitor evolving TOC concentrations over the course of 
a laboratory study. 

Here we apply the technique of combining high temperature catalysis with an optical CO2 
measurement to laboratory chamber studies in order to quantify total suspended carbon in real 
time. This instrument, the “OxyCat”, allows for monitoring of the introduction of total carbon at 
the beginning of an experiment, as well as continuous tracking of the transformed carbon in the 
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chamber, which is expected to decrease due to dilution, conversion from organics to CO and CO2 

(“mineralization”), and partitioning of semi-volatile and low volatility species. The total carbon 
measurement therefore can aid in determinations of overall carbon closure and estimations of 
wall loss processes, whose characterization is essential to calculating aerosol yields and 
accurately describing the behavior of the ROC system. 

2.3 Methods 

A visualization of the components of the setup is shown in Figure 2.1. The technique 
converts ROC to CO2 and then detects the enhancement above background CO2 concentrations, 
following the approach by Veres et al., 2010 for verifying concentrations of gas standard 
calibrants at parts-per-million Carbon (ppmC) levels. We sample air through a packed platinum 
and palladium catalyst (Shimadzu) in a gas purifier furnace (Supelco). After passing through a 
cooling coil, the CO2 formed is measured by the differential CO2/H2O analyzer (LI-7000, LiCor). 
The LI-7000 measurement is based upon attenuation of the infrared signal, which is sensitive to 
oxygen gas, water vapor, and CO2, as well as the temperature and pressure of the two cells. After 
subtracting for the differential attenuation due to O2 (assumed to be at atmospheric 
concentrations) and H2O, the analyzer calculates the concentration present in both the reference 
and sample cells at 5Hz resolution. The difference in CO2 between the two cells then provides a 
measurement of total suspended carbon content. Particle filters are placed in front of both cells 
to prevent interference from particulate matter sampled in the reference line. 

 

Figure 2.1: Schematic of components of oxycat setup. ROC is sampled and converted to CO2 by 
passing through a 600C catalyst, followed by a CO2 gas analyzer. Pressure is controlled directly 
downstream of the measurement. Air is continually sampled through both cells by a pump. 
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 One challenge posed by the specific gas analyzer implemented is that although the 
pressure of the gas sampled in each optical cell is necessary for determining the CO2 
concentration, only a single pressure sensor calculates this parameter, which is applied to both 
cells. The high temperature region of the catalyst creates a local pressure high which limits flow 
downstream to the CO2 instrument. In order to regulate the pressure between both cells as 
closely as possible, two pressure controllers were placed immediately downstream of the 
instrument outputs, which use solenoid valves to restrict available flow to the backing pumps. A 
critical orifice was used to constrict the flow through the reference line in a comparable manner 
to the catalysis line. This created equal flow and pressure conditions in both cells, limiting the 
differential delay in detecting changes of CO2 and TOC caused by differing flow rates. 

Calibration of the span of the instrument is stable for many years of continuous 
measurement. However, the zero point of the instrument tends to drift by up to a few ppm CO2, 
and so recalibration of the analyzer with an ultra-zero air (UZA) standard was essential for 
resetting the zero point. This is carried out by flowing a constant stream through a mass flow 
controller from a UZA calibration standard tank to both the reference and sample lines. The UZA 
overflow is open to a vent line in order to avoid pressurizing the gas analyzer. The zero point is 
adjusted with the LI-7000 after CO2 concentrations stabilize, usually on a scale of 10-20 minutes. 
TOC is then calculated from the difference between the catalyst sampling cell and the reference 
cell. 

In order to characterize the response of the total carbon measurement, we calibrate the 
TOC measured by the OxyCat when sampling different reactive carbon species: carbon monoxide 
(CO), α-pinene (C10H16), isoprene (C5H8), 1-butanol (C4H10O), and levoglucosan (C6H10O5). Each 
compound was introduced into a 150 L Teflon chamber at high parts-per-billion Carbon (ppbC) 
concentrations. As the compound was diluted by replacement flow from a zero-air generator, 
the decay in concentration was sampled by the OxyCat and a chemically specific measurement 
when available. CO was introduced by continuous flow from an analytical standard cylinder. α-
pinene (98% purity), isoprene (99.5% purity), and 1-butanol (99.9% purity), calibrations were 
introduced by liquid injection gas-tight syringe. A proton transfer reaction-mass spectrometer 
(PTR3), calibrated to a standard solution of these 3 VOCs, sampled these compounds. 
Levoglucosan is a particle-phase standard, so a 150 g/L solution dissolved in water was flowed 
through an atomizer and then a dryer to produce particles in the chamber, which were 
additionally sampled by a scanning mobility particle sizer (SMPS). 

Laboratory chamber experiments were performed with the OxyCat to test how the 
measurement monitors the evolution of ROC. In one experiment, ozonolysis was used to convert 
α-pinene into oxidized products and generate SOA. This was done by introducing ammonium 
sulfate seed aerosols to serve as surface area for SOA to condense on, followed by a gas syringe 
injection of α-pinene, and then the generation of ozone by UV photolysis of oxygen with a 
mercury lamp. Other experiments used the Oxycat to probe the evolution of VOCs in the 
presence of commercial air cleaners (Q. Ye et al., 2021). In these experiments, limonene and 
toluene were added to the laboratory chamber, and an air cleaner placed within the chamber 
was operated, while concentrations of gas- and particle-phase species were monitored with a 
suite of mass spectrometers. Lastly, in order to observe the evolution of ROC over long oxidation 
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exposures, chamber experiments with isoprene were conducted in which UVC lights were used 
to generate high concentrations of OH from photolysis of ozone in the presence of water vapor. 
In all experiments, the OxyCat TOC measurement was directly sampling from the chamber. 

2.4 Results and Discussion 

2.4.1 TOC Standard Calibrations 

 Figure 2.2a and 2.2b show the decay curve of the TOC signal corresponding to carbon 
monoxide and the estimation of the expected concentration resulting from constant dilution of 
the chamber. Figure 2.2c plots a calibration curve of these two timeseries, averaged over every 
2 minutes. The vertical error bars represent the 95th percentile estimation of the TOC 
measurement arising from variation in the background TOC concentration, which can be seen to 
fluctuate over a period of 20-40 minutes. At high concentrations up to 1000 ppbC, there is close 
agreement between the reference standard and the total carbon content detected within the 
error bars introduced. The limit of detection of the instrument is shown to be around 50-100 
ppbC due to the drift in the zero point of the estimation. Below these concentrations, the 
uncertainty of the TOC background caused by instrument fluctuations from the CO2 analyzer 
obscures any signal from CO. This low frequency noise is the primary limitation on a more precise 
estimation of TOC levels. 

 

Figure 2.2: Carbon monoxide calibration a) timeseries of TOC signal decay, b) dilution estimation 
of the CO concentration, and c) calibration curve. 

Figures 2.3, 2.4, and 2.5 show the calibration timeseries and calibration curves for α-
pinene, isoprene, and 1-butanol respectively. The α-pinene timeseries detected in the PTR shows 
a good agreement with the TOC estimation. This results in a linear calibration curve from 100-
500 ppbC, with the fluctuations in the background TOC estimation again obscuring quantification 
of concentrations below 50-100 ppbC. The isoprene and 1-butanol TOC calibrations are also well 
matched by the timeseries behavior of the PTR reference measurement. For these compounds, 
a combination of low reference instrument signal and uncertainty in calibration of the reference 
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instrument leads to a discrepancy in the accuracy of the TOC instrument. The likely source of the 
disagreement between PTR measurements of isoprene and concentrations of TOC detected is 
inaccuracies in the calibration of the PTR reference measurement. However, semi-volatile species 
which might partition to the sampling lines before reaching the catalyst should be more 
thoroughly investigated. 

 

Figure 2.3: α-pinene calibration a) timeseries of Oxycat TOC, b) PTR reference timeseries, and c) 
calibration curve. 

 

Figure 2.4: Isoprene calibration a) timeseries of Oxycat TOC, b) PTR reference timeseries, and c) 
calibration curve. 
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Figure 2.5: 1-butanol calibration a) timeseries of Oxycat TOC, b) PTR reference timeseries, and c) 
calibration curve. 

Figure 2.6 shows the calibration time series and calibration curves for levoglucosan with 
the SMPS as a reference measurement. The levoglucosan concentration measured by the SMPS 
matched the concentration of TOC detected in the Oxycat, again suggesting complete conversion 
of the organic carbon to CO2. However, there was a delay of several minutes in the increase of 
the signal followed by a delay in the decay of the signal relative to the SMPS measurement. This 
suggests that the particle mass was not quickly converted to CO2. It is possible that the particle 
mass impacting the catalyst was pyrolyzed to black carbon rather than fully oxidized to CO2, and 
that it took a longer period of time for this material to pass through the catalyst. This effect may 
be because of the large concentrations of particles that were present (in exceedance of 1000 
μg/m3), which correspond to highly polluted concentrations of particulate matter, and are 1 to 2 
orders of magnitude higher than the SOA concentrations typical generated in laboratory 
experiments. To identify the extent of the time delay, we can correct the TOC time series in Figure 
2.6a with a decaying transient function, as shown in Equations 2.1 and 2.2. It should be noted 
that the decrease in signal noise implied by this correction during the decreasing segment shows 
that it should not be used to imply greater precision in the instrument than in the original time 
series. 

𝑇𝑂𝐶𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 =  
𝑇𝑂𝐶

1 − 𝑒−𝑡/𝜏𝑖𝑛𝑐
     (2.1) 

𝑇𝑂𝐶𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 = 𝑇𝑂𝐶 ∗ 𝑒−𝑡/𝜏𝑑𝑒𝑐      (2.2) 

When correcting for a signal lag with a time constant of 700 seconds when particle 
concentrations are increasing and 1000 seconds when particle concentrations are decreasing, 
the time behavior of the increase and decrease with particle concentrations more closely 
matches the SMPS signal. The red scatter points in Figure 2.6b demonstrate a slight improvement 
in the calibration curve after correcting for, but the delay in the signal makes this calculation less 
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reliable than the gas-phase calibration curves. The time delay more generally suggests that 
quantification of particle phase TOC can only be calculated over long averaging periods. 

  

Figure 2.6: Levoglucosan calibration a) timeseries of concentration in chamber measured by both 
TOC and the SMPS, including a correction for lag with a 700 second time constant for increasing 
particle concentration and a 1000 second time constant for the decreasing particle 
concentration. b) calibration curve for the original TOC signal (black) and after correcting for time 
delay (red). 

2.4.2 Evolution of TOC in laboratory experiments 
 Figure 2.7 shows the OxyCat timeseries during an oxidation experiment of alpha pinene. 
750 ppbC of precursor was introduced to the environmental smog chamber. Following the onset 
of photochemistry, the carbon in the system was converted oxygenated organics and VOC. 
Assuming that all carbon content introduced at time one is preserved, the difference in TOC signal 
over time should be due to dilution resulting from replacement of instrument sampling flows. 
losses of semivolatile species to walls and inlet surfaces, and conversion to CO2. Very little carbon 
should be mineralized at these oxidant concentrations and so is unlikely to represent much of 
the TOC signal loss in this experiment. The measured losses of carbon after correction for dilution 
can therefore be mainly attributed to conversion of VOC to semivolatile and low volatility species 
partitioning to the chamber walls. The time series in Figure 2.7 shows the evolution of TOC in the 
chamber after correction for dilution. In this experiment, we estimate a rate of approximately 
10-40% loss to chamber walls, with 20% dilution of TOC levels within an hour of the initiated 
chemistry. 



 
 

22 
 

 

Figure 2.7: α-pinene ozonolysis experiment. After an initial concentration of precursor is added 
at the start of the total carbon content decreases faster than dilution, suggesting wall losses of 
up to 20% within an hour of formation, and 10-40% by the end of the experiment. Inefficient 
conversion of SOA to TOC should also be considered a possible factor for the decrease in TOC. 

Figure 2.8 shows an additional application of the Oxycat to laboratory studies of air 
cleaner chemistry. In these experiments, limonene and toluene were introduced into the 
chamber, while different commercial air cleaners were in operation. Because the TOC 
measurement and the speciated VOC time series agree closely, and the reference CO2 signal 
remains relatively constant, we conclude that the removal of carbon from the system was 
physical in nature rather than chemical. Oxidation of the VOCs by the air cleaners would have 
resulted in a more constant TOC measurement or increased the reference cell concentration of 
CO2 over time if oxidation proceeded all the way to mineralization. 

 

Figure 2.8: VOC removal by commercial air cleaner. Reproduced from Ye et al., 2021 
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 Secondary CO2 production can also be measured by changes in the concentration of the 
reference cell relative to the sample cell. At sufficiently high oxidation exposures, conversion of 
organic compounds to CO and then CO2 is expected. This mineralization of ROC can be completed 
on the scale of weeks to months if depositional processes do not remove the carbon from the 
atmosphere first. This production is an important if relatively small source of atmospheric CO2. 
Figure 2.9 demonstrates an experiment with high levels of oxidation which results in complete 
removal of ROC from the system over a few minutes. The black time series shows the increase in 
TOC following injection of isoprene to a smog chamber, represented by an increase in the CO2 
measurement downstream of the catalyst. Then, the conversion of the compounds to CO2 results 
in an increase in reference CO2 (blue), restoring the difference between the reference and 
catalyst channels (red), but at a higher baseline reflective of the increase in carbon content. This 
result suggests that for studies of longer-term oxidation (the equivalent to weeks or months in 
the atmosphere), the increase in CO2 measured in the reference channel can estimate secondary 
CO2. 

 

Figure 2.9: Secondary CO2 production during a long-term isoprene aging experiment. After TOC 
is introduced, rapid chemistry converts carbon into CO2, causing the baseline measurement to 
rise. Zero points of both reference and catalyst CO2 signals were adjusted for visualization. 

