
 

 
 

 

OXIDATION OF MONOTERPENES IN THE ATMOSPHERE AND INDOOR 

ENVIRONMENTS 

by 

Olivia Jean Jenks 

B.A., MANCHESTER UNIVERSITY, 2018 

 

 

 

A thesis submitted to the Faculty of the Graduate School of the University of Colorado in partial 

fulfillment of the requirement for the degree of Doctor of Philosophy  

Department of Chemistry 

2024 

 

 

Committee Members 

Joost de Gouw 

Paul Ziemann 

Eleanor Browne 

Jose Jimenez 

Qing Ye 

 

 



 

ii 

Jenks, Olivia (Ph.D., Chemistry) 

OXIDATION OF MONTOERPENES IN THE ATMOSPHERE AND INDOOR 

ENVIRONMENTS 

Thesis directed by Professor Joost de Gouw 

Abstract 

Monoterpenes are emitted into the atmosphere from vegetation and indoor products like 

personal care items and building materials. Once in the atmosphere, monoterpenes undergo 

oxidation by ozone (O3), hydroxyl radicals (OH), and nitrate radicals (NO3), forming secondary 

organic aerosol (SOA). These aerosols play crucial roles in the climate system, in limiting 

visibility, and impact human health. Aerosols reflect sunlight, contributing to a cooling of climate, 

and influence cloud properties. However, their small particle size enables them to penetrate deep 

into the lungs of humans, posing risks to cardiovascular and respiratory health. 

My first project involved characterizing the gas-phase products of monoterpene oxidation, 

focusing on Δ-3-carene, α-pinene, β-pinene, ocimene, and limonene. Innovative techniques were 

developed to identify and quantify these products, including the use of tubing delay experiments 

with the Vocus mass spectrometer. Field studies in Los Angeles corroborated findings from the 

lab, highlighting the importance of both daytime and nighttime chemistry. The composition of the 

monoterpene oxidation products observed in the field were compared to that of the lab studies, 

contributing to a comprehensive understanding of atmospheric VOC oxidation processes. 

My second project investigated the impact of germicidal ultraviolet (GUV) irradiation on 

indoor VOC oxidation. GUV has been widely used for air disinfection, particularly in public 

settings like hospitals and schools. However, its effect on indoor air quality remains poorly 

understood. By irradiating air that contains common indoor volatile organic compounds (VOCs), 
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like limonene, in a controlled chamber, the impact of GUV light on the monoterpene ozonolysis 

process was studied. This work contributes to a better understanding of the implications of GUV 

disinfection on indoor air quality and human health and will inform strategies for improving indoor 

air quality and reducing health risks associated with VOC exposure in indoor environments. 
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Introduction 
 

1.1. Oxidation of Monoterpenes in the Atmosphere 
 
Monoterpenes (including α-pinene, ocimene, β-pinene, limonene, and Δ-3-carene) 

contribute around 15% to global biogenic volatile organic compound (BVOC) emissions, sourced 

from various ecosystems such as broadleaf tropical forests, shrubs, needleleaf forests, and grasses 

(Geron et al. 2000; Reichstein et al. 2014; Sindelarova et al. 2014). Monoterpene emissions are 

often temperature-dependent, making both daytime and nighttime chemistry significant (Staudt 

and Bertin 1998). 

The oxidation of monoterpenes (by oxidants like O3, NO3, and OH) can lead to the 

formation of secondary organic aerosol (SOA) by decreasing the molecule's volatility, enhancing 

its partitioning to the particle phase (Hallquist et al. 2009). These organic aerosols impact climate, 

visibility, and human health, as they reflect sunlight back into space and influence cloud properties, 

which can either cool or warm the atmosphere (Pöschl 2005; Reichstein et al. 2014; Twomey 

1977). Anthropogenic emissions transported to forested regions can exacerbate aerosol formation 

(Carlton et al. 2010; Shrivastava et al. 2019; Xu et al. 2015; Zhang et al. 2018).  Elevated NOx 

emissions in BVOC-rich regions are likely to produce ozone (O3), an oxidant and greenhouse gas, 

and accelerate BVOC oxidation by NO3 radicals formed from the reaction of O3 with NO2. 

Particulate matter formed from BVOC oxidation can adversely affect human and ecosystem health 

and visibility, as the small particle size enables penetration deep into the lungs, leading to negative 

cardiovascular effects (Pope and Dockery 2006). 

1.2. Disinfection of Indoor Air: Germicidal UV Light 

Since the mid-1800s, scientists have recognized the impact of light on microorganisms, 

leading to the use of germicidal ultraviolet (GUV), or ultraviolet germicidal irradiation (UVGI), 
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for airborne microbe inactivation since the early 1900s (Reed, 2010). GUV fixtures have been 

implemented in hospitals to reduce postoperative infections and curb the spread of diseases like 

tuberculosis and influenza (Hart, 1960; Wells, 1942; McLean, 1961; Riley et al., 1959). The 

popularity of GUV declined in the mid-1900s due to advancements in antibiotics and vaccines, 

coupled with a reduced emphasis on airborne transmission (Reed, 2010; Jimenez et al., 2022).  

However, the COVID-19 pandemic has revived interest in GUV for air disinfection, given 

its effectiveness against SARS-CoV-2 (Ma et al., 2021; Camargo et al., 2022). While 254 nm UV 

lamps (GUV254) are effective, their human safety limitations necessitate ceiling or ventilation 

duct placement (Talbot et al., 2002; Nardell et al., 2008). Conversely, studies have demonstrated 

that 222 nm lamps can safely disinfect whole rooms without harming humans (Buonanno et al., 

2017; Narita et al., 2018; Kaidzu et al., 2021). Nevertheless, concerns arise regarding ozone 

generation by GUV222, which can react with indoor compounds to form harmful pollutants like 

formaldehyde and PM2.5 (Peng et al., 2023; Barber et al., 2023; Link et al., 2023). Given the 

significant time spent indoors, maintaining good indoor air quality is essential for overall health 

(Klepeis et al., 2001). Indoor sources such as cleaning products, furniture, and human activity emit 

volatile organic compounds (VOCs), some of which, like formaldehyde, pose health risks 

(McDonald et al., 2018; Stönner et al., 2018). Additionally, certain VOCs undergo reactions 

leading to hazardous products like secondary organic aerosol (SOA), underscoring the importance 

of assessing air quality in indoor environments. 

1.3. Thesis Overview 

This thesis presents advances in the understanding of monoterpene oxidation using 

laboratory studies and ambient measurements. Chapter 2 focuses on the oxidation of Δ-3-carene, 

a monoterpene that has received less scrutiny compared to the more commonly studied α- and β-
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pinene. Although Δ-3-carene emissions account for an estimated 6% of global monoterpene 

emissions, in regions such as boreal forests, they can constitute as much as 30% of monoterpene 

emissions (Sindelarova et al., 2014; Spanke et al., 2001). Through experimentation in an 

environmental chamber, a proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-

MS) and a chemical-ionization mass spectrometer (CIMS) were employed to identify and quantify 

gas-phase oxidation products resulting from the Δ-3-carene + NO3 reaction. A novel approach 

based on tubing delays to effectively group Vocus parent and fragment ions for analysis is 

introduced.  

Chapter 3 focuses on the gas-phase products resulting from the nitrate radical oxidation of 

major monoterpenes, investigated in an environmental chamber using trace-gas measurements 

with a Vocus and iodide CIMS. Tubing delay experiments and voltage scanning methods were 

employed for quantification and sensitivity analysis. Field studies in Los Angeles further validate 

the laboratory findings, enhancing our understanding of monoterpene oxidation products' 

composition and their environmental implications. This research contributes to existing knowledge 

on particle-phase measurements, SOA yields, and gas-phase monoterpene oxidation, expanding 

our understanding of atmospheric chemistry and its impacts on air quality and human health.  

Chapter 4 evaluates the influence of GUV222 on the chemistry of limonene and its 

oxidation products. Limonene, a common component of personal care and cleaning products, is 

prevalent in indoor air and reacts readily with hydroxyl (OH), ozone (O3), and nitrate (NO3). 

Ozone, originating from outdoor air and heightened by GUV222, reacts with limonene and 

contributes to indoor air pollution. Limonene ozonolysis can generate particulate matter (PM) 

indoors and produce gas-phase byproducts like formaldehyde and glyoxal. While limonene 

ozonolysis has been extensively investigated, our focus is on whether GUV222 alters the formation 
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of these products. The predictive capability of the Regional Atmospheric Chemistry Mechanism 

(RACM), modified to incorporate SOA formation and wall loss within the chamber, in estimating 

limonene removal and SOA formation under experimental conditions was assessed. Subsequently, 

a detailed analysis to ascertain whether the 222 nm light affects the generation of gas-phase and 

particle-phase oxidation products was conducted.
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Investigation of Gas-Phase Products from the NO3 Radical Oxidation of Δ‑3-Carene 
Reprinted with permission from Olivia J Jenks, Marla P DeVault, Anna C Ziola, Melissa 

A Morris, Melinda K Schueneman, Harald Stark, Jose L Jimenez, and Paul J Ziemann. 
“Investigation of Gas-Phase Products from the NO3 Radical Oxidation of Δ-3-Carene.” ACS 
Earth and Space Chemistry, 2023. DOI: 10.1021/acsearthspacechem.3c00020, Copyright 2023. 

 

2.1. Introduction 
 
Biogenic volatile organic compounds (BVOCs) are organic compounds with high vapor 

pressures that are emitted from vegetation and soils into the atmosphere. BVOCs are primarily 

composed of isoprene, monoterpenes, sesquiterpenes, and oxygenated compounds, with global 

emissions of 760 Tg yr–1(Guenther et al. 2012; Sindelarova et al. 2014). Isoprene is the dominant 

BVOC, and its sources and atmospheric chemistry have been studied extensively (Wennberg et al. 

2018). Monoterpenes account for about 15% of global BVOC emissions, with sources including 

broadleaf tropical forests, shrubs, needleleaf forests, and grasses (Geron et al. 2000; Reichstein et 

al. 2014; Sindelarova et al. 2014). Monoterpene emissions are often temperature-dependent, not 

light-dependent, so daytime and nighttime monoterpene chemistry are both important (Staudt and 

Bertin 1998). 

Oxidation of BVOCs can form secondary organic aerosol (SOA) by lowering the volatility 

of the molecule and thus enhancing partitioning to the particle phase (Hallquist et al. 2009). 

Organic aerosols impact climate, visibility, and human health (Pöschl 2005; Reichstein et al. 

2014). Aerosols reflect sunlight back into space, creating a cooling effect. They also impact the 

properties of clouds, which can both cool and warm the atmosphere (Twomey 1977). Transport of 

anthropogenic emissions to forested areas can enhance the formation of aerosols (Carlton et al. 

2010; Shrivastava et al. 2019; Xu et al. 2015; Zhang et al. 2018). The chemistry studied here is an 

example of how anthropogenic emissions of nitrogen oxides (NOx = NO + NO2) can affect terpene 

oxidation through nighttime chemistry. Higher NOx emissions in BVOC-rich areas will likely 



 

6 
 

produce O3, an oxidant and a greenhouse gas. Higher NOx emissions also enhance the rate of 

BVOC oxidation by NO3 radicals that are formed by the reaction of O3 with NO2. Particulate 

matter formed by the oxidation of BVOCs can have adverse effects on human and ecosystem 

health and on visibility. The average particle diameter of the oxidation products is small enough 

to penetrate deep into the lungs and can cause negative cardiovascular health effects (Pope and 

Dockery 2006). 

In this study, we focused on the oxidation of Δ-3-carene, a monoterpene that has received 

less attention than the more commonly studied α- and β-pinene. Emissions of Δ-3-carene are 

estimated to be 6% of global monoterpene emissions, but in some regions, like boreal forests, Δ-

3-carene emissions can be as high as 30% of monoterpene emissions (Sindelarova et al. 2014; 

Spanke et al. 2001). The differences in structure between α-pinene, a [3.1.1] bicyclic alkene with 

an internal C═C bond, β-pinene, a [3.1.1] bicyclic alkene with a terminal C═C bond, and Δ-3-

carene, a [4.1.0] bicyclic alkene with an internal C═C bond, affect the SOA yield, and studying 

the differences helps elucidate oxidation mechanisms (Kurtén et al. 2017). The oxidation 

mechanism and SOA yield for the Δ-3-carene + NO3 reaction have been published elsewhere, but 

to our best knowledge, only the gas phase yield of the dicarbonyl has been reported (Dam et al. 

2022; Day et al. 2022; DeVault and Ziemann 2021; Draper et al. 2019; Hallquist et al. 1999; Kurtén 

et al. 2017; Ren et al. 2020). 

The focus of this work was on the identification and quantification of gas-phase oxidation 

products from the Δ-3-carene + NO3 reaction. The reaction was investigated in an environmental 

chamber using a proton-transfer-reaction time-of-flight mass spectrometer and a chemical-

ionization mass spectrometer (CIMS). We first discuss the reaction mechanism and explain how 

the iodide CIMS was used to confirm the identity of the expected products. The Vocus 
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measurements were used to quantify gas-phase product yields, but because the measurements 

suffered from product-ion fragmentation, we used a new approach based on tubing delays to group 

Vocus parent and fragment ions together for the analysis. We also used the so-called voltage 

scanning method to study the sensitivity of the iodide CIMS for these reaction products and 

compare it with the Vocus measurements (Lopez-Hilfiker et al. 2016). This work focused on the 

gas-phase products of the Δ-3-carene + NO3 reaction and complements a previous study that 

focused on the SOA yields (DeVault and Ziemann 2021). 

2.2. Methods 

2.2.1. Chemicals 

  The following chemicals were used: (1s)-(+)-3-carene from Sigma-Aldrich, ultra-high 

purity N2 from Airgas, alkyl nitrate standards (2-ethylhexyl nitrate and cyclohexyl nitrate) from 

Sigma-Aldrich and Fluorochem, and a standard VOC mixture (described above) from Apel-

Riemer. N2O5 was prepared using the procedure described by Schott and Davidson (1958) and 

stored at −20 °C. 

2.2.2. Chamber Experiments 

Experiments were conducted in a ∼7.4 m3 Teflon FEP environmental chamber in the dark, 

at room temperature (∼23 °C) and pressure (∼630 torr). Clean air in the chamber is supplied by 

two AADCO model 737-14A pure air generators (<0.1% RH and <5 ppbv hydrocarbons). Liquid 

Δ-3-carene was evaporated into the chamber under nitrogen flow using a glass bulb to produce a 

500 ppbv concentration. NO3 radicals were formed by adding 150 ppbv N2O5 to the chamber under 

nitrogen flow, which thermally decomposes to generate NO2 and NO3 radicals. A Teflon-coated 

fan was run for 30 s after each addition to ensure complete mixing in the chamber. The 
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disappearance of Δ-3-carene and the formation of products were monitored for ∼30 min following 

injection. As the reaction took place in excess of the monoterpene, the majority of NO3 radicals 

reacted with Δ-3-carene, and predominantly, first-generation products were formed. 

A Vocus proton-transfer-reaction time-of-flight mass spectrometer (Vocus) and an iodide 

adduct high-resolution time-of-flight CIMS (iodide CIMS) were used to measure Δ-3-carene and 

oxidation products as a function of time. The Vocus and iodide CIMS were sampled through 1.5 

m and 1.0 m 0.635 cm OD (0.397 cm ID) PFA Teflon tubing, respectively, at a flow rate of 2 L 

min–1. 

After ∼30 min, the 1.5 m Vocus sampling line was replaced with a 5 m one. Once the 

tubing reached partitioning equilibrium with the gas-phase products (passivated), it was 

depassivated by sampling the room air for ∼20 min and then re-attached to the chamber(Deming 

et al. 2019). The longer sampling line was added to enhance the differences in the delay times 

between different product molecules, which were subsequently used to group together product 

ions in the Vocus that come from the same reaction products. 

2.2.3. Vocus 

The Vocus has been described by Krechmer et al. (2018). It consists of a discharge reagent-

ion source, which produces H3O+ ions; a focusing ion-molecule reactor (FIMR), where analytes 

are ionized through reaction with H3O+ and ions are focused to increase transmission into the mass 

spectrometer; and a big segmented quadrupole (BSQ), a primary beam ion optics region (PB), and 

a long time-of-flight (LTOF) mass analyzer for the measurement of the product ions. The water 

vapor flow rate was 15 sccm, and the applied discharge current was 2.0 mA. The FIMR DC voltage 

was 500 V, the RF voltage amplitude was 400 V at 1.3 MHz, and the FIMR pressure was 1.5 mbar, 
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resulting in a reduced electric field (E/N) of ∼160 Td. The BSQ RF voltage was 255 V at 2.25 

MHz. The Vocus acquired data with a time resolution of 1 s. 

Six-point calibrations using a standard mixture of VOCs (methanol, acetonitrile, 

acetaldehyde, acetone, acrylonitrile, isoprene, 2-butanone, benzene, toluene, m-xylene, 1,2,4-

trimethylbenzene, α-pinene, and β-caryophyllene in N2) were performed immediately following 

chamber experiments to determine the Vocus sensitivity for these VOCs. The standard mixture 

was diluted in zero air to mixing ratios of ∼30 to ∼10 ppbv (except for β-caryophyllene, which is 

ten times more dilute). Instrument backgrounds were measured independently by overflowing the 

inlet with zero air. The sensitivity of acetone was ∼4000 ncps ppb–1, and the resolution (m/Δm) 

was 10,200 at m/z 150. These sensitivities are plotted against the reaction rate coefficients between 

the VOC and the H3O+ ion in Figure 2.1 and shown in Table 2.1.  

