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ABSTRACT 

 

Atmospheric aerosol, liquid or solid particles suspended in air, has profound implications 

for air quality, climate, and human health. Secondary organic aerosol (SOA) formed from 

photochemical oxidation of volatile organic compounds (VOCs) represents the dominant 

constituent of tropospheric fine aerosols. However, the chemical complexity relevant to gaseous 

oxidation and subsequent gas-to-particle conversion poses enormous challenges in elucidating the 

formation and impacts of atmospheric particles.  

In the first part of this dissertation, we performed experiments by exposing sub-micrometer 

seed particles to glyoxal or methylglyoxal in the presence/absence of ammonia and formaldehyde 

inside an environmental chamber. We show significantly more efficient growth and browning of 

aerosols upon exposure to methylglyoxal than glyoxal under atmospherically relevant 

concentrations, and non-volatile oligomers and light-absorbing nitrogen-heterocycles are 

identified as the dominant particle-phase products. The distinct aerosol growth and optical 

properties are attributed is attributed to carbenium ion-mediated nucleophilic addition, interfacial 

electric field-induced attraction, and synergetic oligomerization involving organic/inorganic 

species.  

Second, we investigate multi-generation SOA production from toluene and m-xylene by 

simultaneously tracking the evolutions of gas-phase oxidation and aerosol formation in a reaction 

chamber. The results reveal that aerosol growth and browning are mainly attributed to earlier 

generation products consisting of the di-carbonyl and carboxylic functional groups. We conclude 

that toluene/m-xylene contribute importantly to SOA formation via primarily dicarbonyls and 
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organic acids resulting from their prompt and high yields from oxidation as well as their unique 

functionalities for participation in particle-phase reactions.  

Third, to assess the role of respiratory aerosols in the transmission of infectious diseases, 

the pandemic trends during the earlier COVID-19 pandemic in several epicenters worldwide and 

in the United States were analyzed. The transmission and intervention jointly shape the pandemic 

trends from January to May 2020, showing that airborne transmission and face covering play the 

dominant role in spreading the virus and flattening the total infection curve, respectively.  

Our findings explain atmospheric measurements of rapid SOA formation especially under 

polluted urban conditions and highlight the importance for functionality-reactivity relationship for 

SOA production from condensable oxidized organics. Additionally, we show that aerosols play an 

important role in transmission of infectious diseases. 
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CHAPTER I 

 INTRODUCTION 

 

Atmospheric aerosol, also known as particulate matter (PM), is a suspension of particles in 

the air. Although atmospheric aerosols can be defined or classified in a number of ways, 

aerodynamic diameter is one of the main criteria to describe its transport ability in the atmosphere 

and through the respiratory tract. The size of ambient particles ranges from a few nanometers (nm) 

to 10 micrometers (µm).1 Types of atmospheric particles include coarse particulate matter (PM10) 

with an aerodynamic diameter of 10 μm or less, fine particulate matter (PM2.5) with an 

aerodynamic diameter of 2.5 μm or less,2 and ultrafine particles (PM0.1) with an aerodynamic 

diameter of less than 0.1 μm.3  

In particular, fine particulate matter has profound impacts on air quality, climate, and 

human health.4 For example, PM2.5 in the air can reduce visibility and cause the air to appear hazy 

when levels are elevated.2 The aerosol effects on climate include modification of the Earth’s 

radiative balance, by directly absorbing/scattering the incoming solar radiation and indirectly by 

influencing cloud formation and precipitation processes, relevant to the aerosol-radiative 

interaction (ARI) and aerosol-cloud interaction (ACI), respectively.5 Currently, the aerosol 

radiative effects on climate correspond to the largest uncertainty in prediction of future 

anthropogenic influence, which is partially attributed to the lack of understanding of their 

formation, transformation, and physicochemical properties (such as hygroscopicity and optical 

properties).5 Also, high levels of fine aerosols have been unequivocally identified to exert large 

adverse health effects on human.6 Particles in the PM2.5 size range are able to travel deeply into 

the respiratory tract, reaching the lungs.7 Exposure to fine particles can not only cause short-term 
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health effects such as eye, nose, throat and lung irritation, coughing, sneezing, runny nose, 

shortness of breath but also affect lung function and worsen medical conditions such as asthma 

and heart disease.8 Globally, exposure to fine PM has been identified as the cause of more than 7 

million premature deaths a year.9 Recent studies have shown that maternal exposure to ultrafine 

particles results in pulmonary immunosuppression, birth defects and fatalities.10,11 Additionally, 

previous experimental and observational studies on interhuman transmission have indicated a 

significant role of aerosols in the transmission of many respiratory viruses, including influenza 

virus, severe acute respiratory syndrome coronavirus-1 (SARS-CoV-1), and Middle East 

Respiratory Syndrome coronavirus (MERS-CoV).12–14 

Atmospheric aerosol is emitted directly into the atmosphere (primary) or formed in the 

atmosphere through gas-to-particle conversion (secondary).15,16 In the troposphere, secondary 

organic aerosol (SOA) constitutes a major component of the global fine particulate matter 

(typically the largest mass fraction) and is produced from photochemical oxidation of biogenic and 

anthropogenic volatile organic compounds (VOCs).4,17 VOCs are organic compounds that have 

high vapor pressure and low water solubility at room temperature. Based on their sources, VOC 

can be classified into biogenic and anthropogenic VOC. Although most VOCs in earth's 

atmosphere are biogenic (BVOCs) and emitted by plants, anthropogenic VOCs (AVOCs) from 

vehicular emissions, oil and gas operations, industrial processes, evaporation of volatile organic 

solutions, and consumer products (comprised alkanes, alkenes, and aromatics) have received 

increasing attention because of their contribution to high wintertime ozone levels and urban PM 

pollution.4,18,19 

Photochemical oxidation of VOCs represents one of the most critical and challenging 

topics in atmospheric chemistry research.4,5,20 VOC oxidation proceeds via various pathways and 
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steps, leading to the production of tropospheric ozone (O3), carbon dioxide (CO2), and condensable 

oxidized organics (COOs); the latter contribute to SOA formation via gas-to-particle conversion 

and cloud-processing (Figure 1).21 Gas-to-particle conversion includes new particle formation 

(NPF), condensation/partitioning, and particle-phase reactions.22,23 The gas-to-particle conversion 

of COOs also produces light-absorbing brown carbon (BrC), representing one aerosol type that 

scatters and absorbs solar radiation relevant to ARI.1,5,24 In addition, while SOA serves as cloud 

condensation nuclei for cloud formation relevant to ACI, evaporation of cloud droplets leads to 

regeneration of SOA and COOs.4,25 There are two ultimate fates for VOC oxidation, i.e., 

conversion to CO2 and SOA. The organic carbon from VOC oxidation is believed to be 

predominantly converted to CO2, with a minor fraction (less than 10%) to SOA.26 Currently, the 

global SOA budget is consistently underpredicted in atmospheric models,27 and there is growing 

recognition of the important role of multiphase chemistry in the SOA growth.28–30 In addition, the 

differences between experimental conditions (e.g., the concentration of precursors and other 

coexisting gases) and real atmospheric conditions might greatly affect the oxidation processes and 

multiphase processes in smog chamber.31–33 In view of the low concentration of precursors in the 

atmosphere, it is necessary to use the laboratory results cautiously to model predication applied 

for the real atmospheric ambient. Until now, the enormous chemical complexity of VOC oxidation 

and subsequent gas-to-particle conversion poses significant challenges in elucidating the 

fundamental chemical mechanisms for SOA formation and in assessing the impacts on human 

health and climate.4,5,34  
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Figure 1. Emissions, photooxidation, lifecycles, and impacts of VOCs from biogenic and 
anthropogenic sources. Paths I to V correspond to O3 production, gas-to-particle conversion, 
cloud-processing, dry/wet deposition, and CO2 formation, respectively. SOA formation includes 
paths II and III.  
 

This dissertation attempts to investigate the fundamental mechanism for the formation of 

SOA via the multiphase reactions of VOC oxidation products in Chapter II, III, and IV. 

Specifically, in Chapter II, we conducted combined experimental and theoretical study to 

elucidate the reaction mechanism of glyoxal/methylglyoxal in aqueous phase. We probe and 

quantify the SOA formation from glyoxal and methylglyoxal via the growth, light absorption, 

and chemical composition of monodispersed submicron nanoparticles exposed to 

glyoxal/methylglyoxal vapors or 1,3,5-trimethylbenzene (TMB) oxidation products in an 

environmental chamber. Glyoxal and methylglyoxal represent one key type of COOs (i.e., 

dicarbonyls) that can engage in aqueous reaction. The effects of various atmospheric conditions 

including ammonia (NH3), formaldehyde (CH2O) concentrations, relative humidity (RH), 

particle acidity, and particle surface charge separation on SOA formation are also evaluated.  
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Chapter III and IV discuss the SOA production from toluene and m-xylene 

photooxidation, respectively.  Toluene and m-xylene represent dominant aromatic hydrocarbon 

in urban atmosphere and important contributors to urban PM pollution. We simultaneously track 

the temporal evolutions in the gaseous products and aerosol properties when monodisperse sub-

micrometer seed particles are exposed to toluene/m-xylene oxidation products. We quantify the 

contributions of COOs to SOA according to their unique functionality and aim to establish a 

functionality-based method for the estimation of SOA formation from VOC oxidation. 