One effect that was discovered when applying this concept to chamber experiments was 
the drift in background CO2 levels, which resulted in an increased CO2 concentration in both 
measurements, but without a change in the differential measurement. This is most likely due to 
diffusion of CO2 from the laboratory through the Teflon bag, which is diluted at higher flow rates 
of clean air to the Teflon chamber during periods of cleaning, but rises during the lower total flow 
rates used during batch mode experiments. While this effect nominally leaves the estimation of 
TOC intact, it complicates any estimation of secondary CO2

 as shown in Figure 2.9. After the TOC 
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is entirely converted to CO2, CO2 concentrations continue to rise in the chamber on an order of 
magnitude similar to the ROC concentration originally introduced. Mitigation of this effect is 
therefore desirable for any further studies of secondary CO2 production. One manner in which 
this could be achieved is to lower CO2 concentrations in the enclosure around the laboratory 
chamber – a reduction in the differential CO2 gradient from over 400ppm in ambient conditions 
should decrease the magnitude of the change between the two steady states present at different 
pressures. 

2.5 Conclusions 

 This measurement represents a real-time method for monitoring concentrations of total 
suspended carbon, which is a valuable tool for estimating the overall concentration of VOCs 
introduced into the laboratory chamber and for estimating wall losses. The high temperature 
catalyst can efficiently convert different classes of ROC to CO2 and the differential gas analyzer is 
precise enough to track changes in ROC content on the order of 50 ppbC or greater. Typical 
chamber experiments involve 100-1000 ppbC of carbon, making this an applicable measurement 
technique for laboratory applications. The low levels of absolute CO2 enable efficient 
measurements with time resolution high enough to constrain wall loss processes. Stabilizing the 
pressure within both cells allowed for a more consistent measurement and lowered high 
frequency noise in the CO2 measurement. However, the persistence of a fluctuation on the order 
of 20-40 minutes across the CO2 recordings as shown above limit further precision in tracking the 
evolution of ROC. 

 Tubing is required in order to deliver concentrations of VOCs and their oxidation products 
to the catalyst – unfortunately, even limited lengths of sampling line appear to have an 
appreciable impact on the loss of semivolatile species, especially particle-phase species, which 
will deposit even faster if charged. Ideally minimal tubing would connect the chamber to the 
catalyst in order to prevent underestimations of TOC. However, further minimizing tubing length 
to the OxyCat would require relocation of the high temperature catalyst furnace to inside the 
environmental chamber. Additionally, the observed lag in the TOC measurement for particle 
loadings introduces uncertainty to estimates of total carbon whenever high aerosol 
concentrations are involved. Adding a particle filter upstream of the catalyst could limit the TOC 
measurement to gas phase species, which could then be combined with a quantitative 
measurement of total organic aerosol by an Aerosol Mass Spectrometer to determine TOC 
without this effect. 

An advantage of laboratory conditions in our study is the ability to remove background 
CO2, methane, and CO from our measurement of TOC, which must be accounted for in ambient 
mesurements. This makes changes in the differential CO2 due to TOC much easier to track. A 
measurement of total carbon is a valuable constraint on carbon content, especially if it can detect 
semi-volatile species and particle-phase organics with minimal losses in the sampling line. 
Quantifying every compound is infeasible in most contexts, even if all of the carbon can be 
measured, so there will be large uncertainties on the total carbon content of complex oxidized 
mixtures. Some work has suggested that deposition fates in chamber studies may more closely 
mimic the atmosphere, where deposition processes also serve as a chemical fate for much ROC 
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(Bi & Isaacman-VanWertz, 2025). Regardless, it is important to constrain the overall rates of wall 
loss by generally improving the availability of constraints on total organic carbon. This study 
demonstrates the applicability for tracking total organic carbon in real time in laboratory 
chambers. Better quantification of loss processes will serve to better constrain the chemical 
systems that are produced and monitored in a laboratory setting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

26 
 

Chapter 3: Intercomparison of Secondary Organic Aerosol Composition 
Measurements from Multiple Online Mass Spectrometers 

3.1 Chapter Abstract  

 Chemical ionization mass spectrometry combined with thermal desorption techniques 
has enabled the identification of a wide variety of organic aerosol species, greatly enhancing 
knowledge of aerosol composition. However, the selectivity of different chemical ionization 
schemes may influence the characterization of organic aerosol composition measured by a single 
mass spectrometer. Here we compare the measurement of laboratory-generated secondary 
organic aerosol by 3 chemical ionization mass spectrometers coupled to two desorption 
methods: “chemical analysis of aerosol online” inlet coupled with proton transfer reaction 
(CHARON-PTR-ToF-MS), and ammonium ionization (CHARON-NH4-CIMS), and Filter Inlet for 
Gases and AEROsols coupled with iodide ionization (FIGAERO-I-CIMS). We see clear differences 
between the formulas detected in each instrument. The PTR tends to identify species with 
smaller carbon numbers and fewer oxygens, and the I-CIMS detects more oxygenated species, 
with carbon number formulas closer to the precursor, as well as the most nitrates and higher 
carbon number molecules. NH4-CIMS detects a range of species intermediate to the other two 
instruments. The differences in formulas detected appear to be driven by fragmentation and 
selectivity of the ionization scheme, rather than desorption. However, some impacts of thermal 
vaporization cannot be ruled out. Despite differences in the formulas detected, agreements in 
the average oxidation state of the three CIMS suggest that there are not major biases in the 
chemical properties of the aerosol measured, which is also consistent with the Aerosol Mass 
Spectrometer. The differences between ionization scheme and rates of fragmentation are 
important to consider when interpreting a single spectrometric measurement as a 
representation of the entire composition of sampled aerosols. 

3.2 Introduction 

Organic compounds constitute a dominant fraction of aerosol particle mass globally, 
influencing the properties the Earth’s atmosphere (Murphy et al., 2006). The presence of aerosols 
modifies the radiative balance of the atmosphere, both directly through scattering or absorption 
of light, and indirectly through participation as cloud condensation nuclei (IPCC, 2023). As a 
pollutant, the burden of atmospheric particulate matter on human health is estimated to be 
responsible for up to 8 (5.9-10) million premature deaths a year, the current largest 
environmental risk factor for excess mortality (Burnett et al., 2022). A majority of organic aerosol 
is formed from the oxidation of volatile organic compounds (VOCs), which can either nucleate 
new particles or condense onto existing aerosol mass (Zhang et al., 2007; De Gouw & Jimenez, 
2009). These lower-volatility compounds are produced from the oxidation of potentially tens of 
thousands of different species, varying considerably in chemical formula, structure, 
functionalization, reactivity and properties (Goldstein & Galbally, 2007; Ziemann & Atkinson, 
2012; Calvo et al., 2013). Links between formation conditions/key compounds and emergent 
aerosol properties relevant to both climate and health responses continue to be explored in 
studies of aerosol composition (Vogel et al., 2016; Shrivastava et al., 2017; Pye et al., 2021; Liu et 
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al., 2023; Dobracki et al., 2025). Accurately determining the relationship between the formation 
and properties of SOA, as well as developing and implementing accurate mechanistic models of 
SOA requires comprehensive characterization of its chemical composition, in both field 
measurements and laboratory studies. 

Mass spectrometry is an essential tool for studying the properties and impacts of both 
VOCs and SOA. Since achieving sufficient mass resolving power to separate molecules at the same 
nominal mass and limits of detection relevant for atmospheric concentrations, time-of-flight 
mass spectrometers (ToF-MS) have enabled real time simultaneous compositional 
measurements of ambient trace gases (Blake et al., 2004; Junninen et al., 2010) and aerosols 
(Jimenez et al., 2003). Most commonly, the aerosol mass spectrometer (AMS) has been used to 
great effect in advancing knowledge of aerosol composition (DeCarlo et al., 2006). The electron 
ionization beam and the high temperature of evaporation applied in the AMS are known to 
induce high levels of ion- and thermal-fragmentation. Extensive characterization of this 
fragmentation and comparison to calibration standards have permitted the AMS to be used as a 
bulk measurement which measures a large range of organic and inorganic molecules in real time, 
relating these elemental ratios to portions of the absolute mass loadings sampled. Compositional 
information about organic aerosol generated from AMS data is based upon the analysis of smaller 
fragments in aggregate, each with differing levels of carbon, hydrogen, oxygen, and nitrogen 
atoms (Canagaratna et al., 2007; Aiken et al., 2008; Canagaratna et al., 2015). Therefore, while 
AMS data can characterize aerosol composition and provide information about sources through 
positive matrix factorization and tracer analysis, specific formulas for organic molecules cannot 
be deduced directly from AMS measurements alone (Zhang et al., 2007). 

 Chemical ionization mass spectrometry (CIMS), a technique which charges analyte 
molecules by reaction with ionized reagents, is an effective and easily adaptable method for 
measuring atmospheric compounds. Low interaction energies of the ion-molecule chemistry 
decrease fragmentation rates and permit the direct detection of molecular species, which has 
been applied extensively to gas-phase organic compounds (Bertram et al., 2011). A wide variety 
of ionization schemes have been implemented in different mass spectrometers, including but not 
limited to: proton transfer reaction (Sunner et al., 1988; Breitenlechner et al., 2017), ammonium 
(Lindinger et al., 1998), iodide (Huey et al., 1995), nitrate (Jokinen et al., 2012), nitric acid and 
oxygen (Blake et al., 2006; Jordan et al., 2009), benzene (Ketkar et al., 1991), acetate (Veres et 
al., 2008) and bromide (Sanchez et al., 2016; Rissanen et al., 2019). Analyte molecules are then 
mainly detected as ions with the combined mass of the measured species plus the reagent ion 
used, or as a protonated version of the measured species. The introduction of these varied 
ionization schemes has resulted in an enhanced ability to detect multifunctional organic 
compounds. 

Thermal desorption enables CIMS techniques to be applied to aerosol species with lower 
levels of ion-induced fragmentation. Two main approaches have been applied – the first involves 
a filter collection phase followed by a desorption phase where a heated carrier gas evaporates 
the particle material into an ionizable gas. This technique, the Filter Inlet for Gases and AEROsols 
(FIGAERO) (Lopez-Hilfiker et al., 2014) has been deployed in a number of field campaigns (Lee et 
al., 2016; Mohr et al., 2017; W. Huang et al., 2019) and laboratory studies (D’Ambro et al., 2017; 
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Takeuchi & Ng, 2019; Q. Ye et al., 2019; Zaytsev, Koss, et al., 2019). It provides a window for gas-
phase CIMS operation during filter collection and then sorts the aerosol species by volatility by 
slowly ramping the desorption gas temperature and sampling the evaporated components. A 
second strategy removes gaseous vapors through use of a charcoal denuder and then volatilizes 
the particle material through a high temperature inlet region (Hellén et al., 2008; Holzinger et al., 
2010; Salvador et al., 2016). This technique was applied in the “chemical analysis of aerosol 
online” (CHARON) inlet (Eichler et al., 2015), which has been used in a number of laboratory 
studies of SOA formation, as well as in ambient and aircraft monitoring campaigns (Müller et al., 
2017; Piel et al., 2019; Tan et al., 2021; Reinecke et al., 2024; Song, Gkatzelis, et al., 2024). In 
contrast to the FIGAERO inlet, the CHARON inlet provides higher time resolution and avoids the 
possible biases of filter collection. However, the desorbing temperature must be optimized 
between more thorough desorption of lower volatility compounds and decomposition of more 
thermolabile ones. 

Every chemical ionization setup will be more or less efficient in detecting certain analytes 
depending on the favorability of adduct formation or proton transfer with that reagent. This 
chemical specificity therefore potentially leads different CIMS to detect different classes of 
compounds with varying sensitivity. In order to understand the impact and coverage of the 
chemically selective CIMS measurements, direct comparisons of co-located measurements are 
valuable in demonstrating the overlaps and gaps between multiple instruments. Previous studies 
have examined the areas in chemical space measured by different CIMS techniques in the gas 
and particle phase in terms of the volatility, carbon number, elemental ratios, and oxidation state 
of the measured compounds (Aljawhary et al., 2013; Isaacman-VanWertz et al., 2017; Riva et al., 
2019). Others have assessed the performance of a single aerosol-CIMS by use of aerosol 
calibration standards (Leglise et al., 2019), in comparison to the AMS (Cai et al., 2024; Chen et al., 
2024), with different desorption techniques (Gkatzelis et al., 2018), with gas chromatographic 
techniques coupled to CIMS (Timkovsky et al., 2015; Thompson et al., 2017; Y. Huang et al., 2020), 
and in comparison to electrospray ionization (Xin et al., 2024). However, to our knowledge, there 
has not been a comparison of the chemical distribution of different online particle-CIMS 
measurements, or a direct comparison of the FIGAERO and CHARON inlets. 

 In order to assess differences in the selectivity and comprehensiveness of different CIMS 
techniques, we present multiple simultaneous online SOA measurements from a series of 
laboratory chamber studies. In these experiments, secondary organic aerosol was generated by 
oxidation of a single VOC precursor. Four instruments for measuring particle-phase composition 
are compared: a “chemical analysis of aerosol online” (CHARON) inlet Proton Transfer Reaction-
Mass Spectrometer (CHARON-PTR-MS), a CHARON-Ammonium-CIMS (CHARON-NH4-CIMS), an 
Iodide-CIMS with a Filter Inlet for Gases and Aerosols (FIGAERO-I-CIMS), and an aerosol mass 
spectrometer (AMS). Using the formulas obtained from the spectra in each instrument, we 
evaluate chemical properties such as the oxidation state and elemental composition of the 
detected products as a distribution. The differences in the distribution of organic aerosol species 
observed arise from changes in selectivity, potentially resulting from both the differences in 
ionization and desorption technique. We lastly consider the comprehensiveness of each of these 
CIMS measurements in the context of AMS measurements, using oxidation state as a measure of 
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the extent of chemical aging of the aerosol. An understanding of these differential sensitivities is 
essential for designing and interpreting studies of aerosol composition. 