 
Figure 2.1 Measured sensitivities and calculated proton transfer reaction rate constants for 

compounds contained in the calibration standard mixture. 
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Table 2.1 Calculated rates of ion-molecule reaction rates and sensitivities of Vocus calibration 
standards. 

Standard Formula kptr (10-9 cm3 molecule-1 
s-1)(Cappellin et al. 2012) 

Vocus Calibration 
Factor (ncps ppbv-1) 

Methanol CH4O 2.04 17 
Acetonitrile C2H3N 3.68 1578 

Acetaldehyde C2H4O 2.93 1616 
Acrylonitrile C3H3N Not found 3872 

Acetone C3H6O 3.09 4127 
MEK C4H8O 2.98 3733 

Isoprene C5H8 1.95 1066 
Benzene C6H6 1.93 1594 
Toluene C7H8 2.07 2247 

m-Xylene C8H10 2.26 2418 
1,2,4-Trimethylbenzene C9H12 2.4 1922 

ɑ-Pinene C10H16 2.37 2242 
Δ-3-Carene C10H16 2.44 2634 

β-Caryophyllene C15H24 2.89 423 
2-Ethylhyexyl Nitrate C8H17NO3 Not found 1494 

Cyclohexyl Nitrate C6H11NO3 Not found 1637 
Acetic acid C2H4O2 1.86 Not included 
Formic acid CH2O2 1.66 Not included 

Formaldehyde CH2O 2.56 Not included 
 

Mixing ratios for neutral products from the NO3 + Δ-3-carene reaction were calculated by 

using the average calibration factor of the standard mixture, 2500 ncps ppbv–1, with the exception 

of those VOCs that are contained in the standard mixtures used to calibrate the instrument (e.g., 

acetone and acetaldehyde). Calibration factors for compounds with m/z < 60 (formic acid, 

acetaldehyde, and formaldehyde) were adjusted due to mass discrimination in the BSQ using the 

transmission curve in Figure 2.2. 
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Figure 2.2 Sigmoidal fit to measured transmission of calibration standards in the Vocus 
assuming a baseline of zero. 

 

2.2.4. Iodide CIMS 

The iodide CIMS consists of a radioactive source that produces I– reagent ions from CH3I, 

an ion-molecule reactor (IMR), a small segmented quadrupole (SSQ), a BSQ, a PB region, and an 

LTOF. The pressure in the IMR was 100 mbar. The iodide CIMS was operated with a time 

resolution of 1 s, and the mass resolution (m/Δm) was ∼9200 at m/z 275. Calibrations were not 

performed for this instrument; the data were only used to identify the reaction products. However, 

any signal variability due to changes in the iodide concentration was accounted for by normalizing 

product ion signals to the iodide ion signal. 
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2.2.5. Data Processing 

Data processing was performed using Tofware (v3.2.3, www.tofwerk.com/tofware) 

running in the Igor Pro 8 (Wavemetrics, OR, USA) environment. Mass-to-charge ratio calibration 

was performed using 8 ions between m/z 37 and 371 with a resulting accuracy of 4 ppm for the 

Vocus and between m/z 127 and 388 with an accuracy of 2 ppm for the iodide CIMS. Peaks were 

assigned formulas manually. Tofware then allows the calculation of time series by fitting the peak 

shape to each of the assigned m/z values from the peak list. Backgrounds were measured in the 

clean chamber immediately before the addition of Δ-3-carene. Vocus data were normalized to 2 × 

106 cps of (H2O)2H+, and iodide CIMS data were normalized to 2 × 106 cps of I–, which is indicated 

by the units of ncps (normalized counts per second). 

2.3. Results and Discussion 

2.3.1. Reaction Mechanism 

The mechanisms for the reactions between NO3 and monoterpenes, and specifically Δ-3-

carene, have been discussed elsewhere (Claflin and Ziemann 2018; DeVault and Ziemann 2021; 

Draper et al. 2019; Kurtén et al. 2017). Figure 2.3 illustrates a portion of this mechanism for Δ-3-

carene, which is the most relevant for the work described here. More complete mechanisms are 

shown in the Supporting Information. In the first step, an NO3 radical adds to either side of the 

double bond to form a secondary (R1) or tertiary (R2) alkyl radical. This addition occurs at the 

less-substituted position in a ∼60:40 ratio, according to quantum chemical calculations (Kurtén et 

al. 2017). Oxygen rapidly adds to the alkyl radical to form a peroxy radical, RO2 (R3 and R4), 

which then reacts with another RO2 to form a hydroxy nitrate (HN), carbonyl nitrate (CN), or an 

alkoxy radical (R5 and R6). The alkoxy radical can undergo a ring-opening reaction, followed by 

loss of NO2 to form a dicarbonyl (DC), or a reaction by other pathways to form additional peroxy 

http://www.tofwerk.com/tofware
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00020/suppl_file/sp3c00020_si_001.pdf


 

13 
 

radicals (R9 and R10) on the way to more oxygenated products, like a hydroxy carbonyl nitrate 

(HCN) and a dicarbonyl nitrate (DCN). 

 
Figure 2.3 Proposed gas-phase reaction mechanism for the oxidation of Δ-3-carene by NO3 

radicals. 
 
 

In this work, several gas-phase products were observed in addition to the products formed 

in the mechanism described in DeVault and Ziemann (2021). Figures 2.4-2.6 show a more 

extensive proposed reaction mechanism that includes these products. The initial β-nitrooxyalkyl 

radicals (R1 and R2) can also lose NO2 to form an epoxide (E) (Wängberg et al. 1997). The initial 

β-nitrooxyalkoxy radicals (R5 and R6) can add NO2 to form a dinitrate (DN), or DN could be 

formed from the reaction of N2O5 on the walls (Spittler et al. 2006). The formation of C7 products 
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from NO3-initiated oxidation of Δ-3-carene by RO bond scission has been described by Draper et 

al. (2019). 

 

Figure 2.4 Proposed partial gas-phase mechanism (reactions A) for the reaction of NO3 + Δ-3-
carene. 
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Figure 2.5 Reactions B in the gas-phase mechanism for the NO3 + Δ-3-carene reactions in 
Figure 2.4. 
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Figure 2.6 Reactions C in the gas-phase mechanism for the NO3 + Δ-3-carene reactions in 
Figure 2.4. 
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2.3.2. Time Series Measurements 

Figure 2.7 shows an example time series of Δ-3-carene (C10H17+), N2O5, and several gas-

phase products detected by the iodide CIMS (panel A) and Vocus (panel B). The reaction was 

initiated by the addition of N2O5 to the chamber, which quickly forms NO3 through thermal 

decomposition. The reaction was complete in 5 min after all the NO3 had reacted, primarily with 

Δ-3-carene. Iodide CIMS mass spectra show the addition and then depletion of N2O5 (and thus 

NO3) in a few minutes and the increase of products like HN and HCN (Figure 2.7 A). Vocus mass 

spectra show the depletion of Δ-3-carene by 49% and the increase of products like DC and HDC 

(Figure 2.7 B). The slow decay after the reaction is complete is likely due to gas-wall partitioning, 

which is expected to occur on a timescale of ∼10 min (Krechmer et al. 2016).  
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Figure 2.7 Results from an experiment on the reaction between NO3 radicals and Δ-3-carene 

obtained by the iodide CIMS (A) and Vocus (B). Product-ion traces are marked by their 
elemental composition and the neutral reaction product they are attributed to. 
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A comparison of the time series of the formation of the HN detected by the Vocus and 

iodide CIMS is shown in Figure 2.8. The two traces correlate very well, but the Vocus signal is 

lower for a variety of reasons. 

 
Figure 2.8 Comparison of the time series for the HN parent ion measured by the Vocus and the 

iodide CIMS. Data were obtained during a chamber experiment after adding N2O5 to the 
environmental chamber containing Δ-3-carene at time zero.  

 

2.3.3. Mass Spectra 

The mass spectra of products detected by the iodide CIMS (panel A) and Vocus (panel B) 

are shown in Figure 2.9. The ions attributed to HN and HCN are highlighted in the iodide CIMS 

mass spectrum in panel A. The ions attributed to CN and dicarbonyl DC are highlighted in the 

Vocus mass spectrum in panel B. The signal of the parent ions is much lower than that of some of 

the ion fragments (formed by the loss of CH2O and C3H6O for DC and the loss of C4H5NO4 and 

C2H3NO4 for CN).  
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Figure 2.9 Iodide CIMS mass spectrum (A) and Vocus mass spectrum (B) of the products 
detected from the reaction of Δ-3-carene by NO3 radicals.  
 
 

Table 2.2 lists the main ions observed and the neutral reaction products they are attributed 

to. All products in Table 2.2 were detected with the iodide CIMS except acetone, acetaldehyde, 

and formaldehyde. All products in 2.2 were detected with the Vocus except HDCN, HNA, DHCN, 

HPCN, HCNA, DNDAP, and C7HCNE.

https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00020?ref=pdf#tbl1
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Table 2.2 Proposed gas-phase products formed from the reaction of NO3 + Δ-3-carene and 

signals (% of total product signal) detected by the Vocus and iodide CIMS. 
Product ID Formula Monoisotopic 

Mass (Da) 
Iodide CIMS 

Detection 
Iodide 
CIMS 
Signal 
(% of 
total) 

Vocus Detection (%) Vocus 
Signal (% 
of total) 

Dicarbonyl 
(DC) 

C10H16O2 168.115 I⦁C10H16O2- 1.91 C7H10OH+ 
C9H14OH+   

C10H14OH+  
C10H14O2H+   

C7H8OH+  
C8H12OH+  

C9H15+  

19.96 
9.78 

18.62 
2.59 

18.79 
12.61 
17.66 

15.99 

Carbonyl 
nitrate (CN) 

C10H15NO4 213.100 I⦁C10H15NO4- 5.18 C6H11+  
C8H13+   

C8H14O2H+ 

C10H14OH+ 
C10H14O2H+ 
C8H12OH+ 

C10H15NO4H+  
C10H17NO5H+ 

C9H15+ 

5.72 
38.70 
0.76 

11.99 
1.04 

11.90 
1.11 
0.07 

28.70 

8.73 

Peroxy 
dicarbonyl 

nitrate (PDCN) 

C10H15NO7 261.085 I⦁C10H15NO7- 4.32 C10H13NO6H+  
C10H15NO7H+      

70.68 
29.32 

0.01 

Hydroxy 
dicarbonyl 

(HDC) 

C10H16O3 184.110 I⦁C10H16O3- 0.15 C7H8O2H+ 
C10H16O3H+ 

94.39 
5.61 

0.75 

Dicarbonyl 
nitrate (DCN) 

C10H15NO5 229.095 I⦁C10H15NO5- 5.63 C10H14O4H+ 
C10H13NO5H+ 
C10H15NO5H+ 

38.70 
22.71 
38.58 

0.04 

Hydroxy nitrate 
(HN) 

C10H17NO4 215.116 I⦁C10H17NO4- 49.71 C10H18N2O5H+  
C10H16OH+ 

C10H17NO4H+ 

0.05 
99.26 
0.69  

5.25 

Hydroxy 
carbonyl nitrate 

(HCN) 

C10H17NO5 231.110 I⦁C10H17NO5- 8.02 Not detected or may 
overlap with other 

product(s) 

Not 
detected or 

may 
overlap 

with other 
product(s) 

Hydroxy 
dicarbonyl 

nitrate (HDCN) 

C10H15NO6 245.090 I⦁C10H15NO6- 0.33 Not detected Not 
detected 

Hydroxy nitrate 
acid (HNA) 

C9H15NO6 233.09 I⦁C9H15NO6- 1.58 Not detected Not 
detected 
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Dicarbonyl 
hydroxy 

carbonyl nitrate 
(DHCN) 

C10H17NO6 247.106 I⦁C10H17NO6- 0.82 Not detected Not 
detected 

Hydroxy 
peroxy 

carbonyl nitrate 
(HPCN) 

C10H17NO7 263.101 I⦁C10H17NO7- 0.19 Not detected Not 
detected 

Hydroxy 
carbonyl nitrate 
acid (HCNA) 

C9H15NO7 249.085 I⦁C9H15NO7- 0.06 Not detected Not 
detected 

Carene epoxide 
(E) 

C10H16O 152.120 NO3⦁C10H17NO3- 7.06 C10H16OH+ 100 1.14 

Dinitrooxy 
dialkyl 

peroxide 
(DNDAP) 

C20H32N2O8 428.216 I⦁C20H32N2O8- 0.09 Not detected Not 
detected 

Dinitrate (DN) C10H16N2O6 260.101 I⦁C10H16N2O6- 0.46 C10H16N2O6H+   100 <0.01 

C7 Hydroxy 
carbonyl nitrate 

epoxide 
(C7HCNE) 

C7H11NO6 205.059 I⦁C7H11NO6- 1.85 Not detected Not 
detected 

C7 Unsaturated 
dicarbonyl 

nitrate 
(C7UDCN) 

C7H9NO5 187.048 I⦁C7H9NO5- 0.94 May overlap with other 
product(s) 

May 
overlap 

with other 
product(s) 

C7 Unsaturated 
hydroxy 

carbonyl nitrate 
(C7UHCN) 

C7H11NO5 189.064 I⦁C7H11NO5- 0.60 C7H9NO4H+  
C7H9NO5H+ 
C7H11NO5H+ 

54.72 
29.93 
15.35 

0.02 

Acetone C3H6O 58.0419 Not Detected Not 
Detected 

C3H4OH+ 
C3H6OH+ 
C3H8O2H+ 

4.80 
94.53 
0.67 

31.78 

Acetic acid C2H4O2 60.0211 I⦁C2H4O2- <0.01 C2H2OH+ 
C2H4O2H+ 

59.69 
40.31 

17.90 

Formic acid CH2O2 46.005 I⦁CH2O2- 0.15 CH4O3H+ 
CH2O2H+ 

3.77 
96.23 

0.49 

Acetaldehyde C2H4O 44.0262 Not Detected Not 
Detected 

C2H4OH+ 
C2H6O2H+ 

98.95 
1.05 

5.24 

Formaldehyde CH2O 30.0106 Not Detected Not 
Detected 

CH2OH+  100 0.03 

Unidentified 
   

11.39 
  

12.69 
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The Vocus and iodide CIMS both have strengths and limitations in these experiments. Only 

the Vocus detects Δ-3-carene, while only the iodide CIMS detects N2O5. The Vocus is the more 

easily quantifiable instrument: the proton-transfer reactions that ionize the sample molecules are 

collision-limited, and instrument sensitivities can be estimated even in the absence of calibration 

standards (Cappellin et al. 2012; Sekimoto et al. 2017). In contrast, the iodide CIMS has vastly 

different sensitivities for different compounds, making the quantification of products very 

uncertain without authentic calibration standards (Iyer et al. 2016). Fragmentation of product ions 

is mostly absent in the iodide CIMS but common in the Vocus, typically occurring for compounds 

containing alcohol, aldehyde, acid, ester, and nitrate groups. This complicates the attribution of 

the signals to most oxidation products and needs to be accounted for in the quantification of 

product yields since calculated sensitivities require the total product ion signals, including all 

fragments (Pagonis et al. 2019). As described in the next section, Vocus parent and fragment ions 

were grouped based on their inlet delay times and elemental composition and used to calculate 

yields. 

2.3.4. Tubing Delay Experiments 

A novel aspect of this work is the use of tubing delay experiments to identify products, and 

group parent and fragment ions for quantification. Figure 2.10 A shows an example of a tubing 

delay experiment, in which the longer (5 m) sampling line was abruptly switched from the 

environmental chamber to room air (with much lower levels of these compounds than the 

chamber).  



 

24 
 

 

Figure 2.10 Vocus signals of Δ-3-carene and oxidation products when the sampling line is 
abruptly switched from the environmental chamber to room air and then back to the chamber. 

(B) Scatter plot illustrating the correlation of two ions, HDC (C10H16O3H+) and an HDC 
fragment ion (C7H8O2H+). Data were obtained during a delay-time experiment and were used to 

group parent and fragment ions from the same neutral products.  
 
 

Because gas-wall partitioning in the Teflon tubing separates products by their effective 

saturation concentration (C*), the corresponding Vocus signal either changes very quickly (e.g., 

Δ-3-carene) or slowly (e.g., DCN) depending on the volatility of the molecule (Liu et al. 2019; 

Pagonis et al. 2017). Based on the similarity in tubing delay times and consistent ion elemental 

compositions, parent and fragment ions from the same neutral reaction products were grouped 

(Table 2.2), and then, the sums of the signals were used to determine product yields. This grouping 

was done in the following steps: 

1. Ions were grouped based on tubing delay time and profile. 

2. Multivariate regression analysis was performed for ions with two distinct delay 

profiles. 