Chapter V assesses the role of respiratory aerosol in transmission of infectious diseases as 

well as the effectiveness of mitigation measures. We analyze the trend and mitigation measures 

for COVID-19 pandemic in several epicenters (Wuhan, Italy, New York City, and fifteen states 

in the U. S.) from January to May 2020. Chapter VI summarizes the results from Chapter II-V, 

offering some perspective for future research directions.  



 

6 
 
 

 

CHAPTER II 

 SECONDARY ORGANIC AEROSOL FORMATION FROM SMALL A-DICARBONYLS*
1 

 

Introduction 

 An annual amount of ∼2000 tera-grams (Tg a–1) of VOCs is emitted into the atmosphere 

from natural and anthropogenic sources.1,4 Photochemical oxidation of VOCs has profound 

implications for air quality, human health, and climate.5,35 Notably, there exist two distinct fates 

for the organic carbon from VOC oxidation, i.e., conversion to carbon dioxide or SOA, with 

drastically different atmospheric lifetimes of 5–200 years and about one week, respectively.1 

Although long-lived CO2 is unequivocally linked to global warming,5 short-lived SOA often 

represents the dominant constituent of tropospheric fine aerosols.23,27,29,36,37 The products from 

VOC oxidation contribute to tropospheric aerosol loading via new particle formation, 

condensation, equilibrium partitioning, particle-phase reactions, and cloud processing.22,38,39 The 

enormous chemical complexity of VOC oxidation and the subsequent gas-to-particle conversion 

pose major challenges in assessing the atmospheric impacts for SOA.5,35 Atmospheric models have 

consistently underestimated SOA mass concentrations measured in field studies.27  

Small α-dicarbonyls, i.e., glyoxal and methylglyoxal, are ubiquitous in the atmosphere.4,40 

Specifically, the oxidation of aromatics (toluene, xylenes, or trimethylbenzenes) and diketones 

from traffic and industrial sources and biogenic isoprene leads to significant production of 

 
* Part of this chapter is reprinted with permission from Li, Y.; Ji, Y.; Zhao, J.; Wang, Y.; Shi, Q.; Peng, J.; Wang, 
Y.; Wang, C.; Zhang, F.; Wang, Y.; Seinfeld, J. H.; Zhang, R. Unexpected Oligomerization of Small α-Dicarbonyls 
for Secondary Organic Aerosol and Brown Carbon Formation. Environ. Sci. Technol. 2021, 55 (8), 4430–4439. 
Copyright 2021 American Chemical Society. Part of this chapter is reprinted with permission from Ji, Y.; Shi, Q.; 
Li, Y.; An, T.; Zheng, J.; Peng, J.; Gao, Y.; Chen, J.; Li, G.; Wang, Y.; Zhang, F.; Zhang, A. L.; Zhao, J.; Molina, 
M. J.; Zhang, R. Carbenium Ion-Mediated Oligomerization of Methylglyoxal for Secondary Organic Aerosol 
Formation. Proc. Natl. Acad. Sci. 2020, 117 (24), 13294 – 13299. Copyright 2020 National Academy of Sciences. 
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methylglyoxal on urban, regional, and global scales.17,23,41 A modeling study predicted the global 

sources of 45 Tg a−1 for glyoxal and 140 Tg a−1 for methylglyoxal, with an estimated global SOA 

production of 11 TgC a−1 from both species.40 Currently, the chemical mechanisms for oligomer 

and BrC formation from small α-dicarbonyls are highly uncertain. 

 The conventional view is that methylglyoxal is less reactive than glyoxal because of the 

unreactive methyl substitution.42 A field-modeling study indicated that glyoxal from 

anthropogenic sources contributes to rapid and high SOA formation.43 Oligomerization of 

methylglyoxal was postulated based on the observation of high-molecular-weight polymers from 

OH oxidation of TMB in an environmental chamber.44 However, experimental studies on nano- to 

sub-micrometer particles showed negligible size growth upon exposure to methylglyoxal vapor45–

47 but large size growth upon exposure to glyoxal vapor under similar experimental 

conditions.38,45,46 For example, significantly different growth factors of (1.93 ± 0.04) and (1.01 ± 

0.01) were measured on sulfuric acid nanoparticles (20 nm) exposed to elevated glyoxal and 

methylglyoxal vapors (about 4 parts per million or ppm), respectively, at 20% RH.46 The reactive 

uptake of glyoxal on sulfuric acid nanoparticle was indicated to be via a hydration mechanism as 

the measured growth factor of the particles decreased with decreasing RH and size (4–20 nm).46,47 

On the other hand, comparable reactive uptake of glyoxal and methylglyoxal was measured on 

bulk sulfuric acid solution,48,49 and the difference in the uptake measurements between bulk 

solutions and nano/sub-micrometer particles implicated a profound interfacial effect. Also, surface 

browning was detected on ammonium/amine-containing particles exposed to methylglyoxal 

despite negligible particle growth,50 and nitrogen-heterocycles (n-heterocycles) were identified as 

light-absorbing BrC with low single-scattering albedo (SSA) in bulk mixtures consisting of 

methylglyoxal and amines.51 Moreover, previous studies hinged on measurements of direct 
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exposure to high levels of glyoxal and methylglyoxal vapors, i.e., from hundred parts per billion 

(ppb) to parts per million (ppm) levels, or using bulk samples, 38,42,46,47 for which their applicability 

to atmospheric conditions requires validation. Currently, available experimental results on the 

multiphase chemistry of α-dicarbonyls are conflicting, casting doubt on their role in SOA 

formation.  

 

Experimental 

To elucidate the mechanisms leading to SOA and BrC formation from small α-dicarbonyls, 

we performed laboratory measurements by exposing seed particles to glyoxal and methylglyoxal 

in the absence/presence of gaseous CH2O and NH3 using a 1 m3 reaction chamber (Figure 2). Seed 

particles consisting of ammonium bisulfate (ABS), ammonium sulfate (AS) in the 

presence/absence of gaseous NH3, sodium chloride (NaCl), or sucrose were chosen to represent 

distinct acidity and interfacial charge separation.52 The size increase after exposure was measured 

by a differential mobility analyzer (DMA) and quantified by a growth factor, GF = Dp/Do, 

where Dp is the diameter after exposure and Do = 100 nm is the initial diameter. The chemical 

composition of exposed particles was monitored by a thermal desorption-ion drift-chemical 

ionization mass spectrometer (TD-ID-CIMS). The optical properties (i.e., extinction and 

scattering) at 532 nm were measured using a cavity ring-down spectroscope and an integrating 

nephelometer. 
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Figure 2. Experimental schematic for SOA formation from α-dicarbonyls. MG for methylglyoxal; GL 
for glyoxal; TMB for 1,3,5-trimethylbezene; DMA for differential mobility analyzer; ID-CIMS for ion drift 
– chemical ionization mass spectrometry; TD-ID-CIMS for thermal desorption - ion drift – chemical 
ionization mass spectrometry; and SMPS for scanning mobility particle sizer. Monodispersed seed particles 
consisting of different chemical compositions (i.e., ammonium bisulfate, ammonium sulfate, sodium 
chloride, and sucrose) were exposed to organic (MG, GL, CH2O, and oxidation products of TMB by OH) 
and inorganic (NH3) vapors inside the reaction chamber, and the aerosol growth and chemical composition 
were simultaneously quantified by SMPS and TD-ID-CIMS, respectively. Single scattering albedo (SSA) 
was measured by a nephelometer and a  home-built cavity ring-down spectrometer (CRDS). 
 

 

  Methylglyoxal solution was purified similarly to that previously described.48 Briefly, 

commercial aqueous methylglyoxal solution (40%, Sigma-Aldrich Co. Ltd.) was used to obtain 

the unpolymerized and water-free form. About 5 mL of the methylglyoxal solution was pumped 

to remove water overnight in a flask covered with a black cloth. Phosphorus pentoxide (P2O5) was 
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added to the resulting liquid, and the mixture was heated to 130°C. The distillate passed 

subsequently through a flask immersed in liquid nitrogen. The collected liquid consisted of 

dominant methylglyoxal monomer as shown by TD-ID-CIMS measurement (Figure 3).  

 

 

 

Figure 3. TD-ID-CIMS calibration using purified methylglyoxal liquid. TD-ID-CIMS scan from 75 to 
500 amu: protonated methylglyoxal at m/z = 73 represents the dominant peak, along with trace impurities 
of several methylglyoxal oligomeric products. About 1 L purified methylglyoxal was deposited on the 
platinum filament, and the analyte was evaporated and detected using H3O+ reagent ions. 