3.3 Methods 

Particle-phase data was collected during a series of SOA formation experiments using the 
MIT environmental chamber (Koss et al., 2020). The 7.5 m3 Teflon chamber was continually 
provided with VOC-free air from an AADCO generator at a rate of 15 L/min. Experiments were 
performed at 20°C and 2-2.3% relative humidity. In each experiment, ammonium sulfate particles 
were introduced to serve as seed aerosol, followed by the dilution tracer hexafluorobenzene. 
The VOC precursor for a given experiment was then introduced by syringe injection, and nitrous 
oxide (HONO) was added as an OH precursor. Once initial concentrations were measured, 
oxidation was initiated by the photolysis of HONO to produce OH by 40 W UVB lights with a 
spectral peak at 350 nm surrounding the chamber. Experiments lasted an average of 7 hours, 
with additional introduction of HONO aliquots during the experiments to facilitate further 
oxidation. Results below focus on two experiments, the oxidation of α-pinene and 1,2,4-
Trimethylbenzene (TMB), which represent a common biogenic and anthropogenic precursor, 
respectively. 

Particle composition was monitored using three CIMS-based techniques. The first 
instrument combined the “chemical analysis of aerosol online” (CHARON) inlet with a PTR3 mass 
spectrometer operating in H3O+ and NH4

+ ionization mode. The CHARON inlet was set to 
continuously sample in particle-phase mode, which removes gas-phase species by adsorption to 
a charcoal denuder, followed by high temperature desorption of the transmitted aerosol at 180°C 
(Eichler et al., 2015). In H3O+ mode (referred to hereafter as PTR), (H2O)H3O+ clusters serve as the 
reagent ion, reacting with species whose proton affinity is higher than water to produce 
protonated ions; this is particularly effective at measuring a wide range of hydrocarbons and 
some oxidized VOCs (Lindinger & Hansel, 1997). The PTR3 instrument used is sensitive to sub 
parts-per-billion concentrations of hydrocarbons and monofunctional aldehydes, alcohols, 
ketones, and organic nitriles (Breitenlechner et al., 2017). In NH4

+ mode (afterwards NH4-CIMS) 
(with (H2O)NH4

+ clusters serving as the primary ion) detected aerosol compounds as ammonium 
ion adducts. This ionization scheme is able to detect oxygenated organic molecules with multiple 
functional groups. Relative to H3O+, this results in detection of relatively larger, more oxygenated 
species (Zaytsev, Breitenlechner, et al., 2019). Switching between the two ionization settings was 
automated to alternate approximately every 3’45”, effectively collecting two independent 
datasets of particle composition data over the course of the experiments. 

An Iodide-ToF-MS was deployed with a FIGAERO inlet (Lopez-Hilfiker et al., 2014, 2016). 
As described above, the FIGAERO switches between gas-phase sampling with filter collection and 
aerosol-phase thermograms at approximately 30-minute intervals. During particle sampling to 
the I-CIMS, the desorption gas slowly ramped up over 15 minutes from 30-160°C. Due to a lack 
of volatility information in the other CIMS, the distribution of product volatility was not included 
in this analysis. Iodide CIMS is sensitive to multifunctional organic compounds, highly oxidized 
molecules, and organic nitrates, owing to the additional vibrational modes provided by the 
functional groups to stabilize the ion-analyte cluster. Conversely, this ionization scheme is 
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insensitive to non-oxygenated hydrocarbons, and only weakly sensitive to monofunctional 
ketones, aldehydes and alcohols (Lee et al., 2014b, 2016; Lopez-Hilfiker et al., 2016). Analyte 
peaks were fitted for organic masses with a single iodide adduct whose time-series behavior 
produced a thermogram pattern during the ramp cycles. Intensity of the signal was determined 
by integrating the thermogram area during the ramp cycle. Possibly due to a cold zone in the 
sampling setup, a correction was applied to many thermograms to remove an artifact 
attributable to a gas-phase signal (Appendix Section 3.A.1, Figure 3.A.1).  

Total organic aerosol mass and sulfate seed concentrations were monitored using the 
Aerosol Mass Spectrometer (DeCarlo et al., 2006). AMS calibration was performed using 
ammonium nitrate as a standard (Koss et al., 2020). Elemental ratios and average oxidation state 
were calculated using both the Aiken and Improved Ambient corrections (Aiken et al., 2008; 
Canagaratna et al., 2015). The Aiken calculation corrects for biases in the O:C and H:C ratios 
measured from known particle-phase standards, and the Improved Ambient calculation 
additionally corrects for two fragments, H2O+ and CO+, with high ambient signal interference. 
Maximum organic aerosol mass loadings were 1.6 μg/m3 in the trimethylbenzene experiment 
and 14.6 μg/m3 for the α-pinene experiment. The AMS measurement in each experiment is 
assumed to measure the elemental composition from the entire SOA mass sampled without 
selectivity for certain classes of compounds. 

3.4 Results and Discussion 

3.4.1 CIMS Product Spectra 
Hundreds of products were detected in both experiments by each of the 3 CIMS 

techniques. To account for differences in sampling, a single FIGAERO-I-CIMS thermogram 
spectrum was compared to the average of the CHARON-PTR-MS and CHARON-NH4-CIMS time-
series during that same FIGAERO collection cycle. This window corresponds to the maximum 
organic signal detected in the AMS, approximately 3.5-4.5 hours into each experiment, with 96% 
and 87% decay of α-pinene and trimethylbenzene, respectively (Figures 3.A.2 & 3.A.3). Carbon 
number weighted enhancements of each product signal were compared after subtracting 
background concentrations. The normalized carbon distributions show the fractional 
contributions of each product to the total product signal in each instrument. Differences between 
these distributions for different classes of compounds correspond to differences in instrument 
selectivity. 

The α-pinene SOA spectra detected by the 3 CIMS techniques are overlaid and individually 
visualized as Generalized Kendrick Analysis (GKA) plots in Figure 3.1. GKA is a modification of a 
mass defect plot that can separate of odd and even masses into positive and negative GKA values, 
cleanly separating organic mononitrates and non-nitrogen containing species (Appendix Section 
3.A.2, Alton et al., 2023). Formulas with multiple nitrogen atoms were a negligible fraction of 
detected ions. The distributions generally cluster in four regions of GKA vs mass space. The largest 
cluster corresponds to functionalized and fragmented products of the precursor (C10H16) with no 
nitrogen atoms (C2-10HyOz, upper left). In addition to this region, there are organic nitrates (C2-

10HyNOz, lower left) and higher carbon number compounds with and without nitrogen, 
respectively (C11-22HyN0-1Oz, upper and lower right). The three CIMS detect many species in 
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common (Figure 3.1a) but there are clear differences reflected in the mass ranges of each 
instrument. In the α-pinene experiment, 80% of the carbon-weighted signal (10th-to 90th 
percentiles) in the monomer region is between m/z values of 58-196 for the PTR – this 
distribution shifts to 122-216 for the NH4-CIMS, and m/z 166-265 for the I-CIMS. For 1,2,4-TMB, 
these ranges are m/z 48-160, 88-212, and 146-277, for the PTR, NH4-CIMS, and I-CIMS, 
respectively (Figure 3.A.4). Two effects may be contributing to the differences in the mass ranges 
in each ionization scheme. The first is differences in ionization sensitivity, where more 
oxygenated products (which have higher masses) are less likely to be ionized in the PTR. The 
larger mass/more functionalized products are more sensitive to detection by NH4-CIMS, and I-
CIMS is sensitive only to the most oxygenated compounds. Conversely, I-CIMS appears insensitive 
to smaller, less oxygenated products. The second possible effect is that the larger, more 
functionalized species sampled and in the PTR fragment during ionization and then detected as 
smaller masses. The difference between the lower mass range in the PTR and NH4-CIMS spectra 
which share the CHARON inlet suggests ionization rather than thermal desorption drives the 
changes observed in lower mass products. The absence of smaller masses in the I-CIMS spectrum 
suggests minimal fragmentation effects from the FIGAERO but could also be due to low sensitivity 
to smaller compounds. 

 

Figure 3.1: Generalized Kendrick Analysis plot of α-pinene SOA (without H+, NH4
+, or I- adduct) for 

a) three CIMS techniques overlaid, b) PTR-MS, c) NH4-CIMS, and d) I-CIMS. Positive GKA values 
correspond to even number masses (CxHyOz) and negative with odd masses (CxHyNOz). Circle size 
corresponds to the carbon weighted fraction of total ion signal. 
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3.4.2 Elemental Distributions 
Figure 3.2 shows carbon, hydrogen, and oxygen number histograms detected by the three 

CIMS techniques for the α-pinene oxidation experiment. As in Figure 3.1, signals are weighted by 
carbon number and normalized to total instrument signal. SOA compounds detected in the PTR 
occupy a range from C2-10, with an average carbon number of 7.1 (Figure 3.2a top). The PTR 
carbon number distribution suggests high levels of fragmentation, because the C2 compounds 
present will not have low enough volatilities to partition into the particle-phase but comprise 
10% of the carbon-weighted instrument signal. C10 compounds, which have not lost carbon atoms 
to fragmentation during oxidation or detection, make up only 14% of the PTR signal. The NH4-
CIMS distribution has a higher average carbon number of 8.7, with a greater proportion of C7-10 
compounds, reflecting a much lower rate of fragmentation than the PTR distribution. In the I-
CIMS, C10 compounds comprise more than 50% of instrument signal, implying minimal 
instrument fragmentation, with C7-9 compounds contributing a smaller but significant fraction, 
each more than 5% of the overall signal. Particle-phase compounds with 7-10 carbon atoms are 
consistent with prior mechanistic and chamber studies of SOA composition from α-pinene 
(Eddingsaas et al., 2012; Mutzel et al., 2016). 

Figure 3.2: Product distributions of a) carbon, b) hydrogen, and c) oxygen number collected by 
CHARON-PTR-MS (top row), CHARON-NH4-CIMS (middle), and FIGAERO-I-CIMS (bottom) in the 
α-pinene oxidation experiment. Color coded distribution averages for each instrument are 
represented as vertical lines. Fraction of total signal is weighted by the carbon number of each 
formula. 

The hydrogen number distributions for each instrument are presented in Figure 3.2b. The 
products detected are closed shell compounds, which require an even number of hydrogens for 
hydrocarbons without nitrogen. Therefore, only the organic nitrates contribute odd hydrogen 
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numbers to the distribution. The main differences in hydrogen number distributions broadly 
correspond to the differences in carbon number distribution. The loss of carbon skeleton atoms 
implies corresponding losses of hydrogens bonded to each carbon atom. In the PTR, the average 
hydrogen number is 9.2, with some compounds containing as few as 2 hydrogens. The NH4-CIMS 
detects some low hydrogen number compounds but has a higher average hydrogen number of 
12.6. The products detected in the I-CIMS mostly have 12-18 hydrogens (an average of nH=14.7), 
with some H15 or H17 organic nitrates contributing a significant portion of the instrument signal. 
There are some products with more than 20 hydrogens detected mainly in the NH4-CIMS and I-
CIMS, which correspond to the higher carbon number compounds discussed in the GKA plot. The 
differences in average hydrogens again reflect the increased influence of fragments in the 
products detected by the PTR and to a lesser extent the NH4 and I-CIMS. 

Figure 3.2c shows the oxygen number distributions detected by the three CIMS. Like the 
carbon number distribution, there are clear differences between the different measurements. 
The PTR-MS mostly detects compounds with fewer than 6 oxygens. Highly oxygenated molecules, 
typically defined as products with more than 6 oxygens (Bianchi et al., 2019) contribute only 1% 
to the overall instrument signal. PTR-MS studies with a CHARON inlet similarly report this range 
of oxygen number products (Song, Saathoff, et al., 2024). The NH4-CIMS mainly detects 
compounds with 2-6 oxygens, with 12% of the instrument weighted signal corresponding to 
HOMs. The I-CIMS distribution detects compounds with 3-10 oxygens, measuring the largest 
fraction of HOMs (54% of signal) of the 3 CIMS. The averages again are distinct, with an average 
of 2.5 oxygens in the PTR, 3.9 in the NH4-CIMS and 5.8 oxygens in I-CIMS. The relative difference 
in the carbon number and oxygen number distributions suggests that NH4-CIMS and PTR detects 
a smaller range of the multifunctional C10 compounds measured by the I-CIMS, owing to a 
combination of thermal- and ion-fragmentation and selectivity effects. 

Similar elemental distributions are observed in the 1,2,4-TMB experiment (Figure 3.A.5). 
The peak of the carbon number distribution in the I-CIMS is centered around nC=9 rather than 
10, reflecting the carbon number of 1,2,4-TMB (C9H12). Due to the lower initial hydrogen number 
of the precursor formula, the hydrogen number histogram is slightly shifted to lower nH. The 
oxygen number distributions showed that less oxygenated products were detected in the PTR, 
with more oxygenates detected in the NH4-CIMS, and HOMs comprising a dominant fraction of 
instrument signal in the I-CIMS. 

3.4.3 Organic Nitrates 
Nitrogen-containing species are detected in each CIMS. Figure 3.3 shows the GKA region 

from Figure 3.1 corresponding to organic nitrates from α-pinene SOA. There are large differences 
in the relative amounts of organic nitrates detected. Only a few species are detected by the PTR, 
comprising only 2% of the overall carbon weighted signal in the α-pinene experiment, mostly 
present in the compound C10H15NO5 (m/z = 229.095, GKA=-0.248, Figure 3.3b). In contrast, both 
the NH4-CIMS and I-CIMS detect several nitrogen-containing products, covering a wide range of 
formulas. Nearly 20% of the instrument signal in the I-CIMS is attributed to nitrogen containing 
species. The most prominent formulas in each signal are detected in both NH4-CIMS and I-CIMS, 
consisting of C10H15NO5-9 (GKA = -0.248) and C10H17NO7-8 (GKA = -0.224), but there are key 
differences between the two in the relative abundance of the different products. The NH4-CIMS 
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C10H15 organic nitrates are roughly equal in signal, with the most prominent being C10H15NO5. By 
contrast, C10H15NO8, followed by C10H17NO8, is most prominent in the I-CIMS. The 1,2,4-TMB GKA 
distributions in Figure 3.A.4 corroborate the near absence of organic-nitrates with the PTR, 
detection of more nitrates with the NH4-CIMS, and major nitrate signal in the I-CIMS. 