3. Fragment assignments were evaluated based on the structure of the parent ion. 
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An example of this method is shown in Figure 2.11. In Figure 2.11 A-C the CN fragment 

ion (left axis) is plotted against the CN parent ion (bottom axis). Since the correlation is high, these 

fragments are assigned to CN. In Figure 2.11 4 D-H a multivariate fit of a fragment (left axis) is 

plotted against the fragment. Since the fits are good, we conclude that those fragments have 

contributions from the parent ions listed. We then evaluated the eight fragment ions (Table 2.10 

based on the structure on CN. As discussed below, we expect loss of HNO3, HONO, and alkyl 

nitrates from nitrate-containing products. 
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Figure 2.11 Scatter plots of CN fragment and parent ions measured with the Vocus (A-C). 
Scatter plots of CN fragment ions (with contributions from other ions) measured with the Vocus 
and their linear least-squares fits (D-H). (D) C8H13+ with contributions from Δ-3-carene and CN. 
(E) C10H15O+ with contributions from HN and DC. (F) C8H13O+ with contributions from DC and 
CN. (G) C9H15+ with contributions from CN and DC. (H) C10H15O2+ with contributions from DC 

and CN. 
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Table 2.3 Ions assigned to CN and the fragmentation loss from CN. 
Vocus Detection Fragmentation Loss 

C10H15NO4H+ 

(Parent)  
C10H17NO5H+ +H2O 
C10H14O2H+ -HONO 
C10H14OH+ -HNO3 

C8H14O2H+ -C2HNO2 

C8H12OH+ -C2H3NO3 

C9H15+ -CHNO4 

C8H13+ -C2H3NO4 
C6H11+ -C4H5NO4 

 
Figure 2.10 B shows that the time series of C10H16O3H+ (HDC) and C7H8O2H+ (HDC–

C3H8O) are highly correlated. In addition, the C* values for the products were estimated using 

SIMPOL.1 and used to calculate delay times using the tubing model from Pagonis et al. (2017; 

Pankow and Asher 2008). The measured delay times for the oxidation products were compared to 

modeled delay times, and the results are shown in Figure 2.12. It should be noted that saturation 

vapor pressure estimation methods like SIMPOL.1 may not perform as well for compounds 

containing nitrate groups due to limited experimental data (Bilde et al. 2015). 

 

Figure 2.12 Tubing delay times for NO3 + Δ-3-carene reaction products measured with the 
Vocus and modeled using the Pagonis et al. (2017) model, plotted vs. C* of each molecule as 
estimated from SIMPOL.1 (Pankow and Asher 2008). (B) Measured vs modeled delay times.  
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Some fragment ions clearly had contributions from multiple parent ions. An example is 

shown in Figure 2.13 for the ion C8H13+. In Figure 2.13 A, it can be seen that this ion showed a 

fast decay for the first ∼10 s, which correlated well with the decay of Δ-3-carene. The decay in 

C8H13+ then slowed considerably and correlated much better with the decay of CN. Multivariate 

regression analysis was used to assign fragment ions with contributions from two parent ions 

quantitatively to each channel, as shown in Figure 2.13 B. 

 

Figure 2.13 (A) Vocus signals measured for Δ-3-carene, CN, and C8H13+ when the sampling line 
was abruptly switched from the environmental chamber to room air, showing the correlation of 

C8H13+ with Δ-3-carene in the first ∼10 s and CN after. (B) Multivariate fit for C8H13+ and Vocus 
signal measured for C8H13+.  

 
 

By grouping the signals that show similar delay times, we identified 87% of the total ion signal 

attributed to reaction products by the Vocus: 44% as parent ions and 43% as fragments. For 

comparison, 89% of the iodide CIMS product ion signal was identified. The average measured 

delay times of fragment and parent ions and the calculated C* values are listed in Table 2.4 and 

shown in Figure 2.14.   
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Table 2.4 The average delay time in seconds for each product and its fragment ions detected by 
the Vocus. 

Product ID Formula C* 
(μg/m3)* 

Vocus Detection Fragmentation 
Loss 

Average Vocus 
delay time (s) 

Dicarbonyl (DC) C10H16O2 2.13x105 C7H10OH+ 

C9H14OH+ 

C10H14OH+ 

C10H14O2H+ 

C7H8OH+ 

C8H12OH+ 

C9H15
+ 

-C3H6O 
-CH2O 
-H2O 
-H2 

-C3H8O 
-C2H4O 
-CH2O2 

67 

Carbonyl nitrate 
(CN) 

C10H15NO4 2.75x104 C6H11
+ 

C8H13
+ 

C8H14O2H+ 

C8H12OH+ 

C9H15
+ 

C10H14OH+ 

C10H14O2H+ 

C10H15NO4H+ 

C10H17NO5H+ 

-C4H5NO4 
-C2H3NO4 
-C2HNO2 
-C2H3NO3 
-CHNO4 
-HNO3 
-HONO 
Parent 
+H2O 

213 

Hydroxy dicarbonyl 
(HDC) 

C10H16O3 3.37x103 C7H8O2H+ 
C10H16O3H+ 

-C3H8O 
Parent 

186 

C7 Unsaturated 
hydroxy carbonyl 
nitrate (C7UHCN) 

C7H11NO5 2.93x103 C7H9NO4H+ 
C7H9NO5H+ 
C7H11NO5H+ 

-H2O 
-H2 

Parent 

354 

Dicarbonyl nitrate 
(DCN) 

C10H15NO5 1.93x103 C10H14O4H+ 

C10H13NO5H+ 

C10H15NO5H+ 

-HNO 
-H2O 
Parent 

284 

Hydroxy nitrate (HN) C10H17NO4 1.56x103 C10H18N2O5H+ 
C10H17NO4H+ 

+HNO 
Parent 

228 

Peroxy dicarbonyl 
nitrate (PDCN) 

C10H15NO7 1.36x103 C10H13NO6H+ 

C10H15NO7H+ 
-H2O 
Parent 

467 

Acetone C3H6O 3.03x109 C3H4OH+ 
C3H6OH+ 
C3H8O2H+

 

-H2 
Parent 
+H2O 

268 

Acetic acid C2H4O2 2.12x108 C2H2OH+ 
C2H4O2H+

 

-H2O 
Parent 

289 

Formic acid CH2O2 5.75x108 CH2O2H+ 
CH4O3H+ 

Parent 
+H2O 

187 

Acetaldehyde C2H4O 1.21x1010 C2H4OH+ 

C2H6O2H+ 
Parent 
+H2O 

393 

Formaldehyde CH2O 2.02x107 CH2OH+ Parent 286 
 

 
* Product saturation concentrations (C*) are calculated using the SIMPOL.1 method. 
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Figure 2.14 Delay time distribution of remaining Δ-3-carene after oxidation and oxidation 
products measured by the Vocus. 

  
 

Some common fragmentation patterns were observed in the Vocus mass spectra: 

• For compounds that contain an aldehyde group (DC, DCN, PDCN, and C7UHCN), we 

observed the loss of H2O, as is very common for aldehydes in proton-transfer reactions 

(Pagonis et al. 2019). CH2O (formaldehyde) and C2H4O (acetaldehyde) were lost from DC, 

which makes sense given its molecular structure. 

• For compounds with an alcohol group (HN, HDC, and C7UHCN), we expected a loss of 

H2O and alcohols (Pagonis et al. 2019). We observed loss of H2O for C7UHCN, but the 

fragments formed by loss of H2O from HN and HDC ions may have contributions from 

other molecules and were unable to be assigned uniquely to HN and HDC. Based on the 

structures of these products, we also expected to see loss of neutral CH4O (methanol) from 

HDC and loss of neutral C3H6O (propenol) from C7UHCN, but the ionized fragments may 

have contributions from other product ions and could not be assigned uniquely to HDC and 

C7UHCN. 
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• For compounds with a nitrate group (CN, HN, DN, DCN, PDCN, and C7UHCN), we 

expected loss of HNO3, HONO, and alkyl nitrates (Duncianu et al. 2017). We observed 

loss of HNO3 for CN and HN but could not definitively determine if DN, DCN, PDCN, 

and C7UHCN lost HNO3. We saw the loss of HONO from CN but could not definitively 

determine if HN, DCN, DN, C7UHCN, and PDCN lost HONO. 

• For compounds with a ketone group (DC, CN, PDCN, HDC, and DCN), we did not expect 

fragmentation, but we observed loss of C3H6O (acetone) from DC. Other fragments 

observed are included in Table 2.2. 

2.3.5. Product Yields 

Estimated product concentrations and molar yields from the reaction of Δ-3-carene with 

NO3 radicals were calculated by summing the parent and fragment ion signals, applying the 

relative m/z transmission values (shown in Figure 2.1) for each product measured by the Vocus, 

and converting to a mixing ratio using a calibration factor of 2500 ncps ppbv–1. Vocus calibration 

factors and the results are shown in Table 2.5.  
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Table 2.5 The calibration factors used for products detected by the Vocus and iodide 
CIMS.† 

Product Formula Vocus Calibration 
Factor (cps ppb-1) 

Iodide CIMS 
Calibration Factor 

(cps ppt-1)‡ 

Concentration 
(ppb) 

Molar Yield (%) 

Dicarbonyl (DC) C10H16O2 2.5x103 2.9x100 18.534 ± 9.267 7.57 ± 3.79 

Carbonyl nitrate 
(CN) 

C10H15NO4 2.5x103 1.4x101 10.112 ± 5.056 4.13 ± 2.07 

Peroxy 
dicarbonyl 

nitrate (PDCN) 

C10H15NO7 2.5x103 1.7x104 0.007 ± 0.003 <0.01 ± 0.01 

Hydroxy 
dicarbonyl 

(HDC) 

C10H16O3 2.5x103 5.7x100 0.865 ± 0.433 0.35 ± 0.18 

Dicarbonyl 
nitrate (DCN) 

C10H15NO5 2.5x103 3.7x103 0.043 ± 0.022 0.02 ± 0.01 

Hydroxy nitrate 
(HN) 

C10H17NO4 2.5x103 2.3x102 6.081 ± 3.041 2.48 ± 1.24 

Epoxide (E) C10H16O 2.5x103 7.5x100 1.325 ± 0.663 0.54 ± 0.27 

Dinitrate (DN) C10H16N2O6 2.5x103 6.1x103 0.002 ± 0.001 <0.01 ± 0.01 

C7 Unsaturated 
hydroxy 

carbonyl nitrate 
(C7UHCN) 

C7H11NO5 2.5x103 1.2x103 0.024 ± 0.012 0.01 ± 0.01 

Acetone C3H6O 4.1x103 Not detected 22.287± 0.074 9.10 ± 0.03§  

Acetic acid C2H4O2 1.5x103 3.0x10-3 34.836 ± 17.418 14.22 ± 7.11** 

 
† Uncertainty for calibrated species is propagated from the measurement uncertainty and the 
calibration factor uncertainty. All other species are assumed to have a 50% uncertainty. 
‡ Product concentrations calculated from the Vocus sensitivities were used to calculate the iodide 
CIMS calibration factors. 
§ The calibration factor from standards was used. 
** The proton-transfer reaction rate coefficient kptr was used to calculate the calibration factor, 
and was adjusted due to mass discrimination. 
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Formic acid CH2O2 6.2x102 1.9x100 2.282 ± 1.141 0.93 ± 0.47†† 

Acetaldehyde C2H4O 1.6x103 Not detected 9.388± 0.615 3.83 ± 0.25‡‡ 

Formaldehyde CH2O 6.5x101 Not detected 1.551 ± 0.776 0.63 ± 0.32† 

Unidentified gas 
phase products 

   14.708 ± 7.354 6.00 ± 3.00 

Total gas-phase 
organic nitrate 

products 

CxHyNiOz   16.569 ± 8.285 6.76 ± 3.38 

Total gas phase 
products 

   122.045 ± 45.856 49.82 ± 18.77 

SOA(DeVault 
and Ziemann 

2021) 

    34 ± 1 

Total (SOA + 
gas-phase) 

    84± 20 

 

The total molar yield of gas phase products was 50 ± 19%, which combined with the SOA 

molar yield of 34 ± 1% measured by DeVault and Ziemann (2021) gives a total product yield of 

84 ± 20%. The product with the largest gas-phase molar yield is acetic acid at 14%, followed by 

acetone at 9%, DC at 8%, CN at 4%, acetaldehyde at 4%, HN at 2%, and the remaining products 

at <1%. The 8% yield of DC is higher than the 2–3% value previously reported, the reasons for 

that are not known (Hallquist et al. 1999). The total gas-phase organic nitrate yield is 7% and is 

mostly CN (4%) and HN (2%). The molar yield of organic nitrates in SOA was estimated to be 

34% based on bulk analysis of nitrate groups (DeVault and Ziemann 2021). The differences in 

structure between Δ-3-carene and α-pinene have been shown to lead to different yields of gas-

phase products, organic nitrates, and SOA, which can be explained by the preference for bond 

 
†† The proton-transfer reaction rate coefficient kptr was used to calculate the calibration factor, 
and was adjusted due to mass discrimination. 
‡‡ The calibration factor from standards was used. 
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scission of the nitroxy alkoxy radicals to form DC or less volatile multifunctional organic nitrates 

(Day et al. 2022; Kurtén et al. 2017). Calibration factors for the products detected by the iodide 

CIMS were calculated from the Vocus-derived product concentrations. These values are shown in 

Table 2.5, and many fall within the range of sensitivities reported by Bi et al. (2021). 

2.3.6. Voltage Scanning 

 
A strength of the iodide CIMS is that most reaction products are detected with little or no 

fragmentation. This aids greatly in the evaluation of reaction mechanisms. However, a limitation 

of this technique is that the sensitivity varies by orders of magnitude across different analytes, 

making the method more labor-intensive and uncertain for quantifying product yields. Lopez-

Hilfiker et al. (2016) described a method that employs “voltage scanning” to estimate the bond 

strengths of iodide-product adducts and then use those strengths to estimate instrument sensitivities 

(based on calibrations of that relationship). The method is based on the principle that as the voltage 

difference between the skimmer and the BSQ increases, the collision energy between adduct ions 

and gas-phase neutrals increases, and the adducts can subsequently dissociate (into I– and a neutral 

molecule that therefore goes undetected) according to the strength of the adduct binding energy. 

We used this method here to study the reaction products and observed a clear trend in which the 

less functionalized compounds, such as DC, CN, and HN, dissociated at lower voltages (collision 

energies) than the more functionalized compounds, such as DHCN (Figure 2.15).  



 

35 
 

 

Figure 2.15 Results from a voltage-scanning experiment on the products of the NO3 + Δ-3-
carene reaction. Changes in iodide adduct signals were measured by the iodide CIMS as a 
function of the voltage difference between the skimmer and quadrupole ion guide located 

between the ion-molecule reactor and mass analyzer.  
 
 

In general, the weaker the iodide adduct, the lower the iodide CIMS sensitivity. This is also 

illustrated in Figure 2.16, where the ratio between the iodide CIMS and Vocus signals (summed 

over the parent and all fragments) is shown for each product and in Figure 2.17, where this ratio 

is shown as a function of dV50, which is the voltage at which the iodide adducts are at 50% of their 

maximum value. A clear trend is observed for the ratio of the sensitivities of the iodide CIMS and 

Vocus instruments: the more functionalized compounds, like PDCN, are detected more efficiently 

by the iodide CIMS compared to the less functionalized compounds, like DC. We did not find a 

clear relationship between the Vocus-derived iodide CIMS sensitivity and the iodide CIMS 

sensitivity from the voltage scanning method. 
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Figure 2.16 Ratios of iodide CIMS and Vocus signals measured for NO3 + Δ-3-carene reaction 
products.  
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Figure 2.17 The ratio between the iodide CIMS and Vocus signals for Δ-3-carene oxidation 

products as a function of dV50, which is the voltage where the iodide adducts are at 50% of their 
maximum value. There are likely DN fragments in the Vocus that were not able to be assigned.  

 

2.4. Conclusions 
 
This work describes the gas-phase products, yields, and mechanism of the reaction of Δ-3-

carene with NO3 radicals. The measured total molar yield of gas-phase products was 50%, which 

consisted of multifunctional compounds containing ketone, aldehyde, alcohol, carboxylic acid, 

peroxide, epoxide, and nitrate functional groups. Acetic acid had the largest yield of 14%, followed 

by acetone at 9%, DC at 8%, CN at 4%, acetaldehyde at 4%, and HN at 2%. The total gas-phase 

organic nitrate yield was 7%, due to mostly CN and HN. 

The iodide CIMS was found to be a valuable tool for identifying parent ions, and the Vocus 

allowed for easier quantification of gas-phase products. Tubing delay experiments proved to be a 

useful tool in identifying ion fragments in the Vocus, which was essential for more accurately 

quantifying gas-phase product yields. Implementation of the voltage scanning technique showed 
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that the iodide CIMS is more sensitive to the degree of product functionalization than the Vocus. 

We are currently exploring whether these differences can be described by structure-activity 

relationships, which would be helpful for quantifying products with the iodide CIMS. 