 

 

Three different approaches were employed to introduce methylglyoxal vapor to the 

chamber. First, purified methylglyoxal vapor was collected by a 1 L glass container, diluted in 

nitrogen (N2), and then flushed into the chamber. Seed particles were exposed to methylglyoxal 

vapor with an initial concentration of 100, 500 ppb, 1, or 5 ppm. Second, purified methylglyoxal 

vapor was continuously introduced into the chamber with a steady-state concentration of 500 ppb, 
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1, or 5 ppm throughout the experiments. Third, experiments were performed with seed particles 

exposed to methylglyoxal produced from oxidation of TMB and OH, which has a molar yield of 

∼90%.44 On the other hand, to introduce glyoxal, 0.025 g of glyoxal trimer dihydrate (GLTD, 

Sigma Aldrich, 97%) was heated to 160oC, and glyoxal vapor was continuously introduced to the 

chamber by a flow of 0.5 standard liter per minute (slpm) N2 during the experiment (1.5 h); the 

remaining mass for GLTD was measured to be ~0.015 g.  The gaseous concentrations of glyoxal 

and methylglyoxal were measured using an ion drift–chemical ionization mass spectrometer with 

hydronium ions.  

The oxidation experiments between TMB and OH were performed similarly to our 

previous studies.53 A 1 m3 environmental chamber (Teflon® PFA) with eighteen black light lamps 

(18 × 30W, F30T8/350BL, Sylvania) was used in our experiments. A water bubbler at a 

temperature of 30 oC was used to humidify the chamber to 50% ~ 90% RH. A 5 slpm N2 flow was 

used to atomize 0.06 M solution of ABS, AS, NaCl, and sucrose to produce seed particles. Particles 

were size-selected by a DMA to 100 nm, and the initial particle number concentration inside the 

chamber was 4 × 10  cm-3. The four different seed particles were used to represent distinct 

particle acidity and interfacial electric fields. AS particles have an estimated pH of 3~5 in the 

presence of gaseous NH3 and a pH of 0~1 in the absence of gaseous NH3. ABS particles have a 

pH of -0.5. Particles containing NaCl and sucrose have a pH of 7. AS and ABS are interchangeable 

in our experiments, since addition of gaseous NH3 converts NH4HSO4 to (NH4)2SO4, dependent 

on the NH3 concentration. Our measurements were performed on varying NH3 to mimic the 

variable atmospheric conditions. Sucrose contains eight hydroxyl functional groups and was used 

in our experiments as a surrogate for hydroxycarbonyls, which have been shown to form with a 

significant yield from Isoprene oxidation.54 Also, the electric field induced from net charge 
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separation of NH4
+ and SO4

2- distributions is positive (pointing away from the interface) and the 

strongest for AS at the air-water interface, while the electric field is negligible, slightly negative 

(pointing to the interface), and absent for AB, NaCl, and sucrose, respectively.52  

For experiments in the presence of gaseous NH3, NH3 with a concentration of 2000 ppm 

in N2 was injected into the chamber with a flow of 100 standard cubic centimeters per minute 

(sccm) for 2 min. To produce methylglyoxal from photooxidation of TMB and OH, 400 μL H2O2 

(35 wt%, Sigma-Aldrich) and 10 μL 1,3,5-trimethylbezene (Sigma-Aldrich) were injected into a 

glass reservoir, which was then flushed into the chamber by a 10 slpm flow from a zero air 

generator (Aadco 737-11, Aadco Inc.) for 10 min. The gases were then mixed by a fan inside the 

chamber. Once a desired concentration was established, the black light lamps were turned on to 

initiate H2O2 photolysis, and the oxidation reaction produced a constant methylglyoxal 

concentration. The black light lamps were turned off for direct exposure experiments to glyoxal 

and methylglyoxal. For experiments with CH2O, 1.5 slpm N2 was blown through a flask containing 

5 mL CH2O aqueous solution (37%, Sigma-Aldrich) to introduce CH2O vapor into the chamber 

for 10 min. A SMPS was used to continuously measured GF for 120 min. An ion drift - chemical 

ionization mass spectrometer (ID-CIMS) was used to analyze gas-phase concentrations of TMB, 

methylglyoxal, and glyoxal with a sample flow rate of 0.5 slpm from the chamber. The sample 

line was heated to 70℃ to reduce wall loss. Gas-phase concentrations of methylglyoxal/glyoxal 

were detected and quantified by ID-CIMS according to Fortner et al.55 Briefly, the concentration 

of species X (X = methylglyoxal or glyoxal) is determined by, 

 [X] =
𝑆

𝑘 ∆𝑡𝑆
 (1) 
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where SX and SRI are the mass spectrum intensities for X and reagent ions, respectively. kPTR is the 

proton transfer rate constant between X and H3O+. ∆𝑡 =  is the retention time of ions in the drift 

tube, which is determined by the length of the drift tube l = 8 cm and the ion drift velocity Ui. The 

ion drift velocity Ui is determined from, 

 𝑈 = 𝑢 (
760 𝑡𝑜𝑟𝑟

𝑝
)(

𝑇

273 K
)𝐸 (2) 

where u0 = 2 cm2 V-1 s-1 is the reduced ionic mobility,56 p = 5.0 torr and T = 298 K are the pressure 

and temperature in drift tube, respectively, and E = 37.5 V cm-1 is the voltage gradient in the drift 

tube. The concentrations of TMB, methylglyoxal, and glyoxal determined from this method are 

(4.5 ± 0.2) × 1013, (3.7 ± 0.8) × 1010, and (2.2 ± 0.3) × 1011 molecule cm-3, respectively.  

To analyze the particle-phase chemical composition by TD-ID-CIMS, exposed particles 

after 30 min of photooxidation were collected for 2 h by a platinum filament in a 2.5 slpm flow 

from the reaction chamber, and the analytes were evaporated by heating the filament and detected 

using hydronium ions (H3O+) as the reagent ions.  

To measure the optical properties of exposed particles, a 1-slpm flow from the chamber 

was diluted by 4-slpm N2 and introduced into a commercial integrating nephelometer (TSI 3563) 

and a home-built cavity ring-down spectrometer (CRDS) after 1.5 h of exposure. Light scattering 

(bsca) and extinction (bext) at 532 nm were determined by the nephelometer and CRDS, 

respectively.57 The absorption coefficient (babs) was determined from (bext − bsca), and the SSA was 

calculated from bsca/bext. To account for the size dependence of SSA, the nephelometer and CRDS 

were calibrated by measuring size-selected ammonium sulfate particles with the diameters of 100, 

150, 200, 250, and 300 nm. The measured SSA for particles after exposure was corrected by that 

of ammoniums sulfate particles with the corresponding diameter.  
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Vapor Wall Loss Correction 

Loss of vapors to the chamber wall is estimated by the first-order wall-loss coefficient kw 

(s-1) by considering gas-phase transport within the chamber according to Zhang et al.,58 

 

 

  

𝑘 = (
𝐴

𝑉
)

𝛼 𝑐̅

4 +
𝜋
2

𝛼 𝑐̅

𝑘 𝐷

 
(3) 

where A/V is the surface to volume ratio of the chamber (equal to 6/L for a square chamber, where 

L = 1 m is its dimension), αw is the mass accommodation coefficient of vapors onto Teflon chamber 

walls at RH = 90%, 𝑐̅ =  is the mean thermal speed of the molecules, ke is the coefficient of 

eddy diffusion, ke is estimated to be 0.5 for a 1 m3 well-mixed chamber with a mixing time scale 

of ~5 s based on the loss rate of particles,59 

 𝑘 =
(
𝜋𝐿𝛽

12
)

𝐷
 (4) 

where 𝛽  is the fractional loss rate of the particles, 

 𝛽 =
𝑑𝑁

𝑁𝑑𝑡
=

15000 cm − 7500 cm

15000 cm × 7200 s
= 1.4 × 10  s  (5) 

Db = 6.75 × 10-10 m2/s is the Brownian diffusion coefficient for particles. Dg is the gas-phase 

diffusion coefficient.  

 The average concentration c of a gas species is estimated by, 

 

 

  

𝑐 =
1 − 𝑒 ∆

𝑘 ∆𝑡
𝑐  (6) 
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For NH3, the mass accommodation coefficient of vapors onto the chamber wall αw is taken 

to be 0.01.60 Gas-phase diffusion constant Dg is 1.98 × 10-5.61 The mean thermal speed 𝑐̅ is 

calculated to be 603 m s-1. The first-order wall-loss coefficient of NH3 is 1.20 × 10-2
 s-1, ∆𝑡  is  

about 30 min during the initial growth period. For initial injection of c0 = 400 ppb NH3,.The 

average concentration of NH3 is estimated to be 𝑐̅ = 19 ppb. 