 

Figure 3.3: C2-10HyNOz region of α-pinene SOA GKA plot, showing relative abundance of nitrogen-
containing species of a) 3 CIMS techniques overlaid, b) PTR-MS, c) NH4-CIMS, and d) I-CIMS.  

The discrepancies between instruments in detection of nitrogen containing species and 
the relative signal intensities of specific nitrates have two potential drivers: the first is that the 
CHARON inlet may be thermalizing more nitrate functional groups than the FIGAERO, and the 
second is that ionization selectivity influences the detection of organic nitrates. The NH4-CIMS 
and PTR use the same inlet scheme, so the lack of organic nitrates detected in the NH4-CIMS but 
not in the PTR must be primarily related to differences in ionization. In prior toluene and 1,2,4,-
TMB oxidation experiments using the NH4-CIMS, organic nitrates with similar oxygen numbers to 
this study were detected (Zaytsev, Koss, et al., 2019). Prior studies using a CHARON-PTR-MS for 
particle-phase analysis have reported on some ambient nitrogen containing aerosol species, but 
the products detected contained fewer than 6 oxygens (Müller et al., 2017; Peng et al., 2023). 
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Ionization effects therefore seem to dominate the differences in detection of the more 
oxygenated organic nitrates produced in the α-pinene experiment and measured by the I-CIMS. 

3.4.4 Dimers  
A second prominent category of compounds which are detected by all CIMS instruments 

are higher carbon number compounds, formed from cross reactions of organic species. Figure 
3.4 shows the GKA region from Figure 3.1 corresponding to C11-22HyOz species. For all instruments, 
the total signal in this region is a small fraction relative to the monomeric compounds. The PTR 
detects the fewest species in this region. The NH4-CIMS detects a larger range of ions, and I-CIMS 
most clearly detects specific dimer species (shown by the larger circle sizes). C>10 compounds 
contribute 2%, 9, and 10% of carbon weighted instrument signal to the PTR, NH4-CIMS, and I-
CIMS, respectively. If limited to C>15 compounds, this fraction becomes 1%, 4%, and 7% of the 
overall signal, highlighting the greater detection of higher carbon number products by the I-CIMS, 
consistent with the visualization in Figure 3.4. Analogous to the differences between detection 
of organic nitrates, the common inlet in the PTR and NH4-CIMS suggests differences in ionization 
mode are responsible for the limited detection of higher carbon number species in the PTR.  

 

Figure 3.4: GKA plot of α-pinene SOA from m/z 300-500, showing relative abundance of dimers 
(C11-22HyOz) for a) 3 CIMS techniques overlaid, b) PTR-MS, c) NH4-CIMS, and d) I-CIMS. 
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3.4.5 Oxidation State 
To compare the ensemble of measurements between different instruments, bulk 

properties of the distribution are a valuable metric for similarity. This can be especially useful for 
comparison to fragmented measurements such as the AMS, which nevertheless determines 
information about the chemical properties of the aerosol without direct detection of the parent 
components. One metric the extent of chemical processing of organic species is the average 

oxidation state, 𝑂𝑆𝐶, of the carbon atoms in a given molecule, which can be calculated from the 
elemental ratios of the compound formula: 

𝑂𝑆𝐶 = 2
𝑂

𝐶
−

𝐻

𝐶
− 5

𝑁

𝐶
        (3.1) 

The higher the average oxidation state of the aerosol, the more oxidation the carbon has 
undergone during formation and aging. Equation 3.1 assumes that each oxygen functional group 
has an oxidation state of -2, each hydrogen has an oxygen state of +1, and each nitrogen an 
oxidation state of +5. These assumptions do not peroxide functional groups, but the errors 
introduced by the presence of peroxides is small for larger carbon molecules (Kroll et al., 2011).  

Figure 3.5 shows the oxidation state histograms for the three CIMS instruments and their 
average oxidation states for the α-pinene SOA (a) and 1,2,4-TMB SOA (b). Average oxidation state 
measured by the AMS as calculated from the Aiken and Improved Ambient calculations, indicated 
by the brown and red vertical lines, respectively. Differences in the relative abundance of species 
at specific oxidation states is clear from the differences in the top, middle, and bottom 
histograms. However, the average oxidation state of the three CIMS measurements for the α-
pinene experiment broadly agree with each other and with the AMS estimations. The agreement 
in average oxidation states suggests differences among the various techniques (which differ in 
terms of fragmentation, detection of organic nitrates and HOMs, and larger MW species) do not 
have a large impact on the calculation of average oxidation state, likely due to the smaller signal 
of the higher-carbon number species and the similarity between average oxidation states of 
molecules containing and lacking nitrate functionalization. This implies that the selectivity of each 
technique does not reflect biases in sampling more or less oxidized or reduced organic species. 
The distribution of average oxidation states is somewhat more separated in the 1,2,4-
trimethylbenzene experiment, but still there is overall agreement between the 3 instrument 

histograms, as well as with the improved ambient 𝑂𝑆𝐶  value from the AMS. There are more 
differences between the 3 CIMS techniques in individual elemental ratios (Figures 3.A.6,3.A.7) 
reflecting the different degrees of oxygenation and fragmentation, as well as double bond 
equivalency per carbon (Figures 3.A.8,3.A.9, primarily an effect of fragmentation differences) but 
the CIMS and AMS all measure SOA with roughly the same the degree of oxidation.  
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Figure 3.5: Oxidation state histograms of the a) α-pinene and b) 1,2,4-trimethylbenzne SOA. The 
three CIMS distributions roughly correspond to gaussian distributions around an average 
oxidation state value. The average oxidation state in AMS measurements, derived from the Aiken 
et al., 2007 and Improved Ambient methods are presented for comparison. 

3.5 Conclusions and Future Work 

We measured composition of SOA in laboratory oxidation experiments of α-pinene and 
1,2,4-trimethylbenzene with 3 chemical ionization mass spectrometers, comparing the formulas 
and elemental properties of the species measured in each instrument. The distribution of 
products detected suggested differences in the chemical selectivity and extent of fragmentation 
between the CHARON-PTR-MS, CHARON-NH4-CIMS, and FIGAERO-I-CIMS. The PTR detected 
primarily smaller molecular weight compounds with few functional groups, as suggested by the 
low oxygen number and limited organic nitrate signals. The small carbon numbers of these 
formulas imply that fragmentation during ionization produced the ions detected. The NH4-CIMS 
detected more oxygenated compounds, organic nitrates, and higher carbon number compounds 
than the PTR. The carbon number distribution also implied lower levels of fragmentation. The I-
CIMS detected higher molecular weight, multifunctional compounds, including organic nitrates 
and higher carbon-number compounds. Minimal fragmentation appeared to take place in the I-
CIMS measurement. The differences in thermal desorption methods may have produced some 
effects on the composition of species detected but were not extensively probed in these 
experiments. Though different CIMS techniques for measuring aerosol produce markedly 
differing mass spectra through a combination of fragmentation and chemical selectivity, a key 
chemical property, average oxidation state, largely agrees between instruments for the chamber 
derived SOA we analyzed in this study, suggesting that selectivity of different compounds does 
not appear to impact the properties of SOA recorded in the different CIMS. One important 
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limitation of the characterizations in this study is that only two fresh SOA systems were assessed. 
Further characterization of biases towards more or less oxidized species could be probed by 
measuring SOA derived from more diverse VOC precursors, as well as more aged aerosols. 

This study combined measurements using three ionization modes and two desorption 
techniques, introducing the possibility for both the differences in ionization and thermalization 
to influence the species which were detected. In order to better separate the influence of each, 
comparisons of multiple ionization schemes should be performed with the same desorption 
method, and the FIGAERO and CHARON inlets should be compared on two CIMS with the same 
ionization scheme. These sets of comparisons would isolate the influence of thermalization from 
ionization and more clearly identify the biases and limitations resulting from each component of 
a given particle-CIMS setup, refining the picture of the resulting chemical selectivity. 

Further improvements to monitoring aerosol composition with CIMS have been achieved 
in recent years. The need to reduce thermal fragmentation has led to new sampling techniques 
being applied to CIMS measurements, such as Extractive Electrospray Ionization and the 
Vaporization Inlet for Aerosols (Lopez-Hilfiker et al., 2019; Zhao et al., 2024). However, a 
persistent limitation of CIMS techniques is the lack of generalizable calibrations. Sensitivities to 
individual classes of compounds vary by multiple orders of magnitude, and authentic standards 
are only available for select compounds. This lack of calibration makes the AMS measurements 
essential for aerosol quantification and speciation, in spite of its bulk properties being deficient 
for analysis of individual organic aerosol species. Future comparisons of multiple particle-phase 
measurements should focus on the possibility of using direct calibrations to impose constraints 
on the overall concentration (in terms of carbon content as well as particle mass) contributions 
of different classes of compounds, which will better indicate the relative strengths and biases of 
individual measurement techniques. A calibrated carbon closure comparison of total aerosol 
mass will constrain the relative abundance of key particle compounds and better characterize 
the significance of specific aerosol formation pathways. 

Particle-CIMS techniques are a major advancement in the study of atmospheric organic 
carbon, permitting more focused study into mechanisms of particle formation and identification 
of species of interest, such as highly oxygenated molecules, organic nitrates, and higher carbon 
number accretion products. The selectivity of different ionization techniques directly impacts 
which compounds are detected, as demonstrated in this study. Because of the high costs and 
labor-intensive demands of operating and analyzing data from a CIMS, targeted studies of aerosol 
chemistry and composition will be best served by choosing an ionization scheme most equipped 
to measure the important products, a decision which will be often made before any data is 
collected. For example, if a study is interested in the formation of organic nitrates, NH4-CIMS or 
I-CIMS will be most useful, whereas PTR-MS may not be able to detect multifunctional nitrate 
species. Similarly, studies of HOMs are likely to detect a number of compounds more efficiently 
by using I-CIMS. However, an experiment reporting on the composition of aerosol with only this 
instrument will be unlikely to report a significant contribution from less oxygenated products, 
whether or not they were formed or present in that system. There is necessarily a pre-biasing of 
results when choosing specific ionization schemes to report on distributions of compounds 
sensitive to that ionization scheme. These studies should be careful not to overemphasize the 
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impact of their results without considering contributions from unmeasured products to the entire 
chemical system. Meta-analyses of measurements from a given instrument across studies, and 
simultaneous deployment of multiple CIMS techniques should be used when possible, in order 
to corroborate and contextualize the conclusions derived from a single CIMS. 
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3.A Appendix 

3.A.1 FIGAERO operation 
FIGAERO-I-CIMS data was processed in Tofware version 4.0.1. Analyte peaks were fitted 

to masses which could represent carbon containing iodide adduct ions whose time-series 
behavior produced a thermogram pattern during the ramp cycles. Intensity of the signal was 
determined by integrating the thermogram area during the ramp cycle. Possibly due to a cold 
zone in the sampling setup, an erroneous gas-phase signal was observed during the beginning of 
the ramp cycle, superimposed upon the commonly gaussian thermogram signal. This was 
removed from the integrated signal intensity by fitting and subtracting a biexponential function 
from the affected timeseries (Figure 3.A.1). 

 

Figure 3.A.1: Example Correction for Transient Background. A biexponential function (orange) 
was fitted to the FIGAERO time series (blue) in the red shaded region and then subtracted to 
produce the gaussian trace (green) which was integrated to calculate instrument signal.  
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 3.A.2 Precursor Decays 

 

 Figure 3.A.2: α-pinene precursor decay measured by the Vocus-PTR. Composition averages 
represent the green shaded region. 

 

Figure 3.A.3: 1,2,4-trimethylbenzene precursor decay measured by the Vocus-PTR. Composition 
averages represent the green shaded region. 
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3.A.3 Generalized Kendrick Analysis 
Visualization of mass spectral composition can be aided by calculating a “resolution enhanced 
Kendrick mass defect” (REKMD), separating small offsets from unit mass that represent key 
differences in formula against a single mass-to-charge axis. The REKMD is calculated as  

𝑅𝐸𝐾𝑀𝐷 (
𝑚

𝑧
, 𝑅, 𝑋) =

𝑚

𝑧
×

𝑋

𝑅
− 𝑟𝑜𝑢𝑛𝑑 (

𝑚

𝑧
×

𝑋

𝑅
)      (3. 𝐴. 1) 

where X is chosen to be 24 and R is 16O or 15.995 (represented as GKA(m/z, 16O, 24) (Alton et al., 
2023). 

 3.A.4 Trimethylbenzene SOA Results and Elemental Analysis 

 

Figure 3.A.4. Generalized Kendrick Analysis plot of 1,2,4-Trimethylbenzene SOA (without H+, 

NH4+, or I-adduct) for a) three CIMS techniques overlaid, b) PTR-MS, c) NH4-CIMS, and d) I-CIMS. 

Positive GKA values correspond to even number masses (CxHyOz) and negative with odd masses 

(CxHyNOz). Circle size corresponds to the carbon weighted fraction of total ion signal. 
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Figure 3.A.5. Product distributions of a) carbon, b) hydrogen, and c) oxygen number detected by 
FIGAERO-I-CIMS (top row), CHARON-NH4-CIMS (middle), and CHARON-PTR-MS (bottom) in the 
1,2,4-TMB oxidation experiment.  

 

Figure 3.A.6. a) H:C and b) O:C Histograms in the α-pinene oxidation experiment for CHARON-
PTR-MS, CHARON-NH4-CIMS, and CHARON-PTR-MS. Averages are indicated by vertical lines for 
each distribution, along with the calculated AMS O:C ratio given by both the Aiken et al., 2008 
and Improved Ambient calculations.  
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Figure 3.A.7: a) H:C and b) O:C Histograms in the 1,2,4-Trimethylbenzene SOA experiment for 
CHARON-PTR-MS, CHARON-NH4-CIMS, and CHARON-PTR-MS. Averages are indicated by vertical 
lines for each distribution, along with the calculated AMS O:C ratio given by both the Aiken et al., 
2008 and Improved Ambient calculations.  

 

Figure 3.A.8: DBE per carbon number histograms for α-pinene experiment. 
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Figure 3.A.9: DBE per carbon number histograms for 1,2,4-TMB experiment. 