In addition to the described advances in methods of gas-phase product analysis, this study 

of the oxidation of Δ-3-carene by NO3 radicals allows for a better understanding of the fate of 

monoterpenes in the atmosphere and their reaction products, including organic nitrates. The results 

should prove useful for interpreting field data and improving chemical models. 
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Chamber and Field Investigation of Gas-Phase Products of NO3 Radical Oxidation of Five 
Monoterpenes 

 
3.1. Introduction 

Globally, about 150 Tg monoterpenes (34% α-pinene, 23% ocimene, 17% β-pinene, 9% 

limonene, 7% sabinene, 6% Δ-3-carene, and 3% myrcene) are emitted to the atmosphere each year 

(Sindelarova et al., 2014; Guenther et al., 2012). After emission, these monoterpenes are quickly 

oxidized to form lower volatility products that can partition to the particle phase (Hallquist et al., 

2009). This particulate matter can have adverse health effects on humans and the ecosystem, and 

also impact visibility (Reichstein et al., 2014; Pöschl, 2005). Organic nitrates are formed from 

monoterpene oxidation by OH radicals under high NOx conditions during the day and by NO3 

radicals at night (Perring et al., 2013). The formation of SOA from the oxidation of biogenic 

volatile organic compounds (BVOCs) is thus controlled by anthropogenic emissions of nitrogen 

oxides (NOx) (Weber et al., 2007). The nighttime chemistry studied here is an example of how 

monoterpene oxidation can be affected by anthropogenic emissions of NOx. 

Formation of organic nitrates from nitrate radical monoterpene oxidation is well 

understood. Previous studies that have evaluated the mechanisms and SOA yields of the most 

abundant monoterpenes with nitrate radicals have found that the differences in structure between 

the monoterpenes (Δ-3-carene, a [4.1.0] bicyclic compound with an internal C=C bond; α-pinene, 

a [3.1.1] bicyclic compound with an internal C=C bond; β-pinene, a [3.1.1] bicyclic compound 

with a terminal C=C bond; ocimene, an acyclic compound with a terminal C=C bond and two 

internal C=C bonds; and limonene, a monocyclic compound with an internal C=C bond and a 

terminal C=C bond) affect the SOA yield and quantifying the differences helps to elucidate the 

oxidation mechanisms (Kurtén et al., 2017). Computational studies by Kurtén et al. (2017) suggest 

that breaking bonds in nitrooxy alkoxy radicals derived from Δ-3-carene produces reactive keto-
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nitrooxy-alkyl radicals, facilitating SOA formation. In contrast, bond scissions in nitrooxy alkoxy 

radicals from α-pinene primarily yield pinonaldehyde, which is less reactive and volatile, limiting 

organonitrate and SOA production (Kurtén et al., 2017). 

In this study, we focused on the first generation gas-phase products from the nitrate radical 

oxidation of Δ-3-carene, α-pinene, β-pinene, ocimene, and limonene, the monoterpenes that make 

up about 90% of global monoterpene emissions (Sindelarova et al., 2014). These reactions were 

investigated in an environmental chamber using trace-gas measurements with a Vocus and iodide 

CIMS. This combination of instruments allows the products to be detected as iodide adducts with 

the CIMS, whereas the measurements with the Vocus are used for quantification. After discussion 

of the reaction mechanisms, we will discuss how tubing delay experiments were performed to 

group parent and fragment ions in the Vocus for quantification of the oxidation products. We also 

used the voltage scanning method described by Lopez-Hilfiker et al. (2016) to study the sensitivity 

of the iodide CIMS for these reaction products and make a comparison with the Vocus 

measurements. Many of the ions attributed to monoterpene oxidation products in the lab were also 

observed during a field study in Los Angeles in summer of 2022 (Jensen, 2023). The composition 

of the monoterpene oxidation products observed in the field will be compared to that of the lab 

measurements. This work builds on the results of particle-phase measurements and SOA yields 

and a more detailed look at the gas-phase yields of Δ-3-carene oxidation by nitrate radicals 

published elsewhere (DeVault and Ziemann, 2021; DeVault et al., 2022; Jenks et al., 2023). 

3.2 Experimental 

3.2.1. Chemicals 

The following chemicals with purities and suppliers were used: (1s)-(+)-3-carene (99%) 

and ocimene (90%) from Sigma Aldrich; (1R)-(+)-α-pinene (99%), (1S)-(-)-β-pinene (99%), (R)-
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(+)-limonene (97%), 2-ethylhexyl nitrate (97%), from Aldrich Chemical Company; ultra-high 

purity (UHP) N2 from Airgas; and a standard mixture (methanol, acetonitrile, acetaldehyde, 

acetone, acrylonitrile, isoprene, 2-butanone, benzene, toluene, m-xylene, 1,2,4-trimethylbenzene, 

α-pinene, and β-caryophyllene in N2) from Apel-Riemer. N2O5 was prepared using the procedure 

described by Schott and Davidson (1958) and stored at -20℃. 

3.2.2. Chamber Experiments 

Chamber experiments were conducted in a ~7.4 m3 Teflon FEP chamber and have been 

described in greater detail elsewhere (Jenks et al., 2023). Under nitrogen flow, liquid monoterpene 

was evaporated into the chamber using a glass bulb to produce ~500 ppbv concentration and NO3 

radicals were introduced by adding ~150 ppb N2O5 into the chamber (thermally decomposing to 

NO2 and NO3 radicals). To ensure complete mixing in the chamber a Teflon-coated fan was used 

following each addition. Under these conditions, the majority of NO3 radicals reacted with the 

monoterpene to form predominantly first-generation products.  

Our previous work has shown that measurement delay times caused by the Teflon sampling 

line can be useful for the interpretation of the Vocus mass spectra. For these experiments, the 1.5 

m Vocus sampling line was replaced with a 5 m one after ~30 min. Once the tubing reached 

partitioning equilibrium with the gas-phase products, tubing delay experiments were performed as 

described in Jenks et al. (2023). Briefly, we determined measurement delay times for each m/z and 

used the data to group together product ions in the Vocus with the same delay times that likely 

come from the same reaction products. The longer sampling line was used to enhance the effects 

of the gas-wall interactions. 
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3.2.3. Ambient Measurements 

Ambient monoterpene measurements were undertaken in Pasadena, California as a 

component of the CalNext-2022 campaign, serving as a follow-up of the California Nexus 2010 

(CalNex-2010) campaign (Ryerson et al., 2013). Measurements spanned from June 30th to August 

14th, 2022. Ambient air samples were gathered from a location atop Caltech Hall, with the inlet 

situated approximately 44 meters above ground level. Further details can be found in Jensen 

(2023). 

3.2.4. Vocus Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer 

The Vocus has been described by Krechmer et al. (2018). It consists of a discharge reagent-

ion source, which produces H3O+ ions, a focusing ion-molecule reactor (FIMR) where analytes are 

ionized and focused onto a sampling orifice, a big segmented quadrupole (BSQ), a primary beam 

ion optics region (PB), and a long time-of-flight (LTOF) mass analyzer for measurement of the 

product ions. The water vapor flow rate through the ion source was 15 sccm, and the applied 

discharge current was 2.0 mA. The Vocus was operated under conditions (for both laboratory and 

field measurements) resulting in a reduced electric field (E/N) of ~160 Td. The BSQ RF voltage 

amplitude was 255 V at 2.25 MHz. The Vocus acquired data with a time resolution of 1 s. 

A standard mixture of VOCs (methanol, acetonitrile, acetaldehyde, acetone, acrylonitrile, 

isoprene, 2-butanone, benzene, toluene, m-xylene, 1,2,4-trimethylbenzene, α-pinene, and β-

caryophyllene in N2) was used for six-point calibrations in the Vocus by diluting the mixture in 

zero air to mixing ratios of ~30 ppbv to ~10 ppbv (except for β-caryophyllene which is ten times 

more dilute). These calibrations were performed immediately following chamber experiments to 

determine the Vocus sensitivity for the VOCs in the standard mixture. Measured sensitivities are 

shown in Table 3.1. 
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Table 3.1 Sensitivities of calibration standards. 
Standard Formula kptr (10-9 cm3 

molecule-1 s-1) 
(Cappellin et 

al., 2012) 

Carene 
Experiment 
Calibration 
Factor (cps 

ppbv-1) 

ɑ-Pinene 
Experiment 
Calibration 
Factor (cps 

ppbv-1) 

β-Pinene  
Experiment 
Calibration 
Factor (cps 

ppbv-1) 

Limonene 
Experiment 
Calibration 
Factor (cps 

ppbv-1) 

Ocimene 
Experiment 
Calibration 
Factor (cps 

ppbv-1) 

Methanol CH4O 2.04 17 16 47 1203  

Acetonitrile C2H3N 3.68 1578 1623 4658 4776  

Acetaldehyde C2H4O 2.93 1616 1576 7187 876  

Acrylonitrile C3H3N Not found 3872   1637  

Acetone C3H6O 3.09 4127 4081 17663 1754  

MEK C4H8O 2.98 3733 4013 15309 1576  

Isoprene C5H8 1.95 1066 1154 5480 446  

Benzene C6H6 1.93 1594 1752 9591 631  

Toluene C7H8 2.07 2247 2509 14128 772  

m-Xylene C8H10 2.26 2418 2739 11122 766  

1,2,4-
Trimethylbenze

ne 

C9H12 

2.4 1922 2210 13827 566  

ɑ-Pinene C10H16 2.37 2242 2528 9591 2342  

Δ-3-Carene C10H16 2.44 2634 N/A N/A N/A  
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β-
Caryophyllene 

C15H24 
2.89 423   165  

2-Ethylhyexyl 
Nitrate 

C8H17NO3 
Not found 1494 N/A N/A N/A N/A 

Cyclohexyl 
Nitrate 

C6H11NO3 
Not found 

1637 N/A N/A N/A N/A 

Acetic acid C2H4O2 1.86 N/A N/A N/A N/A N/A 

Formic acid CH2O2 1.66 N/A N/A N/A N/A N/A 

Formaldehyde CH2O 2.56 N/A N/A N/A N/A N/A 
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Mixing ratios for the products from the NO3 + monoterpene reactions were calculated by 

using the average calibration factor of the standard mixture for each experiment, with the exception 

of those VOCs that are contained in the standard mixtures used to calibrate the instrument (e.g. 

acetone, acetaldehyde). The transmission curve in Figure 3.1 was used to adjust the calibration 

factors for compounds with m/z < 60 (formic acid, acetaldehyde, and formaldehyde) to account for 

mass discrimination in the BSQ. 

 

Figure 3.1 The sigmoidal transmission fit of calibration standards for three experiments 
measured by the Vocus assuming a base of zero. 

 
 

3.2.5. Iodide Chemical Ionization Mass Spectrometer 

The high-resolution time-of-flight chemical-ionization mass spectrometer using iodide 

adducts (iodide CIMS) consists of a Po-210 source (to produce I- reagent ions from CH3I), an ion-
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molecule reactor (IMR), a small segmented quadrupole (SSQ), a BSQ, a PB region, and an LTOF. 

The pressure in the IMR was ~100 mbar. Chamber air was sampled at 2 L min-1 and mass spectra 

were measured at 1 Hz. Calibrations were not performed for this instrument; however, any signal 

variability due to changes in the iodide concentration were accounted for by normalizing product 

ion signals to the reagent ion signals (I- + I·H2O-). 

3.2.6. Data Processing 

Tofware (v3.2.3, www.tofwerk.com/tofware) in the Igor Pro 8 (Wavemetrics, OR, USA) 

environment was used for processing data from both the Vocus and the iodide CIMS. Peaks were 

assigned formulas manually, then the time series of these peaks were calculated using peak shape 

fitting. Backgrounds were measured from the clean chamber immediately before the addition of 

the monoterpene. Vocus data were normalized to (H2O)2H+ and iodide CIMS data were normalized 

to the sum of the I- and I·H2O- signals, which is indicated by the units of normalized counts per 

second (ncps). Mass-to-charge ratio calibration was performed using ions between m/z 42 and 371 

with a resulting accuracy of ~5 ppm for the Vocus and between m/z 46 and 381 with an accuracy 

of ~5 ppm for the iodide CIMS.  

3.2.7. Modeling 

Product yields for α-pinene, β-pinene, and limonene were modeled with the Master 

Chemical Model (MCM, version 3.3.1) using the Framework for 0-D Atmospheric Modeling 

(F0AM), a near-explicit chemical model that outlines the reaction of VOCs, leading to the 

production of ozone and other secondary pollutants (Wolfe et al., 2016; Saunders et al., 2003). 
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3.3. Results and Discussion 

3.3.1. Reaction Mechanism 

The mechanisms for the reaction between monoterpenes and NO3 have been described 

elsewhere (Kurtén et al., 2017; DeVault and Ziemann, 2021; DeVault et al., 2022; Jenks et al., 

2023; Atkinson and Arey, 2003; Ng et al., 2013; Dam et al., 2022; Draper et al., 2019; Wängberg 

et al., 1997; Bates et al., 2022; Claflin and Ziemann, 2018; Boyd et al., 2015; Fry et al., 2011; 

Leungsakul et al., 2005; Spittler et al., 2006). Schemes 1 and 2 illustrate a summary mechanism 

with the reactions that are the most relevant for the work described here.  
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Figure 3.2 The proposed gas-phase reaction mechanism for the oxidation of the cyclic 
monoterpenes by NO3 radicals. 
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Figure 3.3 The proposed gas-phase reaction mechanism for the oxidation of the linear 
monoterpene by NO3 radicals. 

 

In the first step, a nitrate group is added to a C=C bond in the monoterpene to form an alkyl 

radical. Oxygen rapidly adds to the alkyl radical to form a peroxy radical. The peroxy radical then 

reacts with RO2 to form the hydroxy nitrate (HN) and the carbonyl nitrate (CN) for the cyclic 

monoterpenes or the peroxy hydroxy nitrate (PHN) and the peroxy carbonyl nitrate (PCN) for the 

linear monoterpene. This step can also form an alkoxy radical, which can lose NO2 forming the 

dicarbonyl (DC) for Δ-3-carene, α-pinene, and limonene, the C9 carbonyl (C9C) for β-pinene, and 

peroxy dicarbonyl (PDC) for ocimene. The alkoxy radical can also go on to propagate another 

peroxy radical after the addition of O2, which will go on to form more oxygenated species like the 
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hydroxy carbonyl nitrate (HCN) and the dicarbonyl nitrate (DCN) for the cyclic monoterpenes or 

peroxy carbonyl nitrate (PCN) for the linear monoterpene in a similar reaction mechanism. 

Schemes 3.1-3.5 show more extensive proposed reaction mechanisms for each of these 

monoterpenes. 

 

Figure 3.4 Proposed gas-phase reaction mechanism for the oxidation of α-pinene by NO3 radicals. 
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Figure 3.5 Proposed gas-phase reaction mechanism for the oxidation of β-pinene by NO3 
radicals. 
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Figure 3.6 Proposed gas-phase reaction mechanism for the oxidation of Δ-3-carene by NO3 
radicals. 
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Figure 3.7 Proposed gas-phase reaction mechanism for the oxidation of limonene by NO3 
radicals. 
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Figure 3.8 Proposed gas-phase reaction mechanism for the oxidation of ocimene by NO3 
radicals. 

 

3.3.2. Time Series Measurements and Mass Spectra 

Figure 3.2 shows the time series of the five monoterpenes, N2O5, and a few gas-phase 

oxidation products for each experiment. The reactions were initiated by the addition of N2O5 to 

the chamber (which quickly forms NO3 through thermal decomposition) and was complete in <5 

min after all the NO3 had reacted, primarily with the monoterpene. The iodide CIMS time series 

show the addition and depletion of N2O5 (and thus NO3) in a few minutes and the increase of 

products like HN, HCN, and DCN. The Vocus time series shows the depletion of the monoterpene 

by ~40% and the increase of products like DC, CN, and HN. Due to a sampling error for the iodide 

CIMS measurements of the β-pinene reaction, some data is missing in the time series. 
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Figure 3.9 Time series of limonene, ocimene, β-pinene, α-pinene, and Δ-3-carene, and a selected 
oxidation product for each monoterpene detected by the Vocus (A-E). Time series of N2O5 and a 

selected oxidation product for each experiment detected by the iodide CIMS (F-J). 
 
 

The mass spectra of the oxidation products detected by the Vocus and iodide CIMS are 

shown in Figure 3.3 and Figure 3.4. The Vocus mass spectra show similarities between α-pinene, 
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limonene, and Δ-3-carene. The dicarbonyl and its fragments are one of the main products shown 

in these mass spectra. In β-pinene, C9C is formed rather than DC, but otherwise the mass spectrum 

looks similar to that of α-pinene, limonene, and Δ-3-carene. Because of fragmentation of gas-phase 

products in the reaction mechanism (not to be confused with fragmentation in the Vocus) for 

ocimene, the mass spectrum shows much more signal in the lower m/z range. The iodide CIMS 

mass spectrum shows similarities between the cyclic monoterpenes, with HCN, DCN, HN, and CN 

being the main gas-phase products detected by the iodide CIMS. There are differences in the linear 

monoterpene (ocimene) mass spectrum, with PCN and PHN being the main gas-phase products 

detected by the iodide CIMS.  