The concentration of CH2O in the chamber was calculated from the evaporation rate 

according to a previously established method.62 In our study, the N2 flow over CH2O solution f is 

calculated by 𝑓 = , where F’ is the flow rate of N2 over CH2O (1.5 slpm), S is the cross-sectional 

area of the flask 𝑆 = π𝑟 , r is the radius of the flask r = 0.025 m, and f is 0.05 m s-1. For 37% 

CH2O solution at 25 ℃ ambient temperature and alongside and crosswind puddle lengths of 0.025 

m, the evaporation rate of CH2O is R = 2.24 × 10  g s-1. The concentration of CH2O in the 

chamber is given by, 

  [CH O] =
𝑅𝑡 𝑉

𝑉 · 𝑀
 (7) 

where tinj = 10 min is the time of injection, 𝑉 = 22.4 L mol  is the molar volume, V = 1 m3 is 

the volume of the chamber, and 𝑀  = 30 g mol-1 is the molar weight of CH2O. To correct wall 

loss, the mass accommodation coefficient αw is taken as 0.0001,63 the gas-phase diffusion 

coefficient Dg is 1.8 × 10-5 m2 s-1, and the mean thermal speed 𝑐̅ is 455 m s-1. The first-order wall-

loss coefficient of CH2O, kwCH2O, is 9.8 × 10-3 s-1, yielding a CH2O concentration of 31 ppb. 

 

Uptake Coefficient Calculation 

The measured initial particle growth (within 30 mins) is used to derive the uptake 

coefficient of methylglyoxal/glyoxal from, 
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  =
4𝐹𝑅𝑘

𝑐̅𝑆
 (8) 

where 𝐹𝑅 is the fraction of oligomeric and n-heterocycle products contributing to the growth of 

seed particles. In addition to methylglyoxal, other products from photo-oxidation of TMB (i.e., 

oxidation intermediates such as furanone products at m/z = 111 and 113) also contributed to the 

growth of seed particles. 𝐹𝑅 is given by 

 𝐹𝑅 =
𝑅𝐼 + 𝑅𝐼

𝑅𝐼 + 𝑅𝐼 + 𝑅𝐼
 (9) 

where 𝑅𝐼 , 𝑅𝐼 , 𝑅𝐼  are the relative intensities of oligomeric products, n-heterocycles, and 

other products. k1 is first order decay rate constant of methylglyoxal/glyoxal, and k1 is calculated 

from the measured growth rate of AS particles in the presence of NH3, 

 

  
𝑘 =

𝜋 𝐷 − 𝐷 𝜌𝑁𝑁

6𝑀𝑊[X]𝑑𝑡
 (10) 

where Dp and D0 are the final and initial diameters of the particles during the time-period of dt, 

respectively,  𝜌 is the density of methylglyoxal (1.05 g cm-3) or glyoxal (1.27 g cm-3), N = 40000 

cm-3 is the measured particle number concentration, NA is Avogadro constant, MW is the molar 

weight of methylglyoxal (72 g mol-1) or glyoxal (58 g mol-1), and [X] is the gas phase 

concentration. 𝑐̅ is the mean thermal speed of methylglyoxal/glyoxal. S is the average surface area 

of aerosols (cm2 surface/cm3 air) during the time-period of ∆𝑡 = 90 min,   

  𝑆 =
𝜋 ∫ 𝐷 𝐻𝐺𝑓 𝑁𝑑𝑡

 

∆𝑡
 (11) 

where D is the time-dependent particle diameter, HGf is the hygroscopic growth factor of particles.  
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Molecular Dynamic Simulations 

Classic molecular dynamic simulation (MDS) was carried out using the package Nanoscale 

Molecular Dynamics (NAMD 2.11)64 to investigate the interfacial kinetic process of 

methylglyoxal from gas to aqueous phases. The neutral solution is composed of about 500 water 

molecules.65 The 500 ps equilibration is executed in the isothermal-isochoric ensemble (T=298K) 

and then in isothermal-isobaric (NPT) ensemble (P=1 bar) to guarantee thermodynamic 

equilibrium of the neutral solution. Methylglyoxal and water are described by the OPLS-AA force 

field and TIP3P force, respectively.65 The restrained electrostatic potential charge is used for 

methylglyoxal by Multiwfn program20 with a box size of 25×25×25 Å.66 The Lennard-Jones and 

real space Coulombic interactions were cut off at 12 Å. The coulomb term is determined by the 

Particle Mesh Ewald method21,22 in an accuracy of 0.0001 kcal/mol. The time step of 0.5 fs is used 

to solve the Newton equations of molecular motion. The Gibbs free energy is obtained using the 

umbrella sampling and the Weighted Histogram Analysis Method based on the equilibrated MDS 

trajectories, and the reaction coordinate is calculated as the distance between the center of mass of 

the solute and center of mass of the solvent. A force constant of 10 kcal (mol•A2)-1 water is applied 

to keep boundary potentials. The molecular dynamic simulation of 500 ps is run using the the 

isothermal-isochoric ensemble.  

 

 

 

 

 



 

18 
 
 

 

Diffusion coefficient calculation 

The diffusion coefficients for the oligomers of glyoxal and methylglyoxal are estimated 

using the Stokes–Einstein approach, 

  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑎
 (12) 

where kB and T are the Boltzmann constant and temperature, respectively, η denotes the viscosity 

of the solvent, and a is the radius of the molecule.  

 

 
Results and Discussion 

SOA and BrC Formation on Sub-Micrometer Aerosols 

Exposure of AS particles to methylglyoxal vapor in a concentration range from 100 ppb to 

5 ppm results in a small growth, with a GF of 1.03–1.04 (Figures 4a and 5). The temporal evolution 

of the GF shows that the size increase occurs only during the initial time, i.e., t < 10–20 min (each 

GF measurement took 5 min). Figures 4a and 5 show that the measured GF increases slightly with 

an increasing methylglyoxal concentration and similar growth occurs in the experiments with 

methylglyoxal either introduced initially or continuously into the chamber, with the GF values of 

(1.03 ± 0.01) and (1.04 ± 0.01), respectively (Figure 5). The GF values measured in our work are 

comparable to those of the previous experimental studies,43,45,46 which showed negligible particle 

growth upon exposure to methylglyoxal vapor (i.e., from 0.99 ± 0.01 to 1.02 ± 0.01 on sulfuric 

acid nanoparticles).  

On the other hand, large particle growth occurs when methylglyoxal is produced from 

photooxidation of TMB by OH. In the latter experiments, methylglyoxal was continuously 

produced from TMB-OH oxidation, resulting in a steady-state mixing ratio of about 2 ppb 



 

19 
 
 

 

(Figure 4b,c) that closely replicates the atmospheric conditions. Figure 4b shows gradual and 

continuous particle growth throughout the experiments on different seed particles. The measured 

GF is dependent on seed particles, and the highest GF of 1.70 ± 0.06 corresponds to AS particles 

in the presence of 19 ppb NH3 (Figure 4b,c).  

Also, there is a weak dependence of GF on RH from 50 to 90% (Figure 6a). Measurements 

of chemical compositions of the exposed particles by TD-ID-CIMS reveal that the size increase 

results dominantly from formation of oligomers and n-heterocycles (Figures 4d, 7a and 8a, and 

Tables 1 and 2). Both oligomers and n-heterocycles are detected on ABS and AS, whereas only 

oligomeric products are identified on NaCl. Formation of oligomers and n-heterocycles varies with 

seed particles similarly as GF (Figure 4c) and decreases from n-heterocycles (except for NaCl), 

dimers, trimers, to tetramers (Figure 4e). The mechanism for the aqueous reactions involves the 

methylglyoxal carbenium ions as the key intermediates (Figure 4f), which subsequently undergo 