  



 
 

46 
 

Chapter 4: Impacts of Varying Multiple Peroxy Radical Pathways on 
Secondary Organic Aerosol Composition 

4.1 Chapter Abstract 

The fates of organic peroxy radicals (RO2) represent key branch points in the formation of 
reaction products, including low-volatility species that contribute to secondary organic aerosol 
(SOA), a major fraction of atmospheric particulate matter. Though aerosol composition has long 
been studied both in field measurements and laboratory studies, there has been relatively little 
systematic exploration of how variations in RO2 chemistry influence the chemical composition of 
the SOA. To investigate these impacts, we conducted a series of α-pinene oxidation chamber 
experiments, in which oxidation conditions were chosen to promote different relative rates for 
the RO2+NO, RO2+HO2, RO2+RO2, and isomerization pathways, respectively. These experiments 
include limiting cases dominated by the RO2+NO and RO2+HO2 pathways, as well as intermediate 
cases where more RO2+RO2 chemistry is accessed. Extractive Electrospray Ionization Time of 
Flight Mass Spectrometer (EESI-ToF-MS) is used to monitor the composition of SOA in real time. 
Differences in particle-phase products, particularly nitrates, hydroperoxides, and dimers, make 
the dependence of initial SOA composition on RO2 pathways clear. We discuss the evolution of 
SOA with time, which shows that changes in the particle composition tend to increase the 
convergence of spectra formed under different RO2 regimes, though some differences persist. 
This study emphasizes the importance of considering contributions of different RO2 pathways 
when designing simulations of oxidation conditions and SOA formation. 

4.2 Introduction 

 Secondary organic aerosol (SOA), consisting of low volatility species produced from the 
oxidation of volatile organic compounds (VOCs), is a major contributor to global particulate 
matter. Aerosols are an important risk factor for human health (Landrigan et al., 2018; Pozzer et 
al., 2023), and they influence the climate through direct and indirect effects (Intergovernmental 
Panel On Climate Change (IPCC), 2023). Despite its identification as a major contributor to 
pollutant formation, the chemical behavior of VOCs, spanning up to hundreds of thousands of 
unique compounds, is difficult to assess systematically or represent in chemical mechanisms, as 
most reactions are unconstrained. While identification of every reaction is infeasible, branch 
points in chemistry of VOC reactions are useful areas of study for increasing our knowledge about 
common aerosol forming systems and for reproducing their behavior more accurately in models. 

Reactions of VOCs with the hydroxyl radical OH (though other species such as O3 and NO3 
are can also serve as oxidants) form an alkyl radical, followed by the rapid addition of O2 to 
produce a peroxy radical (RO2) (Atkinson, 1986). The fate of the reactive intermediate peroxy 
radical is a key branching point in the degradation mechanism and so determines the functional 
forms of the chemical products produced, as shown in Figure 4.1. When NOx is present, RO2 
reaction with nitric oxide (NO) will produce alkoxy radicals (RO) or organic nitrates (RONO2). 
Reaction with the hydroperoxyl radical (HO2) produces hydroperoxyl-acids (ROOH). The lower 
potential volatilities resulting from nitrate and hydroperoxyl groups have led to focuses on these 
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products and their impact on SOA (Capouet & Müller, 2006; Matsunaga & Ziemann, 2009; Lee et 
al., 2016). Reaction with other RO2 species can produce a dimer recombination product (ROOR), 
form an aldehyde (R=O) and alcohol (ROH), or produce two alkoxy radicals (Salo et al., 2022). 
Dimeric compounds and other accretion products such as esters are similarly identified as an SOA 
forming pathway (Ehn et al., 2012; Peräkylä et al., 2023). Finally, isomerization, a class of 
unimolecular rearrangements such as hydrogen shifts, is a pathway that results in subsequent 
peroxide group formation (R’O2). Multiple isomerization reactions can proceed sequentially, 
leading to highly oxygenated molecules (HOMs) and contributing to SOA (Peeters et al., 2009; 
Crounse et al., 2013; Bianchi et al., 2019). For RO2 with certain functional groups such as 
carbonyls, additional chemical pathways are relevant (Barber & Kroll, 2021). If the RO2 produced 
is an acylperoxy radical (R-C(O)O2), reaction with NO2 can produce peroxyacetyl nitrates (PANs), 
which are important atmospheric reservoirs of reactive nitrogen, though these products can 
easily thermally decompose at warmer temperatures (Singh & Hanst, 1981; Nozière & Barnes, 
1998). Acylperoxy radicals may also react with HO2 to form alcohols or alkoxy radicals (Tomas et 
al., 2001; Sulbaek Andersen et al., 2003; Hasson et al., 2004). Alkoxy radicals quickly isomerize to 
another alkyl radical and produce a subsequent peroxy radical (R’O2), therefore allowing for 
sequential radical reactions and additional oxidation. Variation in oxidation conditions, 
depending on the relative rates and branching ratios for a given VOC, may therefore result in 
different classes of products from differing RO2 fates contributing to SOA formation. 

 

Figure 4.1: Major unimolecular and bimolecular fates of RO2 radicals. Key functionalized 
compounds are nitrates (RONO2,) hydroperoxides (ROOH), and dimers (ROOR). 

Because only sufficiently low volatility oxidation products will contribute to the overall 
burden of SOA, identifying RO2 pathways which favor aerosol production has been a topic of 
interest since the identification of NOx as a controlling influence on SOA chemistry (Presto et al., 
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2009). Atmospheric chamber studies of the formation of different secondary organic aerosols 
were used to characterize yields of SOA formation from isoprene, monoterpenes such as α-
pinene, and aromatic hydrocarbons (Kroll et al., 2005, 2006; Presto et al., 2005; Surratt et al., 
2006; Ng, Kroll, et al., 2007; Chan et al., 2009). These yields were generally calculated in 
experiments under low and high NOx conditions, assuming that under low NOx conditions peroxy 
radicals would react with HO2, and under high NOx conditions, they would react with NO. When 
implemented in models, intermediate conditions between the low and high NOx pathways were 
linearly parameterized as a combination of these limiting conditions (Henze et al., 2008; Pye et 
al., 2010). Under this framework, intermediate RO2 conditions can be described by the branching 
ratio β between NO and HO2 rates: 

𝛽 =
𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]

𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂] +  𝑘𝑅𝑂2+𝐻𝑂2
[𝐻𝑂2]

        (4.1) 

Products in the gas- and particle-phase are then derived from the high- and low-NOx 
parameterizations in proportion to β. Including branching pathways for aerosol yield based upon 
RO2 fate had differing implications for yields from isoprene (higher at low-NOx) and for 
monoterpenes and aromatic hydrocarbons (higher at high-NOx). Nevertheless, if this assumption 
holds, then aerosol formation should be accurately generalizable, assuming representative VOC 
oxidation systems are studied under both high and low NOx conditions. As implemented, there 
are still large uncertainties in constraining SOA burdens in models, which do not necessarily 
improve with more descriptive chemistry models (Pai et al., 2020). One potential problem with 
these prior parameterizations is that limitations of chamber dilution and instrument sensitivity 
required experiments to be conducted with high oxidant and precursor levels, likely limiting the 
influence of isomerization reactions. Therefore, the role of additional RO2 pathways is potentially 
missing from model parameterizations of SOA. 

Though the importance of composition for aerosol properties such as toxicity, optical 
scattering/absorption, and hygroscopicity is well understood, SOA composition as a function of 
RO2 chemistry has been relatively unexamined compared to gas-phase oxidation products. 
Particle-phase products have been analyzed in prior studies of OH oxidation of terpenes such as 
α-pinene under different NOx conditions by offline techniques following filter collection (Ng, 
Chhabra, et al., 2007; Eddingsaas et al., 2012). Other studies have focused upon the identification 
of specific isomerization pathways of RO2 radicals in order to generate HOMs (Xu et al., 2019; Lee 
et al., 2023; H. Yang et al., 2025). Dimerized compounds arising from RO2 reactions with other 
RO2 have been similarly recognized as an efficient path for lowering the volatility of the aerosol 
species (Ehn et al., 2014), though concern has been expressed over this pathway being 
overrepresented in laboratory experiments (Schervish & Donahue, 2021; Baker et al., 2024). 
Studies which identified the significance of RO2 fate for particle-phase composition have tended 
to focus on limiting conditions (Bates et al., 2022; Day et al., 2022; Q. Ye et al., 2022; D. Li et al., 
2024). The implications of intermediate conditions for the particle phase have been primarily 
focused on yields, rather than compositional effects. Newer studies have emphasized the utility 
of online measurements for tracking the evolution of particle-phase composition (Pospisilova et 
al., 2020) but to our knowledge, there has not been a study investigating the impact of RO2 
chemistry on the real-time composition of SOA. Potential changes in the chemistry of SOA from 
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the multiple available RO2 pathways are under-constrained. Furthermore, the possibility of 
nonlinear chemistry, in which compounds resulting from cross reactions of different radical paths 
contribute to particle composition, has not been explored. 

We conducted a series of OH-oxidation experiments of α-pinene in order to investigate 
the role of RO2 conditions in modifying gas- and particle-phase chemistry. These experiments 
survey competition between the two pathways (at both limiting and intermediate values of β). 
Additionally, we survey changes in the overall rates of both reaction pathways, represented by a 
second chemical parameter, τNO,HO2, the combined bimolecular lifetime of RO2+NO and RO2+HO2 
reactions: 

τ𝑁𝑂,𝐻𝑂2
 =

1

𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂] +  𝑘𝑅𝑂2+𝐻𝑂2
[𝐻𝑂2]

         (4.2) 

At longer values of τNO,HO2, various isomerization, RO2+RO2 and RO2+NO2 reactions limited under 
higher oxidant concentrations may become competitive with the RO2+NO and RO2+HO2 
pathways (Teng et al., 2017). In order to explore the impacts on particle-phase products, 
extractive electrospray ionization time of flight mass spectrometry (EESI-ToF-MS), a particle-
phase measurement with low reported fragmentation rates, monitored SOA composition in real 
time (Lopez-Hilfiker et al., 2019). We compare the spectra measured in different experiments to 
investigate how the branch point of peroxy radical chemistry controls SOA composition. We look 
at the differences in the major products detected, and at the relative formation of organic 
nitrates, hydroperoxides, and dimers. We then discuss the evolution of the SOA composition in 
time, and the possibility of using compositional markers of RO2 formation conditions in studies of 
ambient aerosol. 

4.3 Methods 

In all experiments, α-pinene was oxidized by OH in the MIT environmental chamber 
(Hunter et al., 2014). Experiments were performed in semi-batch mode. The chamber was filled 
with clean air from a zero-air generator (Tisch Environmental 737 Series) and replenished at a 
rate of 12 liters per minute, replacing the sample intake flow to the instruments used. The 
chamber was humidified to 60% by flowing a portion of the clean air stream through a bubbler 
containing Milli-q water. 

Before each experiment, dry ammonium sulfate seed aerosol was introduced into the 
chamber by bubbling ammonium sulfate solution through an atomizer and drier for several 
minutes. Then, hexafluorobenzene was added to serve as a dilution tracer by gas-tight syringe 
injection, followed by 70-180 ppb of α-pinene added by gas-tight syringe injection through an 
inlet heated to 100°C. After the concentration of α-pinene stabilized, oxidant precursors were 
added to the chamber, usually in the order of nitrous acid (HONO), nitric oxide, and hydrogen 
peroxide; concentrations were chosen to access a particular RO2 fate, as discussed below. OH 
was generated by two methods depending on the experiment: photolysis of HONO and H2O2. 
HONO was produced by addition of sulfuric acid to a sodium nitrite aqueous solution in an airtight 
flask and sampling the headspace. H2O2 was added by a single gas-tight syringe injection to an 
input flow stream. Nitric oxide was introduced by adding a controlled flow from a gas standard. 
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HONO concentrations were estimated from the difference between the NO2 measurement in a 
chemiluminescence instrument (Thermo Scientific), which is cross-sensitive to NOy, and the NO2 
concentration measured by a CAPS NO2 instrument (Aerodyne Research). NO concentrations 
were also monitored with the chemiluminescence monitor. A measurement of H2O2 

concentrations was not available, so initial concentrations were estimated based upon the 
volume of H2O2 solution injected into the chamber. Photochemistry was initiated by the 40 UV 
lights surrounding the chamber, each centered around a 245 nm wavelength. Once all of these 
components were added and baseline concentrations had been established, the UV lights were 
turned on, initiating chemistry in the chamber, and the experiment was run for 7 to 8 hours. 

A suite of instruments was used to monitor gas- and particle-phase composition of the α-
pinene oxidation system. A Vocus-PTR (Aerodyne Research) was used to monitor the decay of α-
pinene (J. Krechmer et al., 2018). Particle-phase composition was measured by an Aerosol Mass 
Spectrometer (DeCarlo et al., 2006) and an EESI-ToF-MS (EESI) (DeCarlo et al., 2006; Lopez-
Hilfiker et al., 2019). The EESI removes gas-phase species by passing an inlet flow through a 
charcoal denuder. After this, a spray of sodium iodide salt in acetonitrile and water solution to 
dissolve and ionize soluble components of the sampled particles. This stream passes through a 
capillary heated to 190°C, evaporating the solvent and producing an ion gas of adducts of Na+ 

and the particle-phase compounds. The EESI was optimized for product signal to noise by 
sampling a levoglucosan (C6H10O5) standard and optimizing the average levoglucosan-sodium 
adduct mass signal (counts per second) for differing voltage settings in the mass-spectrometer 
with the Thuner software. Both particle-phase composition measurements sampled chamber air 
downstream of a thermodenuder (Huffman et al., 2008). This permitted regular switching 
between a high temperature sampling line and a bypass. The volatilized species produced a 
characteristic pattern in the signals detected in the EESI, facilitating identification of particle-
phase signals from instrument background signals. High resolution analysis of the aerosol peaks 
was performed using Tofware v4.0.1. Peaks were included in this analysis if they responded to 
the changes in the thermodenuder and fitted as sodium adducts to closed shell organic molecules 
with formulas corresponding to (Na)C3-22H0-34N0-1O0-12

+ (Figures 4.A.1 and 4.A.2). The average 
signal before the chemistry is initiated is subtracted as background from each timeseries. The 
EESI varies in sensitivity to different compounds by orders of magnitude (Lopez-Hilfiker et al., 
2019), so the analysis performed here is of relative signal intensities between experiments, rather 
than calibrated concentrations.  