 

Figure 3.10 Vocus mass spectra of the products detected from the reactions of ocimene, α-
pinene, limonene, Δ-3-carene, and β-pinene with NO3 radicals. 
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Figure 3.11 Iodide CIMS mass spectra of the products detected from the reactions of ocimene 
(purple), α-pinene (blue), limonene (yellow), Δ-3-carene (black), and β-pinene (green) with NO3 

radicals. 
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Figure 3.5 shows the fraction of the total signal for select products formed by the oxidation 

of cyclic monoterpenes. 

 

Figure 3.12 Relative signal distribution for four gas-phase oxidation products (DC, CN, HN, 
HDC) for each of the cyclic monoterpene oxidation experiments. The signal fractions are 
calculated such that the sum of the different products adds up to 1 for each monoterpene. 

 
 

3.3.3. Product Yields 

Using the Vocus and the iodide CIMS together can be a powerful tool in analysis of gas-

phase products. While the Vocus detects the monoterpene precursors, the iodide CIMS exclusively 

detects N2O5. In terms of quantification, the Vocus offers a more straightforward approach, 

enabling sensitivity estimation even in the absence of calibration standards. Conversely, the iodide 

CIMS exhibits widely varying sensitivities across different compounds, leading to significant 

uncertainty in product quantification without authentic calibration standards. Fragmentation of 

product ions is infrequent in the iodide CIMS, but it is common in the Vocus, especially for 

compounds with alcohol, aldehyde, acid, ester, and nitrate groups as seen in this and previous work 
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(Jenks et al., 2023; Pagonis et al., 2019). This complicates signal attribution and necessitates careful 

consideration in product yield quantification. As detailed in Jenks et al. (2023), Vocus parent and 

fragment ions were grouped based on their inlet delay times and elemental composition for more 

accurate yield calculations for select gas-phase products. 

Table 3.2 and Table 3.3 show the gas-phase products detected by the Vocus and iodide 

CIMS that we are focusing on in this work. Additionally, the product signals, shown in % of total 

product signal, are listed in Table 3.2 and Table 3.3. Notable differences are the high relative 

signals of DC in α-pinene, CN in limonene, HDC in β-pinene, and HN in Δ-3-carene. This can 

mostly be attributed to differences in monoterpene precursor structure. As described in Kurtén et 

al. (2017), the nitrooxy alkoxy radicals derived from Δ-3-carene produces reactive keto-nitrooxy-

alkyl radicals, facilitating SOA formation, and therefore reducing the yield of DC. In contrast, the 

nitrooxy alkoxy radical derived from α-pinene limits SOA formation by almost exclusively 

forming DC. 
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Table 3.2 Proposed gas-phase products and signals (% of total product signal) formed from the 
reaction of  Δ-3-carene, α-pinene, β-pinene, limonene, and ocimene by NO3 radicals detected by 

the Vocus. 
Product ID Formula Δ-3-carene 

product 
signal (% of 

total) 

α-pinene 
product 

signal (% of 
total) 

β-pinene 
product 

signal (% of 
total) 

limonene 
product 

signal (% of 
total) 

ocimene 
product signal 

(% of total) 

Dicarbonyl 
(DC) 

C10H16O2 15.99 62.21 NE 17.05 NE 

C9 carbonyl 
(C9C) 

C9H14O NE NE 4.42 NE NE 

C6 carbonyl 
(C6C) 

C6H10O NE NE NE NE 0.03 

Carbonyl 
nitrate (CN) 

C10H15NO4 8.73 0.16 3.57 23.86 0.10 

Peroxy 
carbonyl 

nitrate (PCN) 

C10H15NO6 NE NE NE NE 0.22 

Hydroxy 
dicarbonyl 

(HDC) 

C10H16O3 0.75 0.62 12.51 2.94 NE 

C7 hydroxy 
dicarbonyl 
(C7HDC) 

C7H11O3 NE NE NE NE 0.60 

Dicarbonyl 
nitrate (DCN) 

C10H15NO5 0.04 0.02 0.46 0.02 0.02 

peroxy 
dihydroxy 

nitrate 
(PDHN) 

C10H17NO7 NE NE NE NE 0.06 

Hydroxy 
nitrate (HN) 

C10H17NO4 5.25 0.04 0.56 1.62 0.21 

Peroxy 
hydroxy 

nitrate (PHN) 

C10H17NO6 NE NE NE NE 0.05 

Epoxide (E) C10H16O 1.14 0.57 1.77 1.63 0.02 

Acetone C3H6O 31.75 2.59 11.17 26.00 62.95 

Acetic acid C2H4O2 17.88 5.92 4.72 14.25 10.62 

Formic acid CH2O2 0.49 0.04 0.30 0.30 0.29 
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Acetaldehyde C2H4O 5.24 0.21 0.56 2.29 2.94 

Formaldehyde CH2O 0.03 <0.01 0.01 0.02 0.05 

Other  12.71 27.61 59.95 10.02 21.3 
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Table 3.3 Select proposed gas-phase products and signals (% of total product signal) formed 
from the reactions of Δ-3-carene, α-pinene, β-pinene, limonene, and ocimene by NO3 radicals 

detected by the iodide CIMS. 
Product ID Formula Iodide 

CIMS 
Detection 

Δ-3-carene 
product 

signal (% of 
total) 

α-pinene 
product 

signal (% of 
total) 

β-pinene 
product 

signal (% of 
total) 

limonene 
product 

signal (% of 
total) 

ocimene 
product 

signal (% of 
total) 

Dicarbonyl 
(DC) 

C10H16O2 I⦁C10H16O2
- 1.91 2.12 NE 14.65 NE 

C9 carbonyl 
(C9C) 

C9H14O I⦁C9H14O- NE NE ND NE NE 

C6 carbonyl 
(C6C) 

C6H10O NO3⦁C6H10
O- 

NE NE NE NE 0.12 

Carbonyl 
nitrate (CN) 

C10H15NO4 I⦁C10H15NO
4

- 
5.18 0.36 5.78 6.94 3.53 

Peroxy 
carbonyl 

nitrate (PCN) 

C10H15NO6 I⦁C10H15NO
6

- 
NE NE NE NE 10.95 

Hydroxy 
dicarbonyl 

(HDC) 

C10H16O3 I⦁C10H16O3
- 0.15 2.36 1.24 0.86 NE 

C7 hydroxy 
dicarbonyl 
(C7HDC) 

C7H11O3 I⦁C7H11O3
- NE NE NE NE 0.51 

Dicarbonyl 
nitrate (DCN) 

C10H15NO5 I⦁C10H15NO
5

- 
5.63 20.70 3.14 2.47 NE 

peroxy 
dihydroxy 

nitrate 
(PDHN) 

C10H17NO7 I⦁C10H17NO
7

- 
NE NE NE NE 3.84 

Hydroxy 
nitrate (HN) 

C10H17NO4 I⦁C10H17NO
4

- 
49.67 3.15 14.98 39.57 1.25 

Peroxy 
hydroxy 

nitrate (PHN) 

C10H17NO6 I⦁C10H17NO
6

- 
NE NE NE NE 28.76 

Epoxide (E) C10H16O NO3⦁C10H16
O- 

0.71 17.22 1.50 10.36 0.11 

Acetone C3H6O NO3⦁C3H6O
- 

0.00 0.00 0.33 ND ND 

Acetic acid C2H4O2 I⦁C2H4O2
- 0.00 0.00 0.00 0.00 0.10 
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Formic acid CH2O2 I⦁CH2O2
- 0.15 0.00 1.28 0.03 0.17 

Acetaldehyde C2H4O NO3⦁C2H4O
. 

0.03 0.05 8.98 0.02 0.04 

Formaldehyde CH2O NO3⦁CH2O- 0.04 0.05 4.39 0.06 0.04 

Other   36.53 53.99 58.38 25.04 50.58 

 

Because of fragmentation in the Vocus, inlet delay experiments were performed to group 

select parent and fragment ions together and quantify product yields. This method has been 

described by Jenks et al (2023). Estimated product concentrations and molar yields (the amount of 

a product formed per mole of reactant consumed) from the reactions of the five monoterpenes by 

NO3 radicals are shown in Table 3.3. The molar yield of gas phase products is 50% for Δ-3-carene, 

91% for α-pinene, 48% for β-pinene, 44% for ocimene, and 73% for limonene. DeVault et al. 

(2022) reported an SOA molar yield of 34% for Δ-3-carene, 37% for α-pinene, 55% for β-pinene, 

43% for ocimene, and 53% for limonene (DeVault et al., 2022). These findings suggest significant 

impacts of monoterpene structural characteristics on the gas- and particle-phase yields. 
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Table 3.4 Gas-phase products formed from the reaction of Δ-3-carene, α-pinene, β-pinene, 
limonene, and ocimene with NO3 radicals. * Indicates that the calibration factor from standards 

was used. † Indicates that the value was adjusted due to mass discrimination. 
Product ID  Formula  Δ-3-

Carene 
Molar 

Yield (%)  

α-Pinene 
Molar 

Yield (%)  

β-Pinene 
Molar 

Yield (%)  

Limonene 
Molar 

Yield (%)  

Ocimene 
Product ID  

Ocime
ne 

Molar 
Yield 
(%)  

Dicarbonyl 
(DC) or  

C9 carbonyl 
(C9C) for β-

Pinene   

C10H16O2  7.57  36.95  2.72  12.44  Peroxy 
dicarbonyl 

(PDC)  

  

Carbonyl 
nitrate (CN)  

C10H15NO4  4.13  0.01  2.20  9.03  Peroxy 
carbonyl nitrate 

(PCN)  

0.12  

Hydroxy nitrate 
(HN)  

C10H17NO4  2.48  <0.01  0.34  0.09  Peroxy hydroxy 
nitrate (PHN)  

0.02  

Formaldehyde†  CH2O  0.63  0.18  0.52  0.40  Formaldehyde†  0.68  

 

The (di)carbonyl yields were 8% for Δ-3-carene, 37% for α-pinene, 3% for β-pinene, and 

13% for limonene. Previous studies have reported (di)carbonyl yields of 0-3% for Δ-3-carene, 40-

72% for α-pinene, 0-2% for β-pinene, and 25-69% for limonene (Ng et al., 2017; Wängberg et al., 

1997; Spittler et al., 2006; Hallquist et al., 1999). While the trends are the same -the DC yield for 

β-pinene was the lowest, followed by Δ-3-carene, limonene, and α-pinene- our absolute values are 

higher. CN yields were 4% for Δ-3-carene, 0% for α-pinene, 2% for β-pinene, and 9% for limonene. 

HN yields were 2% for Δ-3-carene and 0% for the other cyclic monoterpenes. Formaldehyde yields 

were 0-1% for all monoterpenes. These yields are also shown in Table 3.3. 

These results can be compared to MCM modeled results, which are shown in Figure 3.#. 

Overall, the yields measured in the laboratory were much lower than that of the MCM model. This 

could be due to errors in the fragment assignments in the experimental results. On the other hand, 

our yields were higher than other yields determined from measurements. The yield of 
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formaldehyde from α-pinene was less than 1% for the model and experimental results. The yield 

of HN from α-pinene was 9% from the model, and <1% experimentally. The carbonyl was the 

largest product from α-pinene (81% from the model and 37% from experimental results). CN from 

α-pinene had a 6% yield from the model and <1% yield from the experimental results. 

 

Figure 3.13 Yield comparison for α-pinene (A), β-pinene (B), and limonene (C) oxidation 
products between MCM model results and chamber experimental measurements. 

 
 

The biggest difference in model vs. experimental yields was formaldehyde in β-pinene, 

which was 1% in the lab and 66% from MCM. This can be attributed to the low sensitivity of 

formaldehyde in the Vocus (the proton affinity of formaldehyde is close to that of water) (Warneke 

et al., 2011). The yield of HN formed from β-pinene was 25% from the model and <1% from the 

experimental results. The carbonyl was the β-pinene oxidation product with the largest yield (66% 
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from the model and 3% from the experimental results). CN from β-pinene had a yield of 9% from 

the model and 2% from the experimental results. 

For limonene, the yield of formaldehyde was <1% for both the model and the experimental 

results. HN from limonene had a yield of 30% from the model and 1% from the experimental 

results. DC was the limonene oxidation product with the highest yield (70% from the model and 

12% from the experimental results). The yields of CN were 0 and 9% from the model and 

experiments, respectively. 

Some of the gas-phase products from ocimene included PCN, PHN, and PDC. These all 

had a molar yield of less than 1%. The extensive fragmentation in both the chemical mechanism 

and the Vocus, combined with the many isomers for each product complicated the fragmentation 

analysis used to calculate product yields for the cyclic monoterpenes. 

An overarching conclusion is that the MCM overestimates gas-phase product yields in 

many cases. This has implications for both ozone and SOA chemistry and deserves further 

investigation. When oxidation products remain in the gas phase in the model, they can continue to 

participate in the reactions that form ozone and lead to overestimates. In contrast, it can lead to 

underestimates of SOA formation. 

3.3.4. Voltage Scanning 

The oxidation products are detected by the iodide CIMS with little or no fragmentation, 

which allows for the identification of products and evaluation of reaction mechanisms. However, 

quantifying product yields using the iodide CIMS is difficult because the sensitivity can vary by 

orders of magnitude between different compounds (Bi et al., 2021). Instrument sensitivities have 

been estimated using a “voltage scanning” method described by Lopez-Hilfiker et al. (2016), 

which estimates the bond strengths of iodide-product adducts. As the voltage difference between 
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the skimmer and the BSQ increases, the collision energy increases, and the adducts can then 

dissociate into I- and a neutral molecule by the strength of the adduct binding energy. We used this 

method here to build on the work in Jenks et al. (2023). We observed the same trend in which the 

less functionalized compounds dissociated at lower voltages (collision energies) than the more 

functionalized compounds. This is shown in Figure 3.14 for each of the monoterpene oxidation 

experiments, where the changes in iodide adduct signals are shown as a function of the voltage 

difference between the skimmer and quadrupole ion guide located between the ion-molecule 

reactor and mass analyzer. 
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Figure 3.14 Results from voltage-scanning experiments on the products of the NO3 + 
monoterpenes limonene (A), β-pinene (B), Δ-3-carene (C), α-pinene (D), ocimene (E), reactions. 
Changes in iodide adduct signals were measured by the iodide CIMS as a function of the voltage 

difference between the skimmer and quadrupole ion guide located between the ion-molecule 
reactor and mass analyzer. 
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The sigmoidal fit of the declustering scan curve is used to determine S0 (the inverse of the 

amplitude of the fit) and dV50 (the inflection point of the fit). Figure 3.15 shows S0 as a function of 

dV50 for all product ions measured by the iodide CIMS. This is similar to the results shown in 

Lopez-Hilfiker et al. (2016). 

Figure 6 shows that the same product type from different precursors falls into a similar 

region in the diagram. For example, most DC products are at the lower end of the dV50 range, 

meaning that they form the weakest bound clusters with iodide. In contrast, most DCN products 

are at the higher end of the dV50 range, meaning they form the strongest bound clusters with iodide. 

However, even within one class of products, there is still quite a range in dV50 values. One might 

have hoped that the number and type of functional groups of these products could be used to 

parameterize instrument sensitivities. These results suggest that such an analysis only constrain 

sensitivities to within an order of magnitude or so. 
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Figure 3.15 Results from voltage-scanning experiments on the products of the NO3 + 
monoterpenes Δ-3-carene (black), α-pinene (blue), ocimene (purple), limonene (yellow), and β-

pinene (green) reactions. Changes in iodide adduct signals were measured by the iodide CIMS as 
a function of the voltage difference between the skimmer and quadrupole ion guide located 

between the ion-molecule reactor and mass analyzer. 
 
 

3.3.5. Comparison to Ambient Measurements. 

VOC measurements were conducted in Pasadena, California, during the summer of 2022 

as a part of the CalNext-2022 campaign. This is a good location to study the interaction of biogenic 

and anthropogenic emissions, due to the urban environment densely populated with trees. The 

conditions for these ambient measurements differed significantly from those in the laboratory. In 

the lab, the oxidation process was limited to the examination of first-generation products, with a 

single injection of monoterpene and oxidant. In the real atmosphere, continued reactions of 

monoterpene oxidation products with NO3 can occur. Additionally, in ambient measurements 

variations existed in temperature, humidity, aerosol loading, and the presence of other species. 
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Unlike the lab setting where only one monoterpene was studied at a time, the ambient 

measurements involved a mixture of monoterpenes. However, despite these disparities, a broad 

comparison between the measurements can still be made.  

Many of the monoterpene oxidation product ions measured in the lab were also detected in 

these ambient measurements. The diurnal variation of the monoterpene and monoterpene oxidation 

products is shown in Figure 7A. Monoterpenes are emitted and oxidized during the day and at 

night. Nighttime emissions are lower because of lower ambient temperatures, but not zero as in the 

case of isoprene, which emissions are also light-dependent. Because of the slower nighttime 

oxidation process and the lower boundary layers, the mixing ratios of monoterpenes are often 

higher during the nighttime compared to the daytime. Additionally, Volatile Chemical Products 

(VCPs) are a significant source of monoterpene anthropogenic emissions and can also occur at 

night (Gkatzelis et al., 2021). As the focus of this work was nighttime chemistry, the analysis will 

be on the average signals of these ions at 3 AM (local time). 
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Figure 3.16  Diurnal of monoterpene and oxidation products measured by the Vocus during the 
ambient measurements in Los Angeles during the summer of 2022 (A) and product signal 

comparison between ambient measurements and α-pinene lab experiments (B). 
 