nucleophilic addition to yield oligomers and n-heterocycles. 
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Figure 4. SOA growth from methylglyoxal. (a) Time-dependent growth factor (GF = Dp/D0) of AS seed 
particles exposed to methylglyoxal vapor continuously introduced to the chamber at steady-state 
concentrations of 5 ppm (blue), 1 ppm (green), and 500 ppb (red). (b) Time-dependent GF of seed particles 
consisting of AS in the presence (blue) and absence (purple) of 19 ppb NH3, NaCl (green), and ABS (red) 
exposed to the products from photochemical TMB-OH oxidation. The vertical dashed line at t = 0 denotes 
the time for injection of methylglyoxal vapor or turning on the UV lights, and the vertical dashed line at t = 
90 min denotes the time for obtaining GF. (c) Measured GF after 90 min of direct exposure to methylglyoxal 
vapor (red circle) and to the products from TMB-OH photochemical oxidation (blue circle). For 
experiments with exposure to the products of OH-TMB oxidation, the initial concentrations of TMB and 
H2O2 were 1.8 and 114 ppm, respectively, and the steady-state concentration of methylglyoxal was 2 ppb. 
(d) Single-ion monitoring of particle-phase n-heterocycles at 83 and 125 m/z, dimers at 145, 163, 181, and 
199 m/z, trimers at 217, 235, 253, 271, and 289 m/z, and tetramers at 307, 325, 343, 361, 379, 397, and 
415 m/z. Particles exposed to TMB-OH photooxidation products were collected by TD-ID-CIMS after 30 
min of exposure, and the collection time was 2 h. (e) Mass spectral peaks of aerosol-phase products on AS 
in the presence of NH3. (f) Carbenium-ion formation from methylglyoxal (MG) and CH2O. ADL, KDL, 
TL, and DL denote aldehyde diol, ketone diol, tetrol, and diol, respectively. The numbers within parentheses 
denote the negative (red) or positive (blue) natural charge (in e). All experiments were performed at 298 K 
and RH = 90%. The uncertainty in measured GF corresponds to one standard deviation (1σ) of 6 
measurements for direct methylglyoxal exposure, and all other uncertainties correspond to 1σ of at least 3 
measurements. Each GF measurement took 5 min, corresponding to each DMA scan. 
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Figure 5. Time-dependent GF of seed particles exposed directly to methylglyoxal vapor. (a) 
Methylglyoxal was introduced to the chamber in the beginning of the experiment with an initial 
concentration of 100 ppb to 5 ppm. (b) Methylglyoxal was introduced continuously to the chamber during 
the experiment with a steady-state concentration of 500 ppb to 5 ppm. AS seed particles in the presence of 
19 ppb NH3 were used in the experiments. t = 0 denotes the time for injection of methylglyoxal vapor. 

 

 

 

 

 

Figure 6. Weak RH-dependence of GF for AS exposed to products from photochemical oxidation of 
TMB and OH (a) and glyoxal vapor (b) in the presence of 19 ppb NH3. 
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Figure 7. Carbenium ion-mediated pathways leading to oligomeric products. (a) Oligomerization 
pathways of methylglyoxal. (b) Oligomerization pathways of glyoxal. The m/z value corresponds to the 
protonated form. DL and TL denote diol and tetrol, respectively.  
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Figure 8. Carbenium ion-mediated pathways leading to imidazoles and n-heterocycles. (a) Formation 
of n-heterocycles and imidazole from methylglyoxal, NH3, and CH2O. The peaks at m/z = 83 and 119 
represent the signals by addition of CH2O. The peaks at m/z = 125 and 251 represent the n-heterocycles 
from the reactions of methylglyoxal with NH3. (b) Formation of n-heterocycles from glyoxal and NH3. The 
m/z value corresponds to the protonated form. The peaks at m/z = 69, 97, and 115 represent the n-
heterocycles from the reactions of glyoxal with NH3.  (c) Nucleophilic attack of carbenium ions by NH3 
facilitated by strong electrostatic attraction (marked by the blue-red arrow). ADL and KDL denote aldehyde 
diol and ketone diol, respectively. 
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Table 1. Peak assignments for oligomeric products detected by TD-ID-CIMS. 
 

m/z Ion MW Formula 

Methylglyoxal 
    

Dimers 145 [C6H10O5+H-H2O]+ 162 C6H10O5 

163 [C6H10O5+H]+ 162 C6H10O5 

163 [C6H12O6+H-H2O]+ 180 C6H12O6 

181 [C6H12O6+H]+ 180 C6H12O6 

181 [C6H14O7+H-H2O]+ 198 C6H14O7 

199 [C6H14O7+H]+ 198 C6H14O7 

Trimers 217 [C9H12O6+H]+ 216 C9H12O6 

217 [C9H14O7+H-H2O]+ 234 C9H14O7 

235 [C9H14O7+H]+ 234 C9H14O7 

235 [C9H16O8+H-H2O]+ 252 C9H16O8 

253 [C9H16O8+H]+ 252 C9H16O8 
 

253 [C9H18O9+H-H2O]+ 270 C9H18O9 

271 [C9H18O9+H]+ 270 C9H18O9 

271 [C9H20O10+H-H2O]+ 288 C9H20O10 

289 [C9H20O10+H]+ 288 C9H20O10 

Tetramers 307 [C12H20O9+H]+ 306 C12H20O9 

307 [C12H22O10+H-H2O]+ 324 C12H22O10 

325 [C12H22O10+H]+ 324 C12H22O10 

325 [C12H24O11+H-H2O]+ 

 
342 C12H24O11 

Glyoxal 
    

Dimers 117 [C4H6O5+H-H2O]+ 134 C4H6O5 

135 [C4H6O5+H]+ 134 C4H6O5 

153 [C4H8O6+H]+ 152 C4H8O6 

171 [C4H10O7+H]+ 170 C4H10O 

Trimers 175 [C6H6O6+H]+ 174 C6H6O6 

193 [C6H8O7+H]+ 192 C6H8O7 

211 [C6H10O8+H]+ 210 C6H10O8 

229 [C6H12O9+H]+ 228 C6H12O9 

247 [C6H14O10+H]+ 246 C6H14O10 
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Table 2. Peak assignments for n-heterocycles detected by TD-ID-CIMS.  

m/z MW  Formula  Compound 

Methylglyoxal      

83 82 
 

C4H6N2 
 

 

119 118 
 

 
 

 

125 124 
 

C6H8ON2 
 

 

251 250 
 

C6H10O5 
 

 

Glyoxal      

69 68  C3H4N2  
 

97 96 
 

C4H4ON2 
 

 

115 114 
 

C4H6O2N2 
 

 

 

 

 

We conducted experiments by exposing seed particles to glyoxal vapor in the 

presence/absence of NH3 (Figure 9). In contrast to direct exposure to methylglyoxal vapor, 

continuous and significant particle growth occurs upon exposure to glyoxal vapor at a mixing ratio 

of 9 ppb (Figure 9a,b). Exposure of AS particles to glyoxal in the presence of 19 ppb NH3 exhibits 

the highest GF of 2.75 ± 0.07 at 90 min, while smaller GF (1.3 to 1.5) occurs for ABS, NaCl, and 

AS in the absence of NH3 (Figure 9a,b). Also, the measured GF exhibits a weak dependence on 

RH from 50 to 90% (Figure 6b). Chemical speciation of the aerosol-phase products by TD-ID-

CIMS indicates the highest intensities for dimers and n-heterocycles, lower intensities for trimers, 

NHN

O
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and no measurable tetramers. The maximal intensities for dimers and n-heterocycles also 

correspond to AS with NH3 (Figures 9c,d, 7b and 8b, and Tables 1 and 2). Similarly, formation of 

oligomers and n-heterocycles involves the glyoxal carbenium ions as the key intermediates 

(Figure 9e). Our measured size growth of seed particles exposed to glyoxal is consistent with the 

available experimental results.45,46 For comparison, a previous study measured a GF value of 1.93 

± 0.04 on 20 nm sulfuric acid nanoparticles exposed to glyoxal at 20% RH and identified the 

isomeric products of dimers, trimers, tetramers, and pentamers.45 

Additional experiments of glyoxal and methylglyoxal uptake were performed on AS 

particles by varying NH3 from 0 to 46 ppb. The measured GF for both glyoxal and methylglyoxal 

increases monotonically with increasing NH3 (Figure 10a,b). The significant particle growth in the 

presence of NH3 contrasts with a previous experimental study,47 showing negligible growth of 

sulfuric acid nanoparticles exposed to increased gaseous NH3 (with only acid–base reaction). The 

increase in GF with NH3 is explained by inhibited NH3 evaporation from AS and the reaction of 

NH3 with methylglyoxal/glyoxal to yield nonvolatile n-heterocycles (Figure 11); the latter is 

confirmed from the simultaneous increases in GF and the intensities of particle-phase n-

heterocycles (Figures 4c and 9c). 
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Figure 9. SOA growth from glyoxal. (a) Time-dependent GF for AS in the presence (blue) and absence 
(purple) of 19 ppb NH3, NaCl (green), and AB (red) seed particles exposed directly to 9 ppb glyoxal. The 
vertical dashed line at t = 0 denotes the time of introducing glyoxal vapor, and the vertical dashed line at t = 
90 min denotes the time for obtaining GF. (b) Measured GF when directly exposed to 9 ppb glyoxal vapor 
at t = 90 min. (c) Single-ion monitoring of particle-phase n-heterocycles at 69, 97, and 115 m/z, dimers at 
117, 136, 153, and 171 m/z, and trimers at 175, 193, 211, 229, and 247 m/z. (d) Major mass spectral peaks 
of particle-phase products on AS in the presence of 19 ppb NH3. (e) Carbenium-ion formation from glyoxal 
(GL). The numbers within parentheses denote the negative (red) or positive (blue) natural charge (in e). All 
experiments were performed at 298 K and RH = 90%. The error corresponds to 1σ of at least 3 
measurements. 
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Figure 10. Synergetic oligomerization in the presence of NH3 and CH2O. (a) Measured GF of AS 
particles exposed to TMB-OH oxidation products with varying NH3 (0–46 ppb). (b) Measured GF of AS 
particles exposed to glyoxal with varying NH3 (0–46 ppb). (c) Enhancement factor (EF) by addition of 
CH2O (blue), defined by (Dp′3 – Dp

3)/Do
3, where Dp′ and Dp denote the particle diameters in the presence 

and absence of 31 ppb CH2O, respectively, and single-ion monitoring of the relative intensity change of the 
imidazole peak (m/z = 83) on particles in the presence and absence of CH2O (red) for different seed particles 
exposed to TMB-OH oxidation products. (d) Change of the relative intensity of imidazole at m/z = 83, an 
intermediate at m/z = 119, and methylglyoxal dimer at m/z = 145 between the presence and absence of 
CH2O on seed particles exposed to the TMB-OH oxidation products. The error bar denotes 1σ of 3 repeated 
measurements. 
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Figure 11. Dependence of relative volume growth (GF3-1) of AS particles on gas-phase NH3 
concentration exposing to TMB oxidation products. (a) and glyoxal vapor (b). The relative volume 
growth is in proportional to the NH3 concentration (in ppb) to the power of m: (GF3-1)∝[NH3]m. Linear 
regression of the logarithmic values results in m = 0.36 ± 0.03 for methylglyoxal and m = 1.4 ± 0.2 for 
glyoxal. 