In order to control the RO2 chemistry in each experiment and determine appropriate 
concentrations of the oxidant precursors, we use a modeling approach for designing experiments 
described in a prior publication (Kenagy et al., 2024). Iterative F0AM chemical modeling, using 
the Master Chemical Mechanism version 3.3.1 was used to simulate chamber RO2 chemistry 
under a range differing initial conditions (Wolfe et al., 2016). Chemistry was simulated in each 
experiment for 8 hours of oxidation under dilution and UV flux conditions matching the MIT 
chamber. Final concentrations of α-pinene, the median OH exposure, and the relative rates of 
RO2+NO, RO2+HO2, RO2+RO2 and known isomerization reactions were saved. From these rates, β 
was calculated by integrating the NO and HO2 rates over the entire experiment time and then 
combining them as in Equation 4.1. A median τNO,HO2 was calculated from the combined rates of 
the NO and HO2 reactions as in Equation 4.2. Both parameters evolve over time due to changing 
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concentrations of RO2 and the various oxidants. Experimental initial conditions were chosen in 
order to achieve a full range of β values from 0 to 1, and at least two orders of magnitude in 
τNO,HO2, from 0.1-100s. Following each experiment, the measured concentrations in the 
laboratory chamber would be used to rerun F0AM simulations, reproducing the most accurate 
estimation of β and τNO,HO2. Limiting experiments with primarily RO2+NO chemistry β=1 and a 
short τNO,HO2=0.1-10s and RO2+HO2 chemistry β=0 and a short τNO,HO2=0.1-10s could then be 
compared to experiments with intermediate values of β and longer τNO,HO2 on the order of 10-
100s. Aerosol is generated in all experiments, corresponding to increases in organic signal in the 
AMS and growth of organic ion signals in the EESI. In order to achieve the desired peroxy radical 
fates, overall OH exposure varied between experiments. Consequently, there was variation in the 
decay of α-pinene from experiment to experiment (Figure 4.A.3). In order to compare similar 
rates of oxidation, different experiments are compared at equivalent levels of α-pinene decay 
measured by the Vocus-PTR. In Experiments 1 and 2, the furthest extent of oxidation achieved 
was 60%, so this is the extent of oxidation examined in this study. 

Concentrations of ozone increased over most experiments as a byproduct of OH oxidation 
with α-pinene, with final concentrations as high as 50 ppb in one experiment. Reaction with O3 
was never a major channel for α-pinene loss; modeling suggests this accounts for less than 10% 
off the overall oxidation of α-pinene in all experiments. Similarly, the modeled loss to NO3 
accounted for less than 10% of the total reaction. Therefore, the SOA produced primarily reflects 
the products from the OH+α-pinene reaction, especially during earlier periods of the experiment 
(Figure 4.A.4). 

4.4 Results and Discussion 

4.4.1 Estimation of RO2 Conditions 
The initial conditions and estimated chemical parameters of all experiments are listed in 

Table 1. The values of β and τNO,HO2 are reported at 10% and 60% of α-pinene loss. β is calculated 
as the integrated ratio of primary RO2 fates for each experiment between the NO and HO2 
pathways, whereas τNO,HO2 is described as the median lifetime from the start of oxidation to the 
cutoff reflective of a given amount of oxidation. The experiments span a range in β from 0.11 to 
0.99, including both near-limiting and intermediate cases for the competition between NO and 
HO2 for reaction with RO2. Residual HONO off-gassing from the chamber walls is likely responsible 
for residual NO concentrations in experiments 1 and 7, where HONO and NO were not added: 
this results in higher β values than anticipated. The experiments cover 2 orders of magnitude in 
τNO,HO2 from 0.29-111.0s.  
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Table 4.1: Summary of Experimental Conditions. Initial concentrations of α-pinene, O3, HONO, 
NO, NO2, estimated H2O2, and NH4(SO4)2. β and τNO,HO2 are reported at 10% and 60% of α-pinene 
loss. 

Figure 4.2 shows the RO2 experiments in Table 4.1 plotted in chemical space by their 
estimated β and τNO,HO2. To demonstrate the changes in RO2 chemistry that occur over the course 
of the experiments, each experiment is plotted at 10% increments of precursor loss. For the low 
β experiments (#1 & 2) there is little change in τNO,HO2 but a decrease of about 0.1 in β. For the 
high β (Experiment 9), τNO,HO2 increases from a value of 0.06s to 0.29s. In most other intermediate 
cases (Experiments 3-4 & 6-8) there is a combination of decreases in β on the order of 0.1-0.2 
and increases in τNO,HO2 of up to 60-100s. When comparing the SOA spectra recorded at initial 
conditions, as well as changes in composition over time, the evolution of the RO2 regime needs 
to be taken into consideration. 

 

  

 

 

 

 

Expt. 
  

β10% 

 

 

β60% τNO,HO2 

10% (s) 

 

τNO,HO2 

60% (s) 
α-pinene 
(ppb) 

O3 

(ppb) 

HONO 
(ppb)  

NO 
(ppb)  

NO2 
(ppb) 

H2O2 
(ppb)  

NH4(SO4)2 
(μg/m3) 

1 0.16 0.07 10.3 11.0 124.4 3.0 0.03 1.8 1.0 6458 27.7 

2 0.21 0.11 9.5 10.6 126.6 1.7 0.4 2.8 1.6 6458 25.4 

3 0.62 0.39 17.3 111.0 136.1 0.5 3.9 1.3 2.7 1256 29.4 

4 0.52 0.45 14.0 26.3 137 2.3 9.3 0.7 3.1 2321 26.6 

5 0.73 0.70 8.7 12.4 98.6 2.5 20.6 1.2 4.1 850 30.4 

6 0.99 0.73 0.5 68.2 178.3 0.6 0.7 19.3 4.4 300 33.1 

7 0.95 0.82 2.4 6.7 75.2 2.1 8.8 3.0 21.4 950 26.7 

8 0.99 0.85 0.4 6.4 141.5 0.7 24.7 23.2 6.6 353 24.4 

9 0.99 0.99 0.06 0.29 110.7 0.5 40.0 83.8 11.5 31 24.0 
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Figure 4.2: Evolution of chemical regime in β and τNO,HO2
 space for each experiment in Table 1 

from 10% precursor oxidized to 60% precursor oxidized, with the points increasing in size and 
darkening with further oxidation. Case experiments 1 (blue) 3 (brown) and 9 (orange) are 
highlighted.  

Some constraints from existing work inform the possible role of isomerization for the α-
pinene peroxy radicals generated in this study, which are shown in Figure 4.3. Xu et al., 2019 
determined a rate for isomerization for the ring opened peroxy radical (Figure 4.3c) of 4 ± 2 s-1. 
This isomerization lifetime is shaded in green on Figure 4.2 (0.17-0.5s). With the exception of the 
high β, low τNO,HO2 experiment (9) and the initial conditions in experiments 6 and 8, the 
bimolecular RO2 pathways should not be competitive with isomerization for this peroxy radical, 
and therefore all products of this pathway should result from the isomerization reaction. The Xu 
et al. results suggest that the two other OH-addition derived peroxy radicals (Figure 4.3a and 
4.3b), which make up 66% of the peroxy radical yields, do not have isomerization pathways which 
are competitive with a τNO of 3-40s, and so these pathways should be available for reaction with 
NO, HO2, and other RO2. Even longer isomerization rates could become competitive at longer 
values for τNO,HO2 that were achieved in the experiments in this study; however they would still 
be competing with reactions of RO2+RO2, a parameter which was not constrained by τNO,HO2. To 
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our knowledge, no isomerization reactions have been proposed or measured for the peroxy 
radicals resulting from hydrogen abstraction (Figure 4.3d and 4.3e), which should make up 12% 
of the derived peroxy radicals, so these fates are not constrained for the range of τNO,HO2 values 
accessed. 

 

Figure 4.3: Available reaction pathways for α-pinene derived peroxy radicals. The two peroxy 
radicals from OH addition (a,b) have been found to not isomerize, and therefore may react with 
NO, HO2, or other RO2 radicals over the range of chemical conditions in this study. The ring 
opened peroxy radical (c) has been characterized as quickly isomerizing, though RO2+NO in 
experiment 9 (and during initial conditions in experiments 6 and 8) would be competitive. 
Isomerization rates for the hydrogen abstraction derived peroxy radicals (d,e) have not been 
experimentally constrained to our knowledge (Capouet et al., 2004; Xu et al., 2019; Berndt, 2021; 
Salo et al., 2022; Shen et al., 2022). 
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4.4.2 Dependence of SOA composition on RO2 chemistry 
Figure 4.4 shows EESI mass spectra of SOA formed early in the experiment (10% α-pinene 

consumed), for three different experiments: a) one at high β (Expt. 2, β=0.21, τNO,HO2=9.5s), b) 
one at low β (Expt. 9, β=0.99, τNO,HO2=0.06s), and c) one at mid-β and high-τNO,HO2 (Expt. 3, β=0.62, 
τNO,HO2=17.3s). Each spectrum is weighted by carbon number and then normalized to the total 
product signal. The high β experiment takes place in conditions favoring reactions of RO2 with 
HO2. The spectrum in this experiment at this stage is largely dominated by just two particle-phase 
products, C10H18O6, and C10H18O7. The addition of two hydrogen atoms to the parent molecule 
(C10H16) is key to understanding the RO2 formation chemistry, which implies the addition of a 
hydroperoxide or alcohol group to the peroxy radical by reaction with HO2. Because there are 
more than the 3 oxygens which would be attached by OH and HO2 addition, some isomerization 
step is likely also involved to increase the oxygen numbers of these formulas. One additional 
possibility is that diols from an RO2+RO2 reaction, which would form one alcohol (ROH) and one 
aldehyde (R=O), could produce C10H18Ox formulas, but the absence of dimerized (ROOR) products 
at higher molecular weights (m/z~300-450) suggests relatively little RO2+RO2 chemistry is 
occurring under these conditions. 

Figure 4.4: Spectra at 10% precursor decay for a) Experiment 2, β=0.21, τNO,HO2=9.5s, b) 
Experiment. 9, β=0.99, τNO,HO2=0.06s, and c) Experiment 3, β=0.62, τNO,HO2=17.3s. Prominent 
peaks common to experiments 2 and 3 are marked with blue vertical lines and peaks common to 
experiments 9 and 3 are marked with orange vertical lines. Signals are the average spectrum 
during a 10-minute window centered around the time of 10% precursor reaction, weighted by 
carbon number and then normalized to the total product signal. For simplicity, the sodium ion 
adduct mass has been removed for every species. 
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The high β experiment (Figure 4.4b, β=0.99, τNO,HO2=0.06s) heavily favors RO2 reaction 
with NO. The dominance of organic nitrates C10H15NO8, C10H15NO9 and C9H15NO8 demonstrates 
the importance of pathways incorporating a nitrate functional group. Non-nitrogen containing 
products such as C6H10O5, C7H10O6, C9H14O6, and C10H16O4-7 are also prominent features of this 
spectrum. The lower carbon and hydrogen content of the C<10 species, resulting from 
fragmentation, implies chemistry proceeding from alkoxy radical formation, which is most likely 
to occur from reaction with NO. As discussed earlier, alkoxy radicals may also arise from the 
RO2+RO2 pathway or the HO2 pathway under certain conditions. There is some signal detected 
from C10H18O6-7 in this experiment, but compared with the low β experiment, it is a much smaller 
signal. Similarly, there is not much signal detected in the higher mass region, limiting the evidence 
for RO2+RO2 chemistry. 

Finally the higher τNO,HO2 experiment (Figure 4.4c, β=0.62, τNO,HO2=17.3s) represents a 
mixed case, with competition between HO2 and NO, and the longest τNO,HO2. Higher molecular 
weight species (m/z~300-450) were prominent in this spectrum compared to the limiting cases: 
the largest signals observed were C20H32O7-8, C19H30O8, and C18H28O6. The dimerized species are 
a result either of particle-phase oligomerization or gas-phase RO2+RO2 chemistry. Additionally, 
large signals in the early spectra of both the low β (C10H18O6-7) and high β (C7H10O6, C10H16O6-7, 
C10H15NO8) appear as well in this experiment, although the relative ratios of these products are 
not reproduced, and some prominent products in the high β experiment are absent. All of these 
differences imply that the chemistry involved in this higher τNO,HO2 experiment did involve some 
common RO2 pathways to the limiting case experiments but also experienced differing chemistry 
resulting in the formation of dimers. 

Figure 4.5 shows a Generalized Kendrick Analysis (GKA) plots for the 3 aforementioned 
experiments at 10% precursor decay (Alton et al., 2023). Each plot is characterized by 4 regions 
of products: monomeric compounds with formulas C2-10HyOz in the upper left quadrant, nitrates 
C2-10HyNOz in the the lower left, and dimeric compounds C11-20HyOz and C11-20HyNOz in the upper 
and lower right quadrants. The differences in mass defect are scaled in a manner that preserves 
double bond equivalence. In effect, this creates horizontal lines corresponding to different 
oxygen numbers, i.e. a line of C10H16Oz, etc. It is easy to visualize the differences in RO2 chemistry 
resulting from fragmentation, dimerization, and incorporation of nitrate groups. For the low β 
experiment, where RO2+HO2 dominates (Figure 4.5a), there are relatively few organic nitrates – 
about 18% of the carbon weighted instrument signal. Dimer products also make up about 23% of 
the instrument signal. For the high β, where RO2+NO is the dominant pathway, organic-nitrate 
signal represents nearly 40% of the instrument response after the initiation of photochemistry. 
The monomeric island in the upper left quadrant is lower in mass than in the low β experiment, 
suggesting more fragmentation. For the longer τNO,HO2 experiment (Figure 4.5c), the most 
prominent feature of the spectrum is the high abundance of dimers (C>10HyOz and C>10HyNOz), 
which account for 51% of the signal. 
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Figure 4.5: Generalized Kendrick Analysis Spectra for a 10% precursor decay for a) Experiment 2, 
β=0.21, τNO,HO2=9.5s, b) Experiment. 9, β=0.99, τNO,HO2=0.06s, and c) Experiment 3, β=0.62, 
τNO,HO2=17.3s. Prominent differences in the three spectra include the prominence of C10H18Oz 
species in experiment 2, the distribution of nitrate species (lower quadrants) in experiment 9, 
and more dimerized species (right quadrants) in experiment 3. 