 

The diurnal variations of the monoterpenes and some of the monoterpene product ions 

detected in the laboratory are shown in Figure 7A. While the ambient measurements encompass a 

blend of various monoterpenes and their oxidation products, the signals align most closely with 

laboratory signals derived from α-pinene. This observation suggests that α-pinene might dominate 

among the monoterpenes present in the ambient measurements. α-Pinene is typically the most 

abundant emission from vegetation. The a-pinene reaction rate with NO3 is a little bit lower than 

that of limonene and carene, but faster than that of β-pinene. In combination these facts rationalize 

that the observed monoterpene products most resemble those of α-pinene. The signal of ions 
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detected in both ambient (detected at 3 AM local time) and α-pinene laboratory measurements are 

shown in Figure 7B. In addition to the gas-phase products formed by monoterpenes in ambient air, 

SOA is also formed. The amount of SOA for ambient measurements is predicted from the SOA 

yields reported in DeVault et al. (2022). The average ratio of the gas-phase ion signals shown in 

Figure 7B, and the ambient signals were increased proportionally for comparison. The agreement 

is not perfect, and that is likely due to other monoterpenes and their oxidation products contributing 

to the ambient signals, as well as the difference in conditions as mentioned above. 

3.4. Conclusions 

This work describes the gas-phase products, yields, and mechanism of the reaction of five 

monoterpenes, Δ-3-carene, α-pinene, β-pinene, ocimene, and limonene, with NO3 radicals. The 

gas-phase products were measured by the Vocus and iodide CIMS and were found to consist of 

multifunctional compounds containing ketone, aldehyde, alcohol, carboxylic acid, peroxide, 

epoxide, and nitrate functional groups.  

The iodide CIMS was used as a valuable tool for identifying parent ions, while the Vocus 

facilitated the quantification of gas-phase products. Tubing delay experiments proved instrumental 

in identifying ion fragments within the Vocus, enhancing the precision of gas-phase product yield 

assessments. The integration of the voltage scanning technique confirmed that more functionalized 

monoterpene oxidation products are more strongly bound to the iodide adduct, which could be used 

to develop a structure-activity relationship to predict iodide CIMS sensitivity in the future. 

Several of the ions derived from monoterpene oxidation products observed in the laboratory 

are also identified in the ambient measurements. A comparison between the measurements showed 

that the ambient measurements are most similar to the laboratory measurements of α-pinene, 

suggesting the dominant monoterpene during these measurements was α-pinene.  
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The oxidation of monoterpenes by NO3 radicals contributes to a deeper comprehension of 

the atmospheric fate of monoterpenes and their resultant reaction products, notably organic nitrates. 

These findings are anticipated to offer valuable insights for deciphering field data and refining 

chemical models. Future work will explore the gas-phase products of monoterpene OH oxidation 

in the lab and in the field. 
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Gas-Phase Products of OH Radical Oxidation of Five Monoterpenes 
 

4.1. Introduction 
 
Worldwide, approximately 150 teragrams of monoterpenes are released into the 

atmosphere annually, comprising α-pinene, ocimene, β-pinene, limonene, sabinene, Δ-3-carene, 

and myrcene (Sindelarova et al., 2014; Guenther et al., 2012). Following their release, these 

monoterpenes undergo rapid oxidation, leading to the formation of less volatile compounds that 

can distribute into the particle phase, which can have adverse health effects on humans and the 

ecosystem. Reactions of monoterpenes with OH radicals in high NOx conditions in the day and 

NO3 radicals at night can also lead to the formation of organic nitrates (ON) (Perring et al., 2013). 

The process of generating organic nitrates from monoterpene oxidation by OH radicals in 

environments with elevated NOx levels has been studied extensively (Sakamoto et al., 2022; 

Liebmann et al., 2019; Fisher et al., 2016; Morales et al., 2021; DeVault et al., 2022). These 

products are an important sink for nitrogen in the atmosphere (Browne and Cohen, 2012; Pusede 

et al., 2015). ON can partition into the particle phase, which affects climate and air quality 

(Hallquist et al., 2009; Rollins et al., 2012; Biesenthal et al., 1997; Fry et al., 2009; Perraud et al., 

2012). This underscores how anthropogenic nitrogen oxide emissions influence the production of 

secondary organic aerosols (SOA) from the oxidation of biogenic volatile organic compounds 

(BVOCs).  

In this study, our focus was on examining the initial generation of gas-phase products 

resulting from the OH radical oxidation of five key monoterpenes: Δ-3-carene, α-pinene, β-pinene, 

ocimene, and limonene. These monoterpenes collectively represent approximately 90% of global 

monoterpene emissions. To investigate these reactions, experiments were conducted in an 

environmental chamber, employing trace-gas measurements with both a Vocus and iodide CIMS. 
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Following an exploration of the reaction mechanisms, we applied the voltage scanning method, as 

outlined by Lopez-Hilfiker et al. (2016), to assess the sensitivity of the iodide CIMS towards these 

reaction products. This research builds upon prior investigations focusing on particle-phase 

measurements, SOA yields, and provides a more comprehensive examination of the gas-phase 

yields resulting from monoterpene oxidation by nitrate radicals, as documented in previous studies. 

4.2. Experimental 

4.2.1. Chemicals 

The following chemicals with purities and suppliers were used: (1s)-(+)-3-carene (99%) 

and ocimene (90%) from Sigma Aldrich; (1R)-(+)-α-pinene (99%), (1S)-(-)-β-pinene (99%), (R)-

(+)-limonene (97%), 2-ethylhexyl nitrate (97%), from Aldrich Chemical Company; NO from 

Matheson Tri Gas; ultra-high purity (UHP) N2 from Airgas; and a standard mixture (methanol, 

acetonitrile, acetaldehyde, acetone, acrylonitrile, isoprene, 2-butanone, benzene, toluene, m-

xylene, 1,2,4-trimethylbenzene, α-pinene, and β-caryophyllene in N2) from Apel-Riemer. Methyl 

nitrite was synthesized following the procedure described by Taylor et al. (1980).  

4.2.2. Chamber Experiments 

Chamber experiments were carried out in a Teflon environmental chamber equipped with 

lights on two opposite walls and a volume of approximately 7 m3, maintained at room temperature 

(∼23 °C) and pressure (∼630 Torr). The chamber was supplied with clean, dry air from two 

AADCO pure air generators, ensuring minimal levels of hydrocarbons (<5 ppbv) and low relative 

humidity (<1%). The monoterpene, methyl nitrite, and NO were introduced individually into the 

chamber via a glass bulb, with the monoterpene subjected to mild heating, to achieve target 

concentrations of approximately 500, 250, and 250 ppbv, respectively. Following the addition of 

each chemical, a Teflon-coated fan was activated for 30 seconds to ensure complete mixing within 
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the chamber. OH radicals were formed by photolysis (JNO2 = 0.19 min-1) of methyl nitrite by the 

following reactions: 

𝑪𝑪𝑪𝑪𝟑𝟑𝑶𝑶𝑶𝑶𝑶𝑶 + 𝒉𝒉𝒉𝒉 →  𝑪𝑪𝑪𝑪𝟑𝟑𝑶𝑶 + 𝑵𝑵𝑵𝑵        ( 4.1 ) 

𝑪𝑪𝑪𝑪𝟑𝟑𝑶𝑶 +  𝑶𝑶𝟐𝟐  →  𝑪𝑪𝑪𝑪𝟐𝟐𝑶𝑶 + 𝑯𝑯𝑯𝑯𝟐𝟐        ( 4.2 ) 

𝑯𝑯𝑯𝑯𝟐𝟐 +  𝑵𝑵𝑵𝑵 →  𝑶𝑶𝑶𝑶 +  𝑵𝑵𝑵𝑵𝟐𝟐         ( 4.3 ) 

The introduction of NO served to ensure the exclusive interaction of RO2· radicals with 

NO, thereby enhancing the conversion of HO2 to OH radicals, while also preventing the formation 

of O3 and NO3 radicals. Under these conditions, the majority of NO3 radicals reacted with the 

monoterpene to form predominantly first-generation products. The lights were turned on for 75-

250 s, when ~50% of the monoterpene had reacted. 

4.2.3. Instrumentation 

Monoterpene and monoterpene oxidation products were measured using a Vocus 2R 

proton-transfer-reaction time-of-flight mass spectrometer (Vocus), manufactured by Tofwerk AG 

in collaboration with Aerodyne Research Inc., with a 2-meter Teflon sample line, operating at a 

flow rate of approximately 2 L min-1 (LPM). Data acquisition with the Vocus occurred at a 

frequency of 1 Hz. Calibration of the Vocus was performed using a standard gas mixture 

comprising various VOCs, including methanol, acetonitrile, acetaldehyde, acetone, acrylonitrile, 

isoprene, 2-butanone, benzene, toluene, m-xylene, 1,2,4-trimethylbenzene, α-pinene, and β-

caryophyllene, each at a concentration of approximately 1 ppm in nitrogen (Apel-Riemer). The 

sigmoidal transmission curve from these calibrations is shown in Figure 4.1  
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Figure 4.1 The sigmoidal transmission fit of calibration standards for five experiments measured 
by the Vocus assuming a base of zero. 

 
For VOCs not present in this mixture, sensitivities were estimated using established methodologies 

outlined in Jenks et al., 2023. 

An iodide chemical ionization mass spectrometer (iodide CIMS) comprises a radioactive 

source generating I– reagent ions from CH3I. Operating with a time resolution of 1 s, the iodide 

CIMS achieved an average mass resolution (m/Δm) of approximately 9,200 at m/z 275. Although 

no calibrations were conducted for this instrument, the collected data solely served for identifying 

reaction products. Nevertheless, any signal fluctuations resulting from variations in iodide 

concentration were adjusted by normalizing product ion signals against the iodide and iodide water 

cluster ion signals. 

4.2.4. Data Processing 

Data processing was conducted using Tofware (v3.2.3, www.tofwerk.com/tofware) within the 

Igor Pro 8 environment (Wavemetrics, OR, USA). Formulas for peaks were manually assigned, 

http://www.tofwerk.com/tofware
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followed by the calculation of their time series using peak shape fitting. Background measurements 

were taken from the clean chamber immediately before introducing the monoterpene. Iodide CIMS 

data were normalized to I- + I·H2O-, denoted by the units of normalized counts per second (ncps). 

Mass-to-charge ratio calibration was executed resulting in an average accuracy of approximately 

4 ppm for the Vocus and 3 ppm for the iodide CIMS. 

4.3. Results and Discussion 

4.3.1. Reaction Mechanism 

The mechanisms for the reaction between monoterpenes and OH have been described 

elsewhere (Morales et al., 2021; DeVault et al., 2022; D’Ambro et al., 2022; Hantscheke et al., 

2021; Baptista et al., 2014; Peeters et al., 2001; Lee et al., 2023; Piletic and Kleindienst, 2022; 

Capouet et al., 2004; Vereecken and Peeters, 2000; Davis and Stevens, 2005; Hatakeyama et al., 

1991; Kaminski et al., 2017; Du and Zhang, 2023; Pang et al., 2022; Li et al 2020; Atkinson and 

Arey 2003; Lee et al., 2006). Figure 4.2 illustrates a summary mechanism that is the most relevant 

for the work described here.  
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Figure 4.2 The proposed gas-phase reaction mechanism for the oxidation of monoterpenes by 
OH radicals. 

 
In the first step, a hydroxyl group is added to a C=C bond in the monoterpene to form an 

alkyl radical. Oxygen then rapidly adds to the alkyl radical to form a peroxy radical. The peroxy 

radical then reacts with NO to form a hydroxy nitrate (HN). This step can also form an alkoxy 

radical, which can add O2 forming carbonyl products. The alkoxy radical can also go on to 

propagate another peroxy radical after the addition of O2, which will go on to form more 

oxygenated species like hydroxy and/or carbonyl nitrates. Figures 4.3-4.7 show more extensive 

proposed reaction mechanisms for each of these monoterpenes. 
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Figure 4.3 Proposed gas-phase reaction mechanism for the oxidation of α-pinene by NO3 
radicals. 
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Figure 4.4 Proposed gas-phase reaction mechanism for the oxidation of β-pinene by NO3 
radicals. 
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Figure 4.5 Proposed gas-phase reaction mechanism for the oxidation of Δ-3-carene by NO3 
radicals. 
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Figure 4.6 Proposed gas-phase reaction mechanism for the oxidation of limonene by NO3 
radicals. 
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Figure 4.7 Proposed gas-phase reaction mechanism for the oxidation of ocimene by NO3 
radicals. 
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4.3.2. Time Series Measurements and Mass Spectra 

Figure 4.8 illustrates the time series data for the five monoterpenes, NO3, and several gas-

phase oxidation products detected by the Vocus (Figure 1A-E) and by the iodide CIMS (Figure 

1F-J) observed in each experiment. The reactions were initiated by turning on the UV lights to 

form OH radicals. Within less than 5 minutes, about half of the monoterpene had reacted and the 

lights were shut off. The iodide CIMS time series depicts the increase in products such as HN, 

HCN, DHN, DHC, and DC. Similarly, the Vocus time series demonstrates a decrease in 

monoterpene signal by approximately 40%, coupled with an increase in products like DC, C9C, 

and HC. 
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Figure 4.8 (A-E) Time series of ocimene, α-pinene, limonene, Δ-3-carene, and β-pinene and a 
carbonyl oxidation product for each monoterpene detected by the Vocus. (F-J) Time series of a 

few products detected by the iodide CIMS. 
 
 

Figures 4.9 and 4.10 present the mass spectra of the oxidation products detected by the 

Vocus and the iodide CIMS, respectively. The Vocus mass spectra reveal similarities among all 
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five monoterpenes, with the carbonyl product labeled. A C9 carbonyl is formed from β-pinene, a 

hydroxy carbonyl is formed from ocimene, and a dicarbonyl is formed from limonene, Δ-3-carene, 

and α-pinene. 

 

Figure 4.9 Vocus mass spectra of the products detected from the reaction of ocimene (purple), α-
pinene (blue), limonene (yellow), Δ-3-carene (black), and β-pinene (green) by OH radicals. 

 
 
 The iodide CIMS mass spectrum showcases resemblances among all monoterpenes in the 

formation of a hydroxy nitrate. A dihydroxy nitrate or hydroxy carbonyl nitrate is detected in the 

mass spectra of ocimene, α-pinene, Δ-3-carene, and β-pinene.  
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Figure 4.10 Iodide CIMS mass spectra of the products detected from the reaction of ocimene 
(purple), α-pinene (blue), limonene (yellow), Δ-3-carene (black), and β-pinene (green) by OH 

radicals. 
 
 

4.3.3. Voltage Scanning 

The oxidation products are detected using iodide CIMS with minimal or no fragmentation, 

enabling the identification of products and assessment of reaction mechanisms. However, 

quantifying product yields through iodide CIMS proves challenging due to significant variations 

in sensitivity among different compounds. Instrument sensitivities have been approximated using 

a "voltage scanning" technique as outlined by Lopez-Hilfiker et al. (2016), which estimates the 

bond strengths of iodide-product adducts. As the voltage difference between the skimmer and the 

BSQ increases in the iodide CIMS, so does the collision energy, allowing adducts to dissociate 

into I- and a neutral molecule based on the strength of the adduct binding energy. We employed 
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this method to expand upon the research by Jenks et al. (2023). The same pattern is observed: less 

functionalized compounds dissociate at lower voltages (collision energies) compared to more 

functionalized compounds. The sigmoidal fit of the declustering scan curve determines S0 (the 

amplitude of the fit) and dV50 (the inflection point of the fit), which is shown for all product ions 

measured by iodide CIMS, resembling findings from Hilfiker et al. (2016). 

 

Figure 4.11 Results from voltage-scanning experiments on the products of the OH + 
monoterpene (opaque markers) and NO3 + monoterpene (transparent markers) from Jenks et al., 
(2024). Changes in iodide adduct signals were measured by the iodide CIMS as a function of the 

voltage difference between the skimmer and quadrupole ion guide located between the ion-
molecule reactor and mass analyzer. 

 
 

Products of the same type from different precursors fall within a similar region on the 

diagram. For instance, most of the less-functionalized products cluster towards the lower end of 

the dV50 range, indicating weaker binding with iodide, whereas most of the more-functionalized 

products cluster towards the higher end, indicating stronger binding. Nonetheless, even within one 

product class, there remains a considerable range in dV50 values. While it might be expected that 



 

91 
 

the number and nature of functional groups in these products could parameterize instrument 

sensitivities, these results suggest that such an analysis only constrains sensitivities to within an 

order of magnitude or so. 