 

We also performed experiments to examine the effects of CH2O on particle growth from 

α-dicarbonyls. Addition of CH2O considerably increases the particle growth from TMB-OH 

oxidation (Figure 10c), as determined by an enhancement factor, EF = (Dp′3 – Dp
3)/Do

3, where Dp′ 

and Dp are the particle diameters in the presence and absence of CH2O, respectively. The EF varies 

with seed particles, reaching a maximum value of 2.4 ± 0.2 for AS with NH3. Analysis of particle 

composition reveals that the enhancement is attributed to the simplest n-heterocycle–imidazole 

products (m/z = 83), along with an intermediate (m/z = 119) and the smallest dimers (m/z = 145) 

(Figure 10c,d). On the other hand, addition of CH2O results in a slight decrease of GF for exposure 

to glyoxal vapor (Figure 12), and no imidazole formation is observed with CH2O addition. 
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Figure 12. Particle growth factor when exposure to glyoxal vapor in the presence of CH2O. Growth 
factors of different seed particles exposed to glyoxal vapor in the absence (blue) and presence (red) of 100 
ppb CH2O vapor. The error bar denotes 1σ of 3 repeated measurements. 

 

The measured uptake coefficients are higher for methylglyoxal than glyoxal: the γ values 

on AS seed particles in the presence of NH3 and CH2O are (2.4 ± 0.5) × 10–2 and (8.1 ± 1.5) × 10–

3 for methylglyoxal and glyoxal, respectively (Figure 13a,b, and Table 3). We also measured light 

extinction and scattering at a wavelength of 532 nm for sub-micrometer particles after exposure to 

methylglyoxal/glyoxal for 90 min. The measured SSA of 0.940 ± 0.015 for methylglyoxal is lower 

than that of 0.985 ± 0.013 for glyoxal (Figure 13c), consistent with a previous bulk measurement 

of stronger light absorption for methylglyoxal than glyoxal from the reactions with amines in bulk 

solutions.51 

 

Figure 13. Distinct reactivity and light absorption between methylglyoxal and glyoxal. (a) Uptake 
coefficient for methylglyoxal on different seed particles with 31 ppb CH2O (red solid circles) and without 
CH2O (red open circles). (b) Uptake coefficient for glyoxal on different seed particles with 31 ppb CH2O 
(blue solid circles) and without CH2O (blue open circles). (c) Measured SSA for AS seed particles exposed 
to glyoxal and methylglyoxal with 19 ppb NH3. The error bar denotes 1σ of 3 repeated measurements. 
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Table 3. Measured uptake coefficient (γ) for methylglyoxal (MG) and glyoxal (GL) on different seed 
particles. The uncertainty in the calculated  reflects the combined random errors in the measured five 
parameters, i.e., Do = initial diameter, Dp = final diameter after the exposure time of dt, N = the particle 
number concentration, S = particle surface area, and [MG or GL] = concentration for MG or GL. For each 
parameter, an uncertainty is estimated, corresponding to 1 of at least 3 measurements. 

Seed 
Do 
(nm) 

Dp 
(nm) 

N (cm-3) 

S  

(10-5 cm2 

cm-3) 

[MG or GL] 
(1010 mole. 
cm-3) 

dt 

(min) 
FR* γ (10-3) 

MG w/o CH2O 

AB 101.5 104.7 40000 4.17 3.7 ± 0.8 19 40.1% 1.2 ± 0.4 

AS 121.2 138.1 40000 8.37 3.7 ± 0.8 20 46.4% 5.3 ± 1.6 

AS 
w/NH3 

116.5 148.0 40000 8.51 3.7 ± 0.8 19 64.2% 15 ± 4 

NaCl 119.6 133.8 40000 7.81 3.7 ± 0.8 19 42.1% 4.3 ± 1.2 

Sucrose 116.4 161.4 40000 4.79 3.7 ± 0.8 19 34.5% 22 ± 8 

MG w/ CH2O 

AB 106.2 117.9 40000 5.24 3.7 ± 0.8 19 40.2% 4.0 ± 1.1 

AS 112.7 139.5 40000 7.33 3.7 ± 0.8 19 49.3% 10 ± 3 

AS 
w/NH3 

110.7 157.2 40000 8.39 3.7 ± 0.8 19 69.0% 24 ± 5 

NaCl 134.2 156.9 40000 1.23 3.7 ± 0.8 20 38.0% 5.0 ± 1.2 

GL w/o CH2O 

AB 106.2 116.5 40000 5.16 22 ± 3 19 100% 2.0 ± 0.3 

AS 112.5 125.4 40000 6.35 22 ± 3 19 100% 2.3 ± 1.2 

AS 
w/NH3 

128.7 193.3 40000 14.8 22 ± 3 19 100% 8.8 ± 2.6 

NaCl 113.7 124.6 40000 6.43 22 ± 3 19 100% 1.9 ± 0.6 

Sucrose 101.2 108.2 40000 2.18 22 ± 3 19 100% 2.8 ± 0.9 

GL w/ CH2O 

AB 109.2 118.0 40000 5.54 22 ± 3 20 100% 1.6 ± 0.3 

AS 112.5 125.2 40000 6.41 22 ± 3 19 100% 2.2 ± 0.4 

AS 
w/NH3 

123.7 182.4 40000 13.1 22 ± 3 20 100% 8.1 ± 1.5 

NaCl 113.2 125.0 40000 6.30 22 ± 3 20 100% 2.2 ± 0.3 

* The fraction (FR) of the measured TD-ID-CIMS intensity contributed by MG/GL oligomers 
and n-heterocycles. 
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With the measured uptake coefficient, we can derive the dependence of uptake 

coefficient on NH3 and CH2O concentrations. Considering the presence of gaseous NH3 and 

CH2O both provide new reaction pathways for methylglyoxal and glyoxal in the aqueous phase, 

the increase in reactive uptake coefficients in the presence of NH3 and CH2O are expressed as, 

 𝛾 − 𝛾 = 𝐴 [NH ] + 𝐴 [NH ] [CH O]  (13) 

where 𝛾 and 𝛾  are uptake coefficients in the presence and absence of NH3 and CH2O, 

respectively. 𝐴  and 𝐴  are two constants. m and n are the orders of reactions for NH3 and 

CH2O, respectively. For methylglyoxal, m = 0.36, n = 0.25, for glyoxal, m = 1.4, n = 0.48 

(Figure 11). The uptake coefficients of methylglyoxal with various NH3 and CH2O 

concentrations is calculated by, 

 𝛾 × 10 = 5.3 + 9.4 ×
[NH ]

18.5 ppb

.

+ [4.8 + 5.0 ×
[NH ]

18.5 ppb

.
[CH O]

31 ppb

.

] (14) 

The uptake coefficients of glyoxal with various NH3 and CH2O concentrations is 

calculated by, 

 𝛾 × 10 = 2.3 + 6.5 ×
[NH ]

18.5 ppb

.

− [0.1 + 0.6 ×
[NH ]

18.5 ppb

.
[CH O]

31 ppb

.

] (15) 

Note that 1 ppb can be converted to 41 nmol m-3 or 2.4 × 1010 molecules cm-3 in both 

equations. 