To investigate the validitiy of using β as a linear parameter to extrapolate the gas-phase 
chemistry and SOA composition from extreme cases to mixed RO2 regimes, we construct an 
intermediate spectrum from our high and low β in linear combination to match the β value 
estimated in our high τNO,HO2 experiment. This mimics the approach of parameterizing an 
intermediate oxidation regime, similar to the approach in treating RO2 fates commonly used in 
treatments of gas-phase chemistry in models of the atmosphere. Figure 4.6 displays the 
difference between this approximated spectrum and the EESI spectrum from the high τNO,HO2 

experiment. Differences between the two spectra indicate that the linear combination diverges 
from the experimental results. This is easiest to see in the higher mass region corresponding to 
dimers (m/z ~325-425) where RO2+RO2 chemistry is necessary to produce the larger compounds, 
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but there are also some considerable differences in the monomeric compounds: the 
approximation predicts more of the hydroperoxides C10H18O6-8 than is measured and also there 
are mismatches in the C10H16O4-6 peaks – the measured C10H16O6 signal is much greater than 
predicted by this linear combination of extreme β values.  

 
Figure 4.6: GKA plot of Experiment 3, β=0.62, τNO,HO2=17.3s and linear approximation from high 
and low β experiments. Differences between the real spectrum and the approximation represent 
nonlinearities arising in the longer τNO,HO2 experiment from a mixed RO2 regime. 

 We observe similar trends in the relationship between our estimation of RO2 conditions 
and the products detected in the other 6 experiments (Figure 4.A.5). The intermediate β 
experiments contain common formulas to those in the high and low β experiments discussed. 
Furthermore, the experiments with longer estimations of τNO,HO2 include higher levels of dimers. 
The overall composition across experiments will be discussed in a later section. 

4.4.3 Evolution of aerosol composition 

 As each experiment proceeds, the spectra detected in the EESI changes, with new 
compounds absent during early oxidation conditions growing in. By 60% consumption of the 
precursor, there are major differences from the spectra shown in Figure 4.4. Figure 4.7 shows 
the same experiments at 60% loss of α-pinene for the low β (β=0.11, τNO,HO2=10.6s), higher β 
(β=0.99, τNO,HO2=0.29s), and higher τNO,HO2 (β=0.39, τNO,HO2=111.0s) experiments (note that values 
β and τNO,HO2 have changed as shown in Table 4.1/Figure 4.2). The most prominent peaks in the 
low β experiment are C10H16O4-7 and C10H18O4-7, along with the standout peak corresponding to 
a fragmentation product, C9H14O2. In experiment 3, C10H15NO7 and C8H12O5, are now the largest 
peaks, which were not prominent in the spectra detected at 10% precursor loss. Other major 
signals, (C9H14O6, C10H16O4-6, and C10H15NO8-9), are common to both spectra. Some shared 
formulas are present between the high β or low β experiment and the longer τNO,HO2 
(highlights/vertical lines in Figure 4.7b) – but the distribution is dominated by the C10H16O6 peak 
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out of proportion to either high or low β experiment. The signals of C7H10O5-6 are higher than 
either of the limiting experiments. Lastly, the distribution of dimer signals has shifted towards 
lower masses (C18H28O6-7) than the spectra at 10% precursor loss. This trend towards lower 
masses/carbon number dimeric compounds over time is consistent with results from α-pinene 
ozonolysis experiments reported by Pospisilova et al., 2020, which were suggested to be the 
result of particle-phase accretion reactions and decomposition of the C20 compounds. The 
increase in τNO,HO2 for experiment 5 (17.3s to 111.0s) did not result in a relative increase in the 
abundance of dimer signal detected. Though there are still clear differences between all 3 
experiments, the spectra are more similar to each other than during initial conditions shown in 
Figure 4.4. The main exceptions to this are the high organic nitrate signals in the high β 
experiment, and the C7H10O5-6 peaks in the higher τNO,HO2 experiment. Other distinguishing 
features such as the hydroperoxide and dimer peaks are relatively diminished, suggesting that 
some of the defining products from specific RO2 pathways conditions may be removed by other 
processes over time. 

 

Figure 4.7: Spectra at 60% precursor decay for a a) Experiment 2, β=0.11, τNO,HO2=10.6s, b) 
Experiment. 9, β=0.99, τNO,HO2=0.29s, and c) Experiment 3, β=0.39, τNO,HO2=111.0s. Prominent 
peaks common to experiments 2 and 3 are highlighted in blue and peaks common to experiments 
9 and 3 are highlighted in orange.  

Finally, we examine trends in the key categories of products (nitrates, dimers, and 
hydroperoxides) in β and τNO,HO2 for all 9 experiments. Figure 4.8 shows scatterplots of a) organic 
nitrate (CxHyNOz) signal intensity versus β, b) dimer (C>10HxNyOz) signal intensity versus τNO,HO2, 
and c) hydroperoxide (C10H18Oz) signal intensity versus β. The correlation between β and the 
fraction of organic nitrate signal remains robust (R2=0.9) at 60% precursor loss. This linearity is 
preserved despite the evidence of RO2+RO2 chemistry in longer tau experiments at intermediate 
cases. In fact, the correlation improves with further oxidation, perhaps because the fraction of 
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signal corresponding to dimers decreases with further oxidation, as shown in Fig.8b. The fraction 
of dimers is positively correlated with τNO,HO2, with some relative outliers, such as the second 
longest τNO,HO2 experiment. The decrease in the fraction of instrument signal contained in dimeric 
compounds between 10% and 60% oxidation suggests that these compounds are formed quickly 
during initial RO2 conditions and potentially lost to further chemistry, as discussed for Figure 4.7c. 
Finally, the fraction of hydroperoxide (C10H18Oz) species is correlated with lower values of β but 
does not display a linear relationship in intermediate cases. Besides this, the overall fraction of 
C10H18Oz signal decreased with successive oxidation, suggesting that this signature of RO2+HO2 
chemistry may be increasingly hard to distinguish in aged aerosol. Overall, the correlations 
between the parameters for estimating RO2

 fate correspond to the predicted trends in key classes 
of SOA products. For organic nitrates, the overall level of nitrate formation appears to validate 
the assumption that mixed cases of RO2+HO2 and RO2+NO chemistry can be approximated by 
product yields determined at linear cases. However, for both dimers and peroxides, it looks like 
further parameterizations may be necessary to describe the range of RO2 oxidation conditions.  

 

Figure 4.8: Trends in relative fraction of RO2 pathway dependent product classes versus β and 
τNO,HO2. a) Scatterplot of CxHyNOz species (fraction of EESI signal intensity) versus β b) Scatterplot 
of C>10HxNyOz. versus τNO,HO2 c) Scatterplot of C10H18Ox versus β. 
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In general, as the spectra evolve with further oxidation, the products detected in all 

experiments become more similar to one another. Figure 4.9 shows cosine similarities (explain) 

between all experiments at 10%, 35%, and 60% precursor oxidation. As the extent of oxidation 

increases, so do the cosine similarities, suggesting increasing convergence of the spectra. 

Nevertheless, some differences persist between the high and low β conditions, as shown in Figure 

4.7. Experiments 2 and 9 only had a cosine similarity of 0.52 at 60% oxidation. The greater 

importance of β than τNO,HO2 (correlation in β indicated by coherence of color gradient, see Figure 

4.A.8 for arrangement by τNO,HO2) for differences in correlation might be due to the relatively 

lower intensity of signal from dimerized compounds at higher masses contributing a small overall 

portion of the measurement response. 

 

 Figure 4.9: Cosine similarity matrix of the experiments in Table 4.1, at a) 10% precursor decay, 
b) 35% precursor decay, and c) 60% precursory decay. By 60% α-pinene decay, the cosine 
similarities between experiments are greater, suggesting convergences between the detected 
spectra in each experiment. 

As the SOA products evolve over each experiment, there are multiple processes which 
may be responsible for the changes observed in both newer species growing in and rapidly 
formed species decreasing. The first is that the gas-phase oxidation regime, which is reflected in 
the peroxy radical fates, are changing over the course of a chamber experiment – this is both due 
to the shifting balance of radicals in the chamber and the relative concentration of peroxy 
radicals. Changes in the RO2 regime can then result in different products forming and partitioning 
to the particle phase. The second possibility that second-generation products start to contribute 
to the aerosol composition as they are formed and in turn oxidized by OH. Eddingsaas et al., 2012 
noted the contribution of oxidation products of pinonaldehyde to SOA in the α-pinene oxidation 
system, which is reported to from both the RO2+NO and RO2+HO2 pathways. Finally, particle-
phase heterogenous or aqueous-phase reactions may be responsible for the formation or 
decomposition of specific species as the aerosols age. We can assess the likelihood of changes in 
RO2 regime influencing the chemical evolution of SOA in the experiments discussed above. As 
Figure 4.2 shows, there are order of magnitude changes in τNO,HO2 in some experiments, including 
in the highest τNO,HO2 experiment (3). Except for the high β experiment (9), there are also 
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decreases in β as each experiment progresses. In the high τNO,HO2 experiment (Fig. 4c,7c), the 
organonitrate peak corresponding to C10H15NO8 is present early in the experiment (Fig 4c.), when 
β is higher, but becomes less prominent by 60% oxidation, when β is lower. The difference in 
relative concentration of the C10H15NO8 signal may therefore be related to the availability of the 
RO2+NO pathway decreasing. Overall, the decreases in relative nitrate signal across experiments 
are also consistent with decreases in β, as shown in Figure 4.8c. On the other hand, the changes 
in composition occurring in the low β experiment (2) between Figures 4.4a and 4.7a, for instance, 
do not correspond to a change in τNO,HO2, and the decrease in β would imply more preferential 
formation of hydroperoxides relative to conditions at 10% oxidation, which is not observed. 
Therefore, the changes in the low β composition are presumably not due to changes in RO2 
regime and may be from secondary product oxidation or particle-phase processes. Some 
combination of these processes is likely responsible for the overall changes in composition which 
are observed. 

The impact of isomerization reactions on the SOA in these experiments is more difficult 
to determine, since the rates of potential isomerization for some peroxy radicals (Figure 4.3d-e) 
are currently unconstrained and there are no specific formula types that suggest primary 
isomerization reaction products to the exclusion of other pathways. Xu et al., 2019 identified a 
number of products from the ring-opened peroxy radical (Figure 4.3c) which included multiple 
isomers of an organic nitrate C10H17NO6, a peroxide ketone C10H16O3, and an endoperoxide 
dialdehyde, C10H16O4. Reaction of the secondary peroxy radical formed from this isomerization 
pathway could produce a peroxide with the formula C10H18O5, and the combination of two such 
secondary peroxy radicals could combine to form a dimer with the formula C20H34O8. Products 
with all of these formulas were detected in the EESI, but without information for distinguishing 
isomers, it is not possible to ascertain whether these products are formed from the ring-opened 
peroxy radical versus another pathway, or how efficiently these products will partition into the 
particle phase. Formulas with 6 or more oxygens are likely to involve either an initial or secondary 
isomerization step (following generation of an alkoxy radical). These more oxygenated products 
may only otherwise be formed from secondary generations of oxidation that would proceed at a 
slower rate. The higher oxygen number species detected in Figure 4.4 at an early stage of 
oxidation are therefore likely to have resulted from processes involving some isomerization. With 
only information about formulas of the SOA products, it is not straightforward to describe the 
mixed influence present of isomerization alongside other peroxy radical pathways. 

4.5 Conclusions 

 We performed a series of α-pinene oxidation experiments with the aim of systematically 
altering the gas-phase RO2 fates and monitored the changes in secondary organic aerosol 
composition in real time with EESI-ToF-MS. This revealed that RO2 oxidation conditions can have 
dramatic influences on the products which condense into the particle phase. The formulas of 
some of the detected products corroborate the expected RO2 chemistry. While the overall 
differences in composition between all experiments decreased with oxidation exposure, large 
differences in the spectra between extremes in β persisted. The overall level of organonitrate 
signals observed in each experiment correlated with β, and differences in τNO,HO2 values, especially 
initial conditions, impacted overall formation of dimer products. The clearest markers of HO2 
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chemistry, formulas likely corresponding to hydroperoxides, decreased overall relative to early 
oxidation conditions. Though further study will be needed to determine the longevity of certain 
particle-phase compounds, it is possible to identify marker species which could be adapted to 
identify RO2 formation chemistry in ambient conditions. 

The changes over time in RO2 conditions within the chamber trend towards longer values 
of τNO,HO2 and lower values of β, which is similar to conditions experienced by a plume of air 
travelling away from a source of NOx and VOCs. Nevertheless, it will be useful to disentangle 
changes in RO2 regime from other processes such as particle-phase reactions for describing the 
evolution of SOA. This will require targeted studies with more careful control of RO2 conditions, 
as well as studies of aerosol aging following formation under differing RO2 regimes. Isolation and 
identification of specific isomerization rates for all α-pinene derived peroxy radicals will be crucial 
for a more precise description of RO2 fates as a function of τNO,HO2. In addition to identification of 
initial RO2 pathways and rates, a more comprehensive description of RO2 fate will greatly improve 
knowledge of key chemical processes. Cross reactions of NO and HO2, which are more likely to 
occur in mixed β conditions, may be absent from limiting experiments. Another challenge for 
connecting the chemical parameters straightforwardly to RO2 fate is that while τNO,HO2 may 
increase as a result of decreasing oxidant concentrations, the overall rates of RO2+RO2 reactions 
may also decrease at the same time, owing to decreased RO2 concentrations, and therefore not 
see a relative increase in RO2 derived products. Finally, assessing the impacts of atmospherically 
relevant RO2 composition (arising from other VOCs) and concentrations will better constrain 
RO2+RO2 chemistry. 