4.4. Future Work and Conclusions 
 
This study investigates the reaction mechanisms and gas-phase oxidation products 

resulting from the OH radical oxidation of five monoterpenes. Time series data and mass spectra 

were analyzed to understand the composition of the oxidation products. The mass spectra indicate 

similarities among the monoterpenes in the formation of certain oxidation products, such as 

carbonyl compounds and hydroxy nitrates. Voltage scanning techniques are employed to assess 

the sensitivity of the iodide CIMS instrument, revealing variations in sensitivity among different 

compounds by the number of functional groups. Overall, the findings contribute to a deeper 

understanding of monoterpene oxidation mechanisms and the challenges associated with 

quantifying product yields. Future work will compare these results to the ambient measurements 

from the Cal-Next-2022 field campaign in Pasadena, California.
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Effects of Germicidal Ultraviolet Light on Aerosol Formation from Limonene 

5.1. Introduction 

Since the mid-1800s it has been known that light affects microorganisms, and germicidal 

ultraviolet (GUV), also known as ultraviolet germicidal irradiation (UVGI) has been used to 

inactivate airborne microbes since the early 1900s (Reed, 2010). GUV light fixtures have been 

installed in hospitals to decrease postoperative wound infections and prevent the spread of 

tuberculosis and influenza, as well as in schools to prevent the transmission of measles (Hart, 1960; 

Wells, 1942; McLean, 1961; Riley et al., 1959). The use of GUV decreased in the mid-1900s 

partially due to the development of antibiotics and immunizations, and due to the perceived low 

importance of airborne transmission (Reed, 2010; Jimenez et al., 2022). Recently, there has been 

renewed interest in GUV for air disinfection because of the COVID-19 pandemic, for which 

airborne transmission was found to be important (Jimenez et al., 2022; Greenhalgh et al., 2021). 

Studies have shown that UV lamps at 254 nm (GUV254) and 222 nm (GUV222) are effective in 

inactivating SARS-CoV-2 (Ma et al., 2021; Camargo et al., 2022). 

One limitation of using 254 nm UV (GUV254) fixtures for air disinfection is that they are 

not safe for human exposure, so they are usually either mounted near the ceiling for upper room 

irradiation, or are used inside ventilation ducts (Talbot et al., 2002; Nardell et al., 2008). Studies 

have shown that 222 nm lamps can be used for whole-room disinfection to inactivate airborne 

bacteria and viruses without harm to human skin and eyes (Buonanno et al., 2017; Narita et al., 

2018; Peng et al., 2023b). However, it has also been shown that GUV222 forms substantial ozone, 

which can react further in the indoor environment to form harmful pollutants like formaldehyde 

and PM2.5 (Peng et al., 2023b; Barber et al., 2023; Link et al., 2023). 

Given that the majority of people in the developed world spend a large fraction of their time 

indoors, ensuring good indoor air quality is crucial for promoting overall health and well-being 
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(Klepeis et al., 2001). Volatile organic compounds (VOCs) can be emitted from many sources 

indoors including cleaning products, paint, furniture, and humans (McDonald et al., 2018; Stönner 

et al., 2018). Some of these VOCs, like formaldehyde are known to have negative health effects 

(Bernstein et al., 2008; Weschler, 2009). Some compounds undergo reactions to produce hazardous 

products like secondary organic aerosol (SOA). For example, a study by Graeffe et al. showed that 

commercial GUV254 devices can increase particle number concentrations and gas-phase species 

concentrations in indoor air (Graeffe et al., 2023). 

This work evaluates the effects of GUV222 on the chemistry of limonene and limonene 

oxidation products. Limonene, a common fragrance ingredient in personal care and cleaning 

products, is one of the most common VOCs in indoor air (Stönner et al., 2018; Logue et al, 2011). 

Limonene is also highly reactive with hydroxyl (OH), ozone (O3) and nitrate (NO3). Ozone, a 

common indoor pollutant, comes from outdoor air, can be enhanced by GUV222 and reacts with 

VOCs like limonene (Weschler et al., 1989). Limonene ozonolysis can be a significant source of 

particulate matter (PM) indoors and can also form gas-phase products such as formaldehyde and 

glyoxal (Weschler et al., 1999; Grosjean et al., 1992; Wainman et al., 2000). While limonene 

ozonolysis has been studied in detail, the question we focus on here is whether the formation of 

products is modified by the presence of GUV222. For example, photolysis could potentially 

remove limonene oxidation products with carbonyl and acid groups and thereby lower (SOA) 

yields (Deal and Vaida, 2023). 

In this paper, we study the chemistry of limonene induced by GUV222 in an environmental 

chamber. We address how well a commonly used chemical mechanism, the Regional Atmospheric 

Chemistry Mechanism (RACM), with modifications that account for SOA formation and wall loss 

in a chamber, predicts limonene removal and SOA formation under the experimental conditions 
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used in the chamber (Stockwell et al., 1997). We then analyze in detail if the 222 nm light impacts 

the formation of gas-phase and particle-phase oxidation products. This work builds on previous 

studies that focused on the formation of O3 by GUV222 and the modeling of that formation (Peng 

et al., 2023a; Peng et al., 2023b). 

5.2. Methods 

5.2.1. Chamber Experiments. 

Chamber experiments were conducted in a ~21 m3 Teflon FEP chamber. Clean air was 

supplied to the chamber with AADCO 737-15A clean air generators (NOx <0.2 ppb; VOC <50 

ppb). An Ushio B1 KrCl excimer 222 nm lamp was placed inside the chamber, which has 

previously been shown to lead to rapid ozone formation (Peng et al., 2023b). Here, ~20 ppb ozone 

was produced in two steps of 30 min with 15 min in between. Liquid precursor (limonene and/or 

hexanal) was then evaporated into the chamber using a glass bulb under nitrogen flow to produce 

a ~20 ppb concentration. An experiment using α-pinene as the precursor was also performed. A 

Teflon-coated fan was run during these additions for about 2 minutes to ensure complete mixing 

in the chamber. The 222 nm lamp was turned on continuously for several hours or alternated in 

steps of 30 min on/off. Experiments were performed at ambient pressure (~830 mbar in Boulder, 

CO), room temperature (25-27 °C), and low (<1%) and moderate (~25%) RH. Experiment 

summaries are shown in Table 5.1 and Figure 5.1. Further details on the environmental chamber 

facility have been described in several previous publications (Peng et al., 2023b; Liu et al., 2019; 

Day et al., 2022; Krechmer et al., 2017). 
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Table 5.1 Experiment Summary. 
Experiment α-pinene 

dry 
limonene 

dry 
limonene 

humid 
hexanal 

dry 
hexanal 
humid 

limonene + 
hexanal 

dry 

limonene + 
hexanal 
humid 

Instruments 
used 

Vocus, 
SMPS, O3 
monitor 

Vocus, 
SMPS, O3 
monitor, 

AMS 

Vocus, 
SMPS, O3 
monitor 

Vocus, 
SMPS, O3 
monitor 

Vocus, 
SMPS, O3 
monitor 

Vocus, 
SMPS, O3 
monitor, 

AMS 

Vocus, 
SMPS, O3 
monitor, 

AMS 

Initial 
monoterpene 
conc. (ppb) 

17±2.0 17±2.0 17±2.0 N/A N/A 16±2.0 18±2.0 

Initial 
hexanal conc. 

(ppb) 

N/A N/A N/A 22±2.0 22±2.0 23±2.0 21±2.0 

O3 conc. 
beginning - 
end (ppb) 

20±0.9 - 
54±1.0  

22±0.71 - 
52±0.65 

20±0.82 - 
64±0.63 

28±0.79 - 
96±1.0 

12±0.92 - 
58±0.95 

17±0.65 - 
48±0.91 

20±0.84 - 
46±0.52 

O3 prod. Rate 
when 

GUV222 on 
(ppb hr-1)8 

26 25 25 26 24 21 23 

RH (%) -0.29±0.074 -0.30±0.075 26±0.18 0.05±0.1 25±0.16 0.1±0.07 27±0.17 

Temp (℃) 29±0.095 27±0.17 28±0.12 25±0.28 25±0.11 27±0.46 26±0.14 

Estimated 
GUV222 

fluence rate 
(μW cm-2) 

2.5 2.4 2.4 2.5 2.3 2.0 2.2 

Max SOA 
concentration 

(μg m-3) 

3.60±0.07 9.60±0.10 9.60±0.10 0.01±0.02 0.76±0.05 6.00±0.08 8.40±0.07 

 

 
8 Measured in the absence of limonene. 
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Figure 5.1 Modeled and experimental time series of limonene, ozone, and SOA mass 
concentration for an experiment under dry conditions. 

 

5.2.2. Chemicals. 

The following chemicals with purities and suppliers were used: (R)-(+)-limonene (97%) 

and hexanal (99%) from Aldrich Chemical Company; acetone (99%) from Sigma-Aldrich; ultra-

high purity (UHP) N2 from Airgas; and a standard gas mixture (methanol, acetonitrile, 

acetaldehyde, acetone, acrylonitrile, isoprene, 2-butanone, benzene, toluene, m-xylene, 1,2,4-

trimethylbenzene, α-pinene, and β-caryophyllene in N2) from Apel-Riemer to calibrate the Vocus 

proton-transfer-reaction time-of-flight mass spectrometer (see Instrumentation). 
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5.2.3. Instrumentation. 

A Tofwerk AG and Aerodyne Research Inc. Vocus 2R proton-transfer-reaction time-of-

flight mass spectrometer (Vocus) was used to measure VOCs, including limonene and its gas-phase 

ozonolysis products. A 2-m long Teflon sample line was used with a flow rate of ~2 LPM (0.635 

cm OD, 0.397 cm ID). Vocus data were obtained at 1 Hz. The Vocus was calibrated using a 

standard gas mixture containing several VOCs (see above). For VOCs not contained in this mixture 

like limonene, we used calculated sensitivities based on the quantitative liquid amount injected into 

the known chamber volume.  

Ozone was monitored using a Thermo Scientific 49i Ozone Analyzer. The SOA 

concentration was obtained primarily through scanning mobility particle sizer measurements 

(SMPS, TSI models: 3080 electrostatic classifier, 3081 differential mobility analyzer, and 3775 

condensation particle counter). In one instance, a high-resolution time-of-flight aerosol mass 

spectrometer (AMS, Aerodyne Research, Inc., described in DeCarlo et al., 2006) was used to 

obtain 1 second measurements. The size distributions using the SMPS were measured every 135 

seconds, and the volume distributions were integrated over a 16-600 nm mobility diameter range. 

The AMS was run in the “fast mass spec” mode (FMS), where data was obtained at 1 Hz (Kimmel 

et l., 2001; Nault et al., 2018). The average resolution (m/Δm) at m/z < 120 was ~2500. Copper 

and/or stainless-steel tubing was used for the aerosol measurements with a sample flow rate of ~1 

LPM (0.635 cm OD, 0.380 cm ID, ~1.2 m for long for AMS, ~2.5 m for SMPS). 

5.2.4. Data Processing. 

Tofware (v3.2.3) in the Igor Pro 8 (Wavemetrics, OR, USA) environment was used for 

processing the Vocus data. Peaks were assigned elemental formulas manually, and the time series 

of these peak integrals were calculated using the peak shape fit. Mass-to-charge ratio calibration 
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was performed using ions between m/z 45 and 297. Backgrounds were measured from the clean 

chamber immediately before the addition of the precursor. In the hexanal experiments, the decrease 

in hexanal was very slow and care must be taken to differentiate the chemical loss of hexanal 

versus a drift in detection sensitivity. For this purpose, acetone was used as a tracer of Vocus 

sensitivity throughout the dry and humid hexanal experiments. In those experiments, Vocus data 

were normalized to 2x105 cps of C3H6OH+, which is indicated by the units of normalized counts 

per second (ncps). For the limonene experiments, the Vocus data were not normalized.  The 

condensational sink was calculated from particle size distribution measured by the SMPS. This is 

shown in Figure 5.2. 

 

Figure 5.2 Condensation sink calculated from particle size distribution measured by the SMPS. 
The shaded area denotes the period excluded for fitting the limonene oxidation product molar 

yields. 
 

AMS data was processed using Squirrel (version 1.65F) and PIKA (version 1.25F) in the 

Igor Pro 8 (Wavemetrics, OR, USA) environment (Sueper, 2021). The SMPS measures size 
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particle number distributions and was converted to integrated volume concentrations using custom 

software in the Igor Pro 8 environment (Day et al., 2024). The volume concentration were 

converted to mass concentrations by multiplying the SMPS volume concentration by the density 

derived from AMS elemental ratios (O:C, H:C), as described in Kuwata et al., (2012) and shown 

in Figure 5.3 (Kuwata et al., 2012). The O:C and H:C ratios were calculated as described in 

Canagaratna et. al. (2015). The AMS SOA concentration reported in Fig. 5.3 was corrected for 

differences from the default AMS OA relative ionization efficiency (RIE, 1.4) and collection 

efficiency (CE, 1) (RIE*CE of 1.4) by calibrating the AMS to the measured SMPS SOA mass 

concentration (using a single factor determined from a regression). This was necessary since 

organic RIE and CE can vary by as much as factors of 2-3 for chamber-generated SOA and 

standards (Xu et al., 2018; Nault et al., 2023; Day et al., 2022). 

 

Figure 5.3 O:C and H:C atomic ratios of the SOA measured by the AMS; high levels of noise at 
the start of the experiment are due to low SOA concentrations. The material density of SOA was 
estimated from the measured O:C and H:C using the method of Kuwata et al. (2012) The SOA 



 

100 
 

mass concentration calculated from the volume measured by the SMPS and the AMS density is 
also shown. 

 

5.2.5. Kinetic Modeling. 

A kinetic model for the limonene ozonolysis chamber experiments was built and run in 

KinSim version 4.24 (a kinetics simulator developed for educational and research purposes) within 

Igor Pro 8 (Peng et al., 2019). This model was based on the model in Peng et al. (2023a) with the 

mechanisms for inorganic and organic chemistries being the oxidation flow reactor chemical 

mechanism and part of the RACM, respectively (Stockwell et al., 1997; Peng et al., 2023a; Peng 

et al., 2020). The relevant reactions are shown in Table 5.2.  

Table 5.2 Reaction mechanism input for the KinSim model. The mechanism has been made 
freely available at https://gitlab.com/JimenezGroup/KinSim_Cases_Mechs. The mechanism can 
be run within KinSim, which can be freely downloaded from http://tinyurl.com/kinsim-release. 

Process Rate / rate coefficient Reference for rate / rate 
coefficient 

limonene + OH → 0.0823 SVOC + 
0.0816 LVOC 

1.71x10-10 cm3 molecule-1 s-1 Stockwell et al., 1997 

limonene + O3 → 0.0823 SVOC + 
0.0816 LVOC 

2.0x10-16 cm3 molecule-1 s-1 Stockwell et al., 1997 

SVOC + OH → 0.955 LVOC 1x10-10 cm3 molecule-1 s-1 Estimated based on MCM 
(Jenkin et al., 2015) 

SVOC + O3 → 0.955 LVOC 1x10-17 cm3 molecule-1 s-1 Estimated based on MCM 
(Jenkin et al., 2015) 

SVOC (LVOC) → SVOCw 
(LVOCw) 

3.6 h-1 Krechmer et al., 2020 

SVOCw → SVOC 0.55 h-1 Calculated based on Liu et al., 
2019 

SVOC (LVOC) → SVOCp (LVOCp) Constrained by SMPS 
measurements 

N/A 

SVOCp (LVOCp) → SVOC (LVOC) Calculated real-time in 
simulation 

N/A 

SVOCp (LVOCp) wall deposition 0.052 h-1 Day et al., 2022 

https://gitlab.com/JimenezGroup/KinSim_Cases_Mechs
http://tinyurl.com/kinsim-release
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The condensable product formation, the gas-particle partitioning, the wall losses of gas- 

and particle-phase products in the model were simulated in a dynamical manner based on Krechmer 

et al. (2020), but with different values for several key parameters (Krechmer et al., 2020). In the 

model, first-generation oxidation of limonene is assumed to produce two products, a semivolatile 

species (SVOC) and a low-volatility species (LVOC), with saturation mass concentrations being 

10 and 0.0001 μg m-3, respectively, and molecular weights being 250 g mol-1. The second-

generation oxidation is assumed only to convert SVOC to LVOC. Both OH and O3 can be the 

oxidant of these oxidation reactions, with rate coefficients reported in Table 5.2. The lifetime for 

condensable gases to deposit onto chamber walls in the model was 1000 s (Krechmer et al., 2020). 

The evaporation rates of gases partitioned to chamber walls were calculated per Liu et al. (2019). 

To best fit the experimental results, the particle deposition rate in the chamber was fitted as 0.052 

h-1, which is consistent with other experiments conducted in this chamber (Liu et al., 2019; Day et 

al., 2022).  

5.3. Results and Discussion 

5.3.1. Gas-Phase Removal of Limonene 

Results of limonene chamber experiments under dry conditions are shown in Figure 5.1 

and under humid conditions in Figure 5.4. Prior to the addition of limonene to the chamber, O3 was 

produced by the 222 nm lamp in 2 steps. The O3 production rate during these steps was measured 

at ~24 ppb hr-1, which is consistent with previous measurements (Peng et al., 2023b). At time zero, 

limonene was added to the chamber. Ozonolysis of limonene leads to removal of limonene and O3, 

and to formation of SOA. After 1 hour, the GUV222 lamp was switched on and then alternated on 

a 30-min on-off cycle. When the GUV222 lamp was on, the O3 started to increase again and, as 
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will be shown below, the removal of limonene and the formation of SOA were accelerated at these 

times. Also included in Figure 5.1 are the model results for the concentrations of limonene, O3, and 

SOA. 