 

Carbenium Ion-Mediated Nucleophilic Addition 

The particle growth from glyoxal and methylglyoxal is regulated by complex aerosol 

processes (Figure 14), including interfacial interaction as well as liquid-phase diffusion and 

reaction.67 We performed molecular dynamics simulations to evaluate the interfacial interaction of 
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methylglyoxal. A significant decrease in the free energy (∼4 kcal mol–1) occurs when 

methylglyoxal approaches the air–water interface, indicating a thermodynamically favorable 

process (Figure 14a). Analysis of the orientation of methylglyoxal reveals that the interfacial 

interaction is initiated by the carbonyl O-atom, which possesses a prominent negatively charged 

Natural Bond Orbital (NBO) characteristic (−0.57e). Previous experimental studies demonstrated 

that net charge separation arises from ion distributions at the air–water interface on bulk solutions: 

the electric field is strongly positive for AS, negligible for ABS, and slightly negative for 

NaCl.52 Net charge separation to form the interfacial electric field is likely increased on sub-

micrometer aerosols because of high-ionic strength.68vv The interfacial electric attraction on AS 

is more pronounced for methylglyoxal and CH2O because of their larger dipole moments 

(1.06 D for methylglyoxal and 3.23 D for CH2O) and more negative natural charges on the 

carbonyl O-atom (−0.57e for methylglyoxal and −0.62e for CH2O) (Figures 4f and 14). On the 

other hand, interfacial attraction on AS is weaker for glyoxal because of the absence of the dipole 

moment and smaller negatively charge carbonyl O-atom (−0.53e) (Figures 9e and 14). Hence, the 

ion-induced dipole interaction occurs in a short range for glyoxal but in a long range for 

methylglyoxal. A recent theoretical study showed a smaller decrease in the free energy (∼3 kcal 

mol–1) for glyoxal than for methylglyoxal (∼4 kcal mol–1 in Figure 13a), when approaching the 

air–water interface.69 
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Figure 14. Carbenium ion-mediated, interfacial electric field-enhanced, and synergetic SOA and BrC 
formation. (a) Molecular dynamics simulation of the free energy surface when methylglyoxal approaches 
the air–water interface. The dashed arrow marks the orientation of methylglyoxal at the interface. (b) 
Interfacial and cationic enhancement of aerosol formation from carbonyl and hydroxyl organics on AS 
particles. The numbers denote negative (red) or positive (blue) partial charges in e for interfacial electronic 
attraction or nucleophilic addition. The black arrow with the letter E marks a positive electric field (pointing 
away from the interface) induced from net charge separation of NH4

+ and SO4
2– distributions at the air–

water interface.(38) The black-dashed arrows connect the sites for nucleophilic addition. In the molecular 
structures, X = H or CH3 corresponds to glyoxal- or methylglyoxal-derived products, respectively, and the 
blue dots represent the positively charged carbon atoms of the carbenium ions. 

 

 

An acid-catalyzed mechanism was speculated for multiphase reactions of organic 

carbonyls (including glyoxal).38 Measurements of methylglyoxal and glyoxal on bulk sulfuric acid 

solutions and of glyoxal on sulfuric acid nanoparticles indicated reduced uptake with 

acidity,47,48 invoking hydration-based oligomerization. However, hydration for glyoxal and 

methylglyoxal to form diols/tetrols is kinetically unfeasible (with an activation energy of 44 kcal 

mol–1 for methylglyoxal), and oligomerization is mediated by carbenium ions,70 which are formed 

from protonation, hydration, and deprotonation of dicarbonyls (Figures 4e and 9e). Formation of 

oligomers and n-heterocycles includes nucleophilic addition to the carbenium cation by the 
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negative hydroxyl O-atom (−0.77 to −0.80e) of diols/tetrols or the negative N-atom (−1.01e) of 

NH3, respectively (Figures 4e, 8, and 9e). Each step of the cationic oligomerization proceeds 

without an activation barrier and is enhanced by ion–dipole interaction. Carbenium ions are 

broadly produced from carbonyls,70,71 as is also reflected from the large particle growth and 

formation of imidazole products in the presence of CH2O (Figure 10c,d). Compared to glyoxal and 

methylglyoxal, the O-atom in CH2O has the strongest negative charge, while the C-atom on 

the +CH2OH carbenium ion has the weakest positive charge (0.50e), indicating facile protonation 

but inefficient nucleophilic addition (Figure 14b). The positive natural charges (0.55e and 0.59e) 

on the C-atoms of the glyoxal carbenium ions are slightly larger than that of the formaldehyde 

carbenium ion (0.50e) but are smaller than those of the methylglyoxal carbenium ions (0.69e and 

0.74e) with the methyl substitution (Figures 4e and 9e). In the presence of CH2O, there exists a 

competition between the formaldehyde carbenium ion (+CH2OH) and glyoxal carbenium ions in 

the reactions with diols, tetrols, or NH3; the former yields smaller, more volatile oligomers, leading 

to inhibited particle growth (Figures 13b and 12). In contrast, methylglyoxal carbenium ions react 

efficiently with NH3 to form imines, which subsequently react with the CH2O carbenium ions to 

form nonvolatile imidazole products, explaining the higher growth factors and larger uptake 

coefficients for methylglyoxal in the presence of CH2O (Figures 10c,d and 13a). To further 

evaluate the generality of the cationic mechanism, we performed additional experiments using 

seed particles consisting of sucrose as a surrogate for hydroxycarbonyls (Figure 15). Significant 

size growth occurs upon exposure of sucrose particles to TMB-OH oxidation, with comparable 

GF to that measured on AS with NH3. Composition analysis reveals the dominant presence of 

dimers and sucrose. Sucrose seed particles are neutral and do not involve interfacial charge 

separation, but the presence of the hydroxy functional groups in sucrose provides the abundant 
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sites for nucleophilic addition to the carbenium ions for oligomerization. Chemical speciation of 

the particle-phase composition shows much stronger dimer peaks (m/z = 145, 163, 199) and 

sucrose peak (m/z = 325) than that on AS particles, indicating the dominant formation of sucrose-

methylglyoxal or sucrose-dimer adducts. In our TD-ID-CIMS measurements, the oligomeric 

adducts likely decompose to yield dimer and sucrose molecules. 

 

 

 

Figure 15. Oligomerization from multi-functional hydroxycarbonyl. (a) Seed particles consisting of 
sucrose were exposed to the oxidation products of TMB by OH, showing comparable GF to that of AS in 
the presence of NH3. (b) Relative intensities of dimers at m/z = 145, 163, 181, and 199, one trimer at m/z = 
217, and sucrose at m/z = 325. Note that the sucrose and dimer peaks are mainly from the decomposition 
of sucrose-dimer adducts during the TD-ID-CIMS measurement. 

 

 

The carbenium ion-mediated oligomerization is distinct from those previously proposed 

involving an acid catalyst or hydration.70 Although protonation is favored under acidic conditions, 

high acidity inhibits hydration and deprotonation to form diols/tetrols and to propagate 

oligomerization, explaining the highest particle growth under moderate acidic condition (i.e., on 

AS w/ NH3). The oligomerization pathway occurs in a wide range of acidity and RH, as evident 

from significant GF and detection of the oligomeric products on all seed particles (i.e., pH from 7 

for NaCl and sucrose to −0.5 for ABS). On the other hand, aqueous reactions to yield oligomers 
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and n-heterocycles are likely suppressed at low RH (i.e., below the efflorescent point), because of 

hindered protonation, hydration, and deprotonation. The multiphase reactions of methylglyoxal 

and glyoxal increase the particle size by a factor of up to 3 (or the mass by a factor of up to 30) on 

AS, depending on the abundance of organics or NH3. Our observed dependencies of GF and 

particle-phase product distributions on different seed particles (Figures 4 and 9) are explained by 

the combined effects of interfacial attraction and liquid-phase reactions. The largest GF and 

highest formation of nonvolatile products on AS particles are attributed to the strongest interfacial 

attraction and the most efficient nucleophilic addition involving the carbenium ions. Also, the 

mechanism established in our work is distinct from previous results of salting-in and salting-out 

for glyoxal and methylglyoxal, respectively.72 Instead of varying the solubility of glyoxal and 

methylglyoxal, ammonium sulfate enhances the SOA formation by  providing strongest interfacial 

electric attraction, the weakly acidic aqueous phase, and involving in aqueous reaction to form n-

heterocycles. Our measurements of particle chemical compositions show the dominant formation 

of oligomers and n-heterocycles from methylglyoxal and glyoxal, but an absence of other 

ingredients associated with salting-in and salting-out.  

 

Surface- vs Volume-Limited Oligomerization 

A major distinction in direct exposure of AS seed particles between methylglyoxal and 

glyoxal vapors lies in significantly different particle growth in our present experiments as well as 

in previous studies, i.e., a negligibly small growth for methylglyoxal but a large growth for 

glyoxal.46,47,50 This disparity is attributed to surface- versus volume-limited reactions on sub-

micrometer particles between the two species. Interfacial attraction, protonation, and nucleophilic 

addition occur more efficiently for methylglyoxal than glyoxal on AS particles (Figure 13). The 
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negative polarity of the carbonyl O-atom is crucial to providing the protonation site. The methyl 

substituent increases the carbonyl bond polarization through the inductive electron donating and 

hyperconjugation effects,70 as reflected by the more negatively charged O-atom in methylglyoxal 

than glyoxal (Figures 4e and 13b). In addition, the positive charge on the carbenium ion in 

methylglyoxal is stronger with methyl substitution, favoring more efficient nucleophilic addition. 