There are important considerations before using the results of this kind of study to 
parameterize models of SOA composition across different chemical regimes. The timescales of 
oxidation examined in these experiments corresponded to a few hours, only a fraction of the 
modeled SOA lifetime in the atmosphere of 4-6 days (Pai et al., 2020). Therefore the composition 
reported in this study alone will not be able to characterize the evolution of SOA as further 
atmospheric aging processes are likely to modify the particle composition. Results from these 
experiments suggest that classes of compounds such as organic nitrates could be described using 
a β mixing parameter, which describes the competition of the NO- and HO2-driven RO2 pathways 
in intermediate conditions. The nonlinear features of intermediate-regime experiments require 
an additional variable to describe the results shown in this study. τNO,HO2 is one such candidate 
for a more complete description of RO2 regimes. However, this parameter leaves the relative 
rates of other pathways such as isomerization unconstrained. Furthermore, it is likely to 
introduce overestimations of the rates of precursor-derived RO2+RO2 products reported in 
laboratory studies and omit cross reactions with other non-monoterpene peroxy radicals found 
in the atmosphere. Ideally, implementation of additional RO2 pathways in models would draw 
from a more complete description of RO2 fates, rather than β and τNO,HO2 alone. 

The particle-phase spectra produced from these experiments demonstrate that with 
instrumentation capable of resolving particle-phase composition such as the EESI, it is possible 
to track changes in the composition of secondary organic aerosol as a result of the gas-phase 
peroxy radical chemistry. To our knowledge, this is the first time techniques such as EESI-ToF-MS 
have been used to examine the connection between RO2 chemistry and particle-phase 
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composition. In real time, the aerosol composition formed reflects differences in the RO2 regime, 
and these differences, especially in β values, can persist to the extent of oxidation shown in this 
experiment. The importance of peroxy radical fates can be shown in some important features of 
the different spectra, as well as in the nonlinearities between limiting RO2 cases and experiments 
with lower ranges of τNO,HO2. The assumptions about product branching ratios and SOA yields 
from VOC chemistry which currently parameterize the most commonly used earth system models 
should be thoroughly tested for applicability in conditions where τNO,HO2 is higher than in historical 
laboratory studies. As it is clear that specific RO2 pathways can be essential to the identity of the 
species that condense into particles, careful consideration should be given to oxidation 
conditions under which SOA formation processes are studied. 
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4.A Appendix 

4.A.1 TD-EESI-Signal 

Figure 4.A.1: Timeseries of a product ion (orange) with a background peak at the same unit mass 
(yellow). The rapid decrease and increase indicates a response to the operation of the 
thermodenuder – the fluctuation of the lower value on hourly timescales reflects the changing 
fraction of aerosol lost at different thermodenuder temperatures. 

 

Figure 4.A.2: Peak fit of species shown in Figure 4.A.1. Only the peaks with timeseries reflecting 
a response to the TD are assigned formulas. 
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4.A.2. Experiment Modeling 

The initial concentration of α-pinene was set to 100ppb for each experiment, and initial 
concentrations of HONO, NO, and H2O2 were modified over multiple orders of magnitude. NO 
concentrations were varied lognormally in 6 iterations from 10ppt to 1000ppb, HONO 
concentrations in 20 lognormal iterations from 5ppb to 5000ppb, and H2O2 concentrations in 20 
lognormal iterations from 5ppb to 50,000ppb. 

4.A.3 Precursor Oxidation and SOA Spectra 

 

Figure 4.A.3: Fraction of α-pinene decay versus time for each experiment. 
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Figure 4.A.4: Example contributions to loss pathways for α-pinene from OH, O3, and NO3 in 
experiment 9 from table 4.1. Early composition is less affected by ozone and nitrate chemical 
pathways than later oxidation. 
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Figure 4.A.5: Spectra of all experiments at 10% precursor loss. 
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Figure 4.A.6: GKA Spectra for 3 experiments at 60% precursor decay: a) Experiment 2, β=0.11, 
τNO,HO2=10.6s, b) Experiment. 9, β=0.99, τNO,HO2=0.29s, and c) Experiment 3, β=0.39, 
τNO,HO2=111.0s. Note chemical parameters have changed relative to 10% precursor decay. 
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Figure 4.A.7: Spectra of all experiments at 60% precursor loss. 
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Figure 4.A.8: Cosine similarity matrix of the experiments in Table 4.1, at a)10% precursor decay, 
b) 35% precursor decay, and c) 60% precursory decay. Experiments are ordered by increasing 
τNO,HO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

72 
 

Chapter 5: Conclusions and Further Directions 

5.1 Main Findings 

Advancements in measurement techniques for atmospheric trace constituents have 

expanded the range of reactive organic carbon which can be detected, both in the gas phase and 

particle phase, albeit with uncertainties. In this thesis, we adapted these newer measurement 

techniques to laboratory studies of reactive organic chemistry. We demonstrated improved tools 

for constraining and investigating VOC oxidation and the composition of SOA. 

In Chapter 2, a total suspended carbon measurement technique was adapted for use in 

laboratory chamber studies. The conversion of all suspended carbon to CO2 and its detection 

above reference concentrations enhanced our ability to constrain the overall level of carbon in a 

chamber experiment. We demonstrated the response of the TOC measurement to a variety of 

compounds relevant to the ROC system in both the gas and particle phase against a reference 

instrument. The measurement was able to monitor the overall concentration of a ROC system 

undergoing chemical transformations and demonstrated the potential to measure secondary CO2 

production, an element of the oxidation system usually overlooked in laboratory experiments. 

This demonstrates the possibility of applying a top-down constraint on ROC levels in a reliable 

manner for future chamber experiments aiming to assess carbon closure, as well as the impacts 

of wall losses. 

In Chapter 3, we assessed the ability of different particle-phase measurement techniques 

to characterize the composition of commonly studied SOA systems. The comparison of three 

CIMS techniques demonstrated variations in the classes of compounds detected across 

instruments arising from differences in instrument selectivity. We also provide comparisons to 

the AMS, a bulk measurement of aerosol composition which mostly fragments the analyzed 

species. Each of the CIMS techniques demonstrates the potential to better identify chemical 

functionalization by direct detection of SOA components. However, similarly to assessments of 

chemical selectivity identified in the gas phase for different CIMS, the relative detection 

sensitivity of compounds of interest in particle-phase CIMS measurements should be carefully 

considered when analyzing SOA measurements, as well as the possibility of some fraction of 

unmeasured products. 

In Chapter 4, we applied another new particle-phase measurement technique, extractive 

electrospray time of flight mass spectrometry (EESI), to monitor the composition of the SOA 

produced from the gas-phase OH oxidation of α-pinene under different peroxy radical regimes. 

The experiments demonstrated clearly that the peroxy radical fate can alter the chemical 

constituents produced. Over time, there are changes in the RO2 chemical regime as oxidant 

concentrations change. These differences along with oxidative aging processes in the particle 

phase contribute to altering the particle composition over time. Though these processes dilute 

the imprint of differing RO2 pathways on the SOA products, there are key influences that remain, 
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especially in the case of species formed from reaction with NO versus reaction with HO2. The 

chemical parameters used to characterize the peroxy radical regime correlate with some features 

of the spectra across experiments, such as the overall level of organic nitrate species. Other 

nonlinear responses in intermediate regimes highlight the potential importance of RO2 + RO2 and 

isomerization reactions to the composition of SOA. 

5.2 Future directions 

5.2.1 Carbon Closure/Wall Loss Experiments 

 The completeness of gas- and particle-phase measurements can be assessed through 

carbon closure experiments that account for the overall transformation of carbon from a single 

VOC to various oxidation products. Full carbon closure within measurement error has been 

achieved in laboratory studies after 6 hours of oxidation, but with a fraction of intermediate 

carbon species remaining unmeasured or deposited on walls (Isaacman-VanWertz et al., 2018). 

Wall loss processes in the chamber are one of the challenges to a robust assessment of the overall 

reactive carbon budget. Although the impact of a delayed instrument response to high loadings 

of aerosol would complicate analysis of the unmeasured fraction of carbon, adding a particle 

filter upstream of the catalyst would provide a total gas phase measurement. Combining this with 

a bulk aerosol measurement such as the AMS would facilitate this real time measurement of all 

ROC in the chamber. This setup should be used to constrain the extent of wall losses and applied 

broadly across future chamber experiments alongside speciated instrumentation in order to 

assess carbon closure and develop depositional corrections to yields of aerosol formation. 

5.2.2 Calibrated comparisons of CIMS SOA measurements 

 The comparison of multiple collocated aerosol CIMS measurements identified clear 

differences between the types of formulas detected by individual ionization schemes. However, 

without directly determining the concentrations of specific species, it is difficult to assess the 

completeness of the measurements performed. It is understood that sensitivity to species by 

CIMS instruments can vary by orders of magnitude, so the distribution of product signal 

measured can be easily skewed by compounds whose sensitivities are relatively low or high. 

There are some possibilities for carrying out calibrations which do not require exhaustive 

generations of authentic standards. One such technique would involve the use of collision 

induced dissociation (CID) to determine the relative binding energy of ion-adduct complexes. This 

can then be related to the binding energy of select species with calibration standards to 

determine a broad estimation of instrument sensitivity across all species (Zaytsev, 

Breitenlechner, et al., 2019). By correcting distributions of both gas- and particle-phase species 

to absolute concentrations, the chemical properties of SOA and the mixture of oxidized ROC can 

be more accurately assessed, facilitating more accurate analyses of the chemical system. 

5.2.3 Future peroxy radical experiments 

Further study of the impacts of peroxy radical regimes on composition will need to 

disentangle the impacts of RO2 chemistry changes (especially in mixed RO2 regimes) from other 
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processes such as particle-phase reactions. Some changes in RO2 regime are likely unavoidable 

for experiments run in batch mode, where the relative concentrations of RO2 available for cross 

reactions will naturally decrease as a fixed amount of VOC precursor is oxidized. Better 

techniques for controlling the levels of NO, NO2, and HO2 could potentially help stabilize β 

conditions. This might be accomplished with a continuous or programmed addition of varying 

levels of oxidant precursors over time, or possibly a feedback program incorporating the real-

time measurements of NOx in the chamber. Steady-state reaction experiments (e.g., as 

conducted in flow reactors) could also facilitate improved control over RO2 conditions and isolate 

potential markers of specific pathways, while suppressing the extent of aging processes. Likewise, 

more careful study of aerosol aging will be key to determining the viability of particle-phase 

tracers for RO2 conditions. Tracer species need to be chemically stable enough to detect 

downwind of their formation conditions. Isolation of aerosol aging could be accomplished with 

multi-stage experiments, where the aerosol is first generated and collected in a specific RO2 

regime, and subsequently aged under conditions that simulate the overall levels of oxidation 

exposure for typical particles in the atmosphere. 

In addition to identification of specific RO2 pathways and rates, a more comprehensive 

description of RO2 fate will greatly improve knowledge of key chemical processes. The 

parameters in chemical space calculated for this study do not account for differences in the fate 

of subsequent peroxy radical generations, which can form from all of the bimolecular pathways 

when they produce alkoxy radicals. Cross reactions of NO and HO2, which are more likely to occur 

in mixed β conditions, may be absent from limiting experiments. These pathways are another 

possible contributor to the nonlinear responses observed in intermediate case experiments, 

rather than from either isomerization reactions, RO2+RO2 or RO2+NO2 chemistry. 

Lastly, large precursor concentrations high bias the rates of RO2+RO2 reactions chamber 

experiments, increasing the formation of dimer products. Concurrently, while smaller peroxy 

radical species such as alkyl peroxy or isoprene-derived peroxy radicals are common in the 

atmosphere, these species are absent in single precursor oxidation experiments of 

monoterpenes. Therefore, the C15 compounds from isoprene and monoterpene peroxy radical 

cross reactions or the C11 or C13 compounds from reactions with methylperoxy radical or 

propylperoxy radical are overlooked. The trade-off between isolating α-pinene (or any VOC) 

oxidation products and assessing more atmospherically relevant RO2 regimes must be addressed 

separately by different studies. Furthermore, targeted experiments with synthesized 

intermediates, and measurement techniques that permit the identification of isomers, would be 

essential for identifying path dependencies and the robustness of our conclusions about specific 

aerosol compound tracers of RO2 chemistry. 

All of the speciated measurements for the oxidation products detailed in this thesis are 

presented as formulas of organic molecules. They lack structural information and calibrations 

with authentic standards. Calibrations of individual compounds are essential for quantifying the 

relative abundance of specific products within the overall chemical system. Without better 
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techniques for quantifying the concentrations of key compounds of interest, such as dimers, 

organic nitrates, or highly oxidized molecules, the overall importance of these classes of 

compounds cannot be properly assessed. Furthermore, the lack of structural information 

prevents identification of specific isomers. In addition to confirming the identity of a given 

product and facilitating mechanism development, the ability to separate isomers by structural 

information also matters for proper calibrations whenever multiple isomers vary in sensitivity. 

The quantification of the components of aerosol particles identified with mass spectrometric 

techniques will need to be more robustly characterized with advances in instrumentation and 

methodology. These improvements will allow us to more accurately contextualize studies of SOA 

chemistry before application to models. 

The emissions, oxidation conditions, and fates of ROC need to be more systematically 

studied. Constraining the potential importance of understudied pathways such as isomerization 

and multiphase reactions are critical to understanding the fates of these VOCs and their oxidation 

products in the atmosphere, especially the formation and evolution of SOA. This more complete 

description of aerosol chemistry will facilitate representation of secondary organic aerosol 

concentrations in models, which will ideally increase the accuracy of projections of aerosols 

across scales in future scenarios. Developing the capacity to forecast the impacts of changing 

emissions and land use will better steer policies which might mitigate the most deleterious 

impacts of climate- and human-driven changes to atmospheric composition, public health, and 

ecosystems. 
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