 

Figure 5.4 Modeled and experimental results for limonene ozonolysis under humid conditions. 
 
 

In Figure 5.5A, the limonene data from Figure 5.1 are reproduced. While the data appear 

to show an approximate exponential decay, this should not be strictly true, since O3 was not 

constant. The limonene loss rate, -d[LIM]/dt (Figure 5.5B), is described by: 

𝒅𝒅[𝑳𝑳𝑳𝑳𝑳𝑳]
𝒅𝒅𝒅𝒅

=  −𝒌𝒌𝑳𝑳𝑳𝑳𝑳𝑳+𝑶𝑶𝟑𝟑[𝑳𝑳𝑳𝑳𝑳𝑳][𝑶𝑶𝟑𝟑] −  𝒌𝒌𝑳𝑳𝑳𝑳𝑳𝑳+𝑶𝑶𝑶𝑶[𝑳𝑳𝑳𝑳𝑳𝑳][𝑶𝑶𝑶𝑶]     ( 5.1 ) 
 

in which the concentrations of limonene, [LIM], ozone, [O3], and hydroxyl, [OH], all vary in time. 

We include hydroxyl (OH) reactions here for 2 reasons: (i) primary OH can be formed from ozone 

photolysis, and (ii) secondary OH can be formed from limonene ozonolysis. It is seen from Figure 

5.5B that the limonene loss rate shows a clear kink when the GUV222 lamp comes on at t=1 hour. 
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At this time, O3 starts to increase again due to the GUV222 lamp and the limonene loss rate 

accelerates. Similar changes in slope in the limonene loss rate can also be seen at t=2 and t=3 h, 

though less clearly. Also added to Figure 5.5B is the limonene loss rate that can be explained from 

ozone only (first term on the right-hand side of Equation (5.1)). The ozone reaction does not fully 

account for the observed loss rate of limonene, and the difference can be explained by OH as will 

be shown quantitatively below. We conclude that the decrease in limonene is not a simple 

exponential in time, but that it is modulated by the GUV222 light, which enhances the 

concentrations of O3 and OH in the chamber. 

To address the loss of limonene by OH, we can rearrange Equation (5.1) as follows: 

𝒌𝒌𝑳𝑳𝑳𝑳𝑳𝑳+𝑶𝑶𝑶𝑶[𝑳𝑳𝑳𝑳𝑳𝑳][𝑶𝑶𝑶𝑶]
𝒌𝒌𝑳𝑳𝑳𝑳𝑳𝑳+𝑶𝑶𝟑𝟑[𝑳𝑳𝑳𝑳𝑳𝑳][𝑶𝑶𝟑𝟑] =  

−𝒅𝒅[𝑳𝑳𝑳𝑳𝑳𝑳]
𝒅𝒅𝒅𝒅

𝒌𝒌𝑳𝑳𝑳𝑳𝑳𝑳+𝑶𝑶𝟑𝟑[𝑳𝑳𝑳𝑳𝑳𝑳][𝑶𝑶𝟑𝟑]−𝟏𝟏
       ( 5.2 ) 

 
 
The term on the left represents the relative loss rates of limonene in reaction with OH and O3, 

respectively. The term on the right is composed of measured concentrations and the literature value 

for the rate coefficient (Atkinson, 1986; Shu and Atkinson, 1994). Figure 5.5C shows the numerical 

value for the parameter kLIM+OH[OH] / kLIM+O3[O3] calculated from the data using equation (5.2). 

The ratio is initially around 1, indicating that limonene is removed by O3 and OH at equal rates. 

Later, the ratio approaches zero, indicating that the loss to OH is much smaller than the loss to O3. 

Also shown in Figure 5.5C is the parameter kLIM+OH[OH] / kLIM+O3[O3] calculated from the model. 

The excellent agreement with the data shows that the removal of limonene by O3 and OH, as well 

as the formation of OH is well represented in the mechanism. The time series also gives some 

insight into the source of OH. Primary OH, produced from O3 photolysis and subsequent reaction 

of O1D with water (under humid conditions), can only be produced when the GUV222 lamp is on. 

In contrast, secondary OH, produced from limonene ozonolysis, does not require the lamp to be 
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on. As the ratio kLIM+OH[OH] / kLIM+O3[O3] is not strongly modulated by the GUV222 lamp, we 

conclude that most of the OH is secondary, which is consistent with the modeled OH and previous 

measurements (Barber et al., 2023; Atkinson and Aschmann, 1993; Aschmann et al., 2002).  

 

Figure 5.5 Time series of limonene (LIM) reacting with O3 measured by the Vocus under dry 
conditions, similar to Fig 1, but now in units of molecules cm-3 (A); the modeled and 

experimental decay rate of limonene and the modeled decay rate of limonene due to only O3 (B) 
per equation (1); and modeled and experimental kLIM+OH[OH] / kLIM+O3[O3] (C) per equation (2). 

 
 

To further evaluate the production of primary OH radicals, chamber experiments exposing 

hexanal to 222 nm light were performed under humid conditions (Figure 5.6B). Hexanal reacts 
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efficiently with OH but not with O3. Any removal of hexanal would therefore be due to primary 

OH formation. Also, photolysis of hexanal is expected to be minimal, and this was confirmed in a 

chamber experiment exposing hexanal to 222 nm light under dry conditions (Figure 5.6A). Figure 

5.6 summarizes the results of these experiments. It was found that removal of hexanal is 

exceedingly slow under these conditions (0.2 molecules cm-3 hr-1), indicating that primary OH 

production is not important for VOC removal in these experiments. Barber et al. (2023) found 

primary OH production to be more important at fluence rates about 18 times larger than the fluence 

rates in our experiments. 
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Figure 5.6 Time series of hexanal, ozone, and integrated particle volume concentration under 

dry conditions (A) and humid conditions (B). No limonene was present during these 
experiments. 

 

5.3.2. Formation of Secondary Organic Aerosol 

Figure 5.1 also shows the formation of SOA measured by the SMPS resulting from the 

reactions of limonene induced by the GUV222 lamp. Also included in Figure 5.1 is the calculated 
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SOA formation from the model. Here, we have adjusted the values for the molar yield of gas-phase 

products of limonene oxidation and used the measured wall deposition rate of particles to obtain a 

better match with the data. The distribution of SVOC and LVOC for the limonene ozonolysis 

experiments under dry and humid conditions is shown in Figure 5.7  
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Figure 5.7 Measured SOA (dashed) and the stacked modeled SOA distribution (solid) for 
limonene irradiation by GUV222 under dry (A) and humid (B) conditions. 
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The molar yields of the first-generation LVOC and SVOC, and the second-generation 

LVOC before partitioning were estimated to be 8.23%, 8.16%, and 95.5%, respectively (assuming 

a molar mass of 250 g mol-1) to best reproduce the observed SOA formation and growth with the 

model (see Figure 5.1 and Formation of Secondary Organic Aerosol for details). The period near 

the beginning of the experiment saw condensation sink increasing very rapidly (Figure 5.2). The 

SMPS could not sufficiently detect the ultrafine particles that were formed in a large number 

during that period. To avoid possible biases, that period was thus excluded for the fitting that 

estimated the molar yields of SVOC and LVOC. 

SOA formation is analyzed further in Figure 5.8. Figure 5.8B shows the derivative of the 

SOA concentration versus time, in other words the SOA formation rate. As the concentration of 

O3 and OH are both modulated by the GUV222 lamp, the SOA formation rate also shows a 

modulation by the lamp. When the lamp is on, the SOA formation rate accelerates as O3 is formed 

by the lamp. In contrast, when the lamp is off, the SOA formation rate decreases as ozone and 

limonene are both removed.  

Figure 5.8B also shows the modeled SOA formation rate, which shows a similar 

modulation by the GUV222 lamp. To be clear, the modulation in the model is only caused by the 

modulation of the O3 formation by the lamp. The measured and modeled SOA formation rates are 

in good agreement, but the comparison shows some evidence that the measured SOA formation 

rates are more strongly modulated by the GUV222 lamp than the modeled SOA formation rates. 

To investigate this in more detail, Figure 5.8C shows the ratio of the modeled SOA formation rate 

divided by the measured SOA formation rate. Here it is seen that while the ratio hovers around 1 

(modeled and measured SOA formation rates agree), there is a slight dependence of this ratio on 

the lamp: when the lamp is on, the ratio between modeled and measured SOA formation rates 
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increases by ~19% when the lamp is on relative to the periods when the lamp is off. This would 

suggest that the measured SOA formation rate actually decreases slightly with the GUV222 lamp, 

but the effect is small.  

 

Figure 5.8 Experimental and modeled SOA produced from the oxidation of limonene (A), the 
experimental and modeled SOA derivative (B), and the ratio of the modeled SOA derivative to 
the experimental SOA derivative (C) under dry conditions; gas-phase products produced from 

the oxidation of limonene (D), and the gas-phase products derivatives (E) under dry conditions. 
 

We conclude that the GUV222 lamp causes small but noticeable differences in the SOA 

formation rate. Nevertheless, the effect is small and representing the SOA formation from 

limonene induced by GUV222 can be described by using well-known ozonolysis reactions. The 

congruence between modeled SOA formation and experimental results under both dry and humid 
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conditions, even during GUV222 lamp activation, suggests that the lamp did not substantially 

impact SOA formation, and the amount of SOA formed is not impacted by the humidity. Next, we 

will discuss results from the gas-phase product measurements to study the effects of GUV222 in 

more detail.  

5.3.3. Formation of Gas-Phase Products 

Finally, we studied the effects of the GUV222 lamp on the formation of gas-phase products. 

Previous research has identified both the gas-phase products resulting from the ozonolysis of 

limonene, as well as the underlying reaction mechanisms (Weschler and Shields, 1999; Grosjean 

et al., 1992; Grosjean et al., 1993; Ham et al., 2016; Wang and Wang, 2021; Chen et al., 2021). 

Expected products for the ozonolysis of limonene (limonaldehyde, limonaketone, limononic acid, 

keto-limonaldehyde, and keto-limononic acid) are shown in Figure 5.9 (Weschler and Shields, 

1999; Wang ang Wang, 2021). The product mass spectra observed in this work (Figure 5.9) have 

some main oxidation products labeled at MH+. There is significant fragmentation in the Vocus and 

although there are ways to account for product fragmentation, this was not done here (Jenks et al., 

2023). 
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Figure 5.9 Mass spectra of oxidation products from α-pinene under dry conditions, limonene 
under dry and humid conditions, hexanal under dry and humid conditions, and limonene and 
hexanal under dry and humid conditions measured by the Vocus. Some limonene oxidation 

products are highlighted. 
 

To qualitatively evaluate the effect of the 222 nm lamp on the formation of gas-phase 

products, Figure 5.8D shows the measured time series for 2 of the ions related to the gas-phase 

products. After an initial increase in their concentrations, the signal reaches a plateau after ~2 hours 

as the formation rates slow down and/or the formation and loss are in steady state. Again, the 
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derivative of the time series, in other words the product formation rates, were calculated (Figure 

5.8E). There are small changes in the time derivatives for both gas-phase products as the GUV222 

light is turned on and off under both humid and dry conditions (for both limonene and α-pinene), 

but the changes are not large. The derivative for some ions approaches 0, meaning the production 

and loss of that ion are approaching steady state. The derivative for some ions becomes negative, 

meaning they are predominantly removed. To summarize this analysis across all m/z, we have 

calculated the change in product ion signal (Figure 5.10A) and formation rates (Figure 5.10B) 

when the GUV222 lamp is on. Specifically, we calculate the average signal and formation rate 

during period c (lamp on) and divide it by average signal and formation rates during periods b and 

d (lamp off). The resulting ratio is presented as a function of m/z in Figure 5.10. Clearly, the lamp 

does cause significant changes in the product formation rates of some gas-phase species (as the 

values for the above metric range from 1.5⨉10-1 to 2.8⨉101), but these do not lead to large changes 

in the concentration of the gas-phase species in the chamber, as seen in Figure 5.10A. There 

appears to be a periodicity in the metric indicating that molecules with certain functional groups 

behave differently; we have not investigated this further. Our goal here was a qualitative analysis 

to look for large changes in the gas-phase products during the lamp-on periods, which were not 

observed. 
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Figure 5.10 The average signal (A) and the average formation rate (B) of gas-phase products 
during period c (lamp on) divided by the average formation rates during periods b and d (lamp 

off) as a function of m/z. 
 

5.4. Implications 

The health impacts of O3, PM, and toxic organics should be considered when using 222 nm 

lamps to disinfect indoor air. The overall conclusion from this work is that existing knowledge on 
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limonene photolysis is sufficient to describe SOA formation associated with the use of GUV222. 

We found that this chemistry is only slightly perturbed by the presence of 222 nm light. 
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Thesis Conclusions 
 

 The research presented in Chapter 2 findings on the gas-phase products, yields, and 

mechanism resulting from the reaction between Δ-3-carene and NO3 radicals. The measured total 

molar yield of gas-phase products was 50%, comprising multifunctional compounds with various 

functional groups such as ketone, aldehyde, alcohol, carboxylic acid, peroxide, epoxide, and 

nitrate. Acetic acid exhibited the largest yield at 14%, followed by acetone at 9%, DC at 8%, CN 

at 4%, acetaldehyde at 4%, and HN at 2%. The total gas-phase organic nitrate yield was 7%, mainly 

attributed to CN and HN. 

The iodide CIMS proved invaluable for identifying parent ions, while the Vocus facilitated 

easier quantification of gas-phase products. Tubing delay experiments aided in identifying ion 

fragments in the Vocus, crucial for more accurate quantification of gas-phase product yields. The 

implementation of the voltage scanning technique demonstrated the iodide CIMS's heightened 

sensitivity to the degree of product functionalization compared to the Vocus. Explorations are 

underway to determine if these differences can be explained by structure-activity relationships, 

potentially enhancing product quantification with the iodide CIMS. 

Additionally, this study sheds light on the oxidation of Δ-3-carene by NO3 radicals, 

offering insights into the fate of monoterpenes in the atmosphere and their resultant reaction 

products, including organic nitrates. These findings are expected to aid in the interpretation of field 

data and the refinement of chemical models.  

The research in Chapter 3 evaluated the gas-phase products, yields, and mechanism 

involved in the reaction of five monoterpenes - Δ-3-carene, α-pinene, β-pinene, ocimene, and 

limonene - with NO3 radicals. Using the Vocus and iodide CIMS, multifunctional compounds 

containing ketone, aldehyde, alcohol, carboxylic acid, peroxide, epoxide, and nitrate functional 
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groups were identified. The iodide CIMS played a crucial role in identifying parent ions, while the 

Vocus aided in quantifying gas-phase products. Tubing delay experiments enhanced precision by 

identifying ion fragments, while the integration of the voltage scanning technique confirmed the 

stronger binding of more functionalized monoterpene oxidation products to the iodide adduct. This 

information could facilitate the development of a structure-activity relationship to predict iodide 

CIMS sensitivity in the future. 

Furthermore, several ions derived from monoterpene oxidation products observed in the 

laboratory were also detected in ambient measurements. A comparison revealed that the ambient 

measurements closely resembled laboratory measurements of α-pinene, suggesting its 

predominance during the ambient measurements. The oxidation of monoterpenes by NO3 radicals 

enhances our understanding of their atmospheric fate, particularly regarding the formation of 

organic nitrates. These insights are expected to provide valuable contributions to the interpretation 

of field data and the refinement of chemical models. 

Chapter 4 evaluated the mechanisms and gas-phase oxidation products from the OH radical 

oxidation of five monoterpenes. Analysis of time series data and mass spectra provided insight 

into the composition of these oxidation products. Notably, the mass spectra highlight similarities 

among the monoterpenes in the formation of specific oxidation products, including carbonyl 

compounds and hydroxy nitrates. Additionally, voltage scanning techniques are employed to 

evaluate the sensitivity of the iodide CIMS instrument, revealing variability in sensitivity based on 

the number of functional groups present in the compounds. These findings deepen our 

understanding of monoterpene oxidation mechanisms and shed light on the challenges associated 

with quantifying product yields. 
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In chapter 5 the influence of GUV222 on limonene-derived secondary organic aerosol 

(SOA) formation was evaluated. Chamber experiments revealed the generation of ozone (O3) by 

the 222 nm lamp. Upon exposure to this oxidant, volatile organic compounds (VOCs) like 

limonene produced both gas- and particle-phase oxidation products. Our findings indicate that 

limonene degradation occurs due to the combined effects of O3 (produced by GUV222) and 

secondary hydroxyl radicals (from limonene ozonolysis). A kinetic model based on the RACM 

mechanism effectively reproduced these observations. The congruence between modeled SOA 

formation and experimental results suggests minimal impact on SOA formation during GUV222 

lamp activation. Gas-phase product analyses underscored the consistency of existing knowledge 

on limonene ozonolysis, with minor alterations observed under GUV222 conditions. 

Considering the health implications of O3, particulate matter (PM), and toxic organic 

compounds, caution is warranted when employing 222 nm lamps for indoor air disinfection. Our 

study concludes that existing understanding of limonene photolysis adequately explains SOA 

formation associated with GUV222 usage, with minimal disturbance by the presence of 222 nm 

light. Future investigations will assess the real-world implications of GUV222 on indoor air 

quality. 
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