For glyoxal and methylglyoxal, there is a significant decrease (by a factor of 2–3) in the liquid-

phase diffusion coefficients from monomers to trimers (Table 4). The small growth of sub-

micrometer particles exposed directly to methylglyoxal vapor (Figures 4a and 5) is explained by 

surface-limited aqueous reactions (Figure 16a). Efficient formation of oligomers and n-

heterocycles under elevated methylglyoxal results in rapid oligomerization on the surface and 

subsequently reduced liquid-phase diffusion. The formation of surface coating is evident from the 

temporal evolution in the particle growth, i.e., an initial and small GF of 1.03–1.04 (corresponding 

to a coating thickness of 1.5–2.0 nm), when AS particles are directly exposed to methylglyoxal of 

100 ppb to 5 ppm (Figures 4a and 5). The surface coating consisting of nonvolatile products is 

hydrophobic73v and viscous, prohibiting subsequent particle growth and leading to surface-limited 

reactions. Similarly, surface coating by rapid oligomerization likely explains the negligible size 

growth of seed particles exposed to increased levels of methylglyoxal vapor (i.e., several hundred 

ppb to ppm levels) in previous studies.45–47 On the other hand, formation of a hydrophobic coating 

is avoided with continuous methylglyoxal production from TMB-OH oxidation at a lower 

concentration (∼2 ppb), as reflected by the continuous and significant particle growth 

(Figures 4 and 5). Our results of continuous and significant particle growth for methylglyoxal 

produced from TMB-OH oxidation are consistent with previous measurements of irreversible 

methylglyoxal uptake on bulk solutions48 and formation of oligomeric products from the TMB-
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OH oxidation experiment.44 Note that the production of methylglyoxal from TMB-OH oxidation 

closely mimics that in the atmosphere. Although methylglyoxal represents the dominant product 

with a molar yield of 90% from TMB-OH oxidation,44 other oxidation products may play a 

secondary role in the measured particle growth. Our TD-ID-CIMS measurements confirm that 

oligomers and n-heterocycles from methylglyoxal, NH3, and CH2O account for the dominant 

particle-phase products, contributing up to 70% of the measured total intensities (Figure 4e 

and Table 3). In contrast, oligomerization from glyoxal is clearly volume-limited, as evident from 

the continuous and significant particle growth in our present experiments as well as in previous 

studies.47,50 Inefficient interfacial attraction, protonation, and nucleophilic addition for glyoxal 

results in less-efficient oligomerization, leading to the absence of surface coating over a wide 

concentration range (i.e., 9 ppb in our present experiment and from several hundred ppb to ppm 

levels in previous studies45,47). Hence, the considerable differences in aerosol growth and light 

absorption between methylglyoxal and glyoxal are explainable by surface- or volume-limited 

reactions, which are governed by their reactivity and gaseous concentrations. Efficient (inefficient) 

oligomerization for methylglyoxal (glyoxal) results in the formation (absence) of surface coating 

because of rapid (slow) liquid-phase diffusion and volume-limited (surface-limited) reactions, 

reconciling the discrepancy in measured particle growth in our present experiments and in previous 

studies (Figure 16b). 
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Table 4. Diffusion coefficients for monomer and trimer of glyoxal and methylglyoxal.  

 solvent η (Pa s) kB (J K-1) T (K) a (m) D (m2 s-1) 

glyoxal 
monomer 

water 8.9 × 10-4 1.38 × 10-23 298 1.60 × 10-10 1.53 × 10-9 

methylglyoxal 
monomer 

water 8.9 × 10-4 1.38 × 10-23 298 1.90 × 10-10 1.29 × 10-9 

glyoxal trimer water 8.9 × 10-4 1.38 × 10-23 298 3.89 × 10-10 6.30 × 10-

10 

methylglyoxal 
trimer 

water 8.9 × 10-4 1.38 × 10-23 298 4.12 × 10-10 5.95 × 10-

10 

 

 

 

Figure 16. Surface- and volume-limited uptake of α-dicarbonyls. (a) the uptake of methylglyoxal vapor 
by inhibited by the rapid reaction of methylglyoxal to form surface coating, which results in a surface-
limited process. (b) the uptake of glyoxal vapor is a volume-limited process with the free aqueous diffusion 
of the products. 
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Global Perspective for SOA and BrC 

Large amounts of oxygenated organics consisting of carbonyl and hydroxyl functional 

groups are produced from VOC oxidation (Figure 17a), with predicted global budgets of 223 ± 34 

Tg a–1 for methylglyoxal and glyoxal and 1466 ± 189 Tg a–1 for CH2O (Table 5). Also, a major 

fraction of multifunctional hydroxycarbonyls is produced from biogenic VOC oxidation, e.g., 108 

± 13 Tg a–1 for C4–C5 hydroxycarbonyls from isoprene oxidation alone.54 In comparison, a global 

budget of 69 ± 13 Tg a–1 for NH3 is predicted. Currently, many oxygenated organics are not 

considered in atmospheric models for SOA and BrC formation because of their high volatility.37 

 

 

 

 

Figure 17. Unaccounted contributors to global SOA production. (a) Global budgets of 
glyoxal/methylglyoxal (GL/MG), hydroxylcarbonyls (HC), CH2O, and NH3.  (b) Global SOA (green 
square) and AS (red square) budgets. See Table S5 for references to the global budget of the various gaseous 
species. 
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Table 5. Global budgets of species involved in cation-mediated, interface-enhanced, and 
synergetic SOA formation. 

 Global budget (Tg a-1) Average (Tg a-1) STD (Tg a-1) 
Range 

 (Tg a-1) 

Methylglyoxal/glyox
al 

18540, 233.274, 252a,75  223 34 185 ~ 252 

hydroxycarbonyl  
118b,76, 93b,77, 101b,78, 
119b,79  

108 13 93 ~ 119 

CH2O  133280, 160081 1466 189 1332 ~1600 

NH3  
6782, 66c,83, 55c,84, 91c,85, 
66c,86  

69 13 55 ~ 91 

SOA  
13237, 9174, 14687, 5188, 
13989 

112 40 51 ~ 146 

AS  120d,82, 161d,90, 168d,91  150 26 120 ~ 168 

a. Estimated from the global budget of GL by assuming a MG/GL ratio of 3.5.  

b. Estimated from the global emission rates of isoprene and a yield of 22.6% for HC.54  

c. Converted from the value in TgN a-1 by multiplying 1.21. 

d. Estimated from global budgets of sulfate aerosols by multiplying the molecular mass ratio of 
ammonium sulfate/sulfate (1.375). 

 

 

Our results demonstrate unequivocally that carbonyls (glyoxal/methylglyoxal, CH2O, 

hydroxycarbonyls) contribute significantly to SOA growth on sub-micrometer particles under 

atmospherically relevant conditions. The mechanism established in the present work explains the 

ubiquitous coexistence between SOA and AS from global measurements36 as well as during severe 

haze formation.17,29 For example, field measurements showed that the mass fractions of SOA and 

AS at urban locations worldwide are (29.5 ± 11.7) and (35.0 ± 11.7)% (Figure 18a and Table 6), 

respectively, representing the two most abundant ingredients in secondary aerosols.36 Also, severe 

haze formation in China is consistently characterized by concurrent increases in the mass 

concentrations of SOA and AS (Figure 18b,c). In particular, explosive secondary aerosol growth 
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was observed under polluted urban conditions, which is dominated by SOA formation.92 These 

field measurements are consistent with synergetic aerosol formation from interacting carbonyls 

and NH3/AS. Specifically, hygroscopic AS aerosols promote SOA formation by inducing 

interfacial attraction52 and protonation for carbonyls and nucleophilic addition to form nonvolatile 

oligomers and n-heterocycles.70 Also, the multiphase chemistry represents an important pathway 

for sulfate formation from anthropogenic sulfur dioxide (SO2) emissions, and an increasing 

organic content enhances aqueous sulfate production. Furthermore, the synergetic aerosol 

formation involving carbonyls and NH3/AS implies a larger-than-recognized biogenic–

anthropogenic interaction,93 which is critical to assessing anthropogenic influences on varying 

atmospheric compositions and radiative forcing. Our experimental results show a 30-fold increase 

in the SOA mass growth on AS particles, implying that changes in anthropogenic (NH3 and SO2) 

emissions inevitably amplify the global SOA budget, which is dominated by biogenic 

sources. Currently, the total global SOA and AS budgets are estimated to be 112 ± 40 and 150 ± 

26 Tg a–1, respectively (Figure 17b and Table 5). Our measured uptake coefficients for glyoxal 

and methylglyoxal, which account for the carbenium ion-mediated nucleophilic addition, 

interfacial electric field attraction, and organic–inorganic interaction, are applicable to atmospheric 

models. Future studies are necessary to reassess secondary aerosol formation from the interaction 

between natural (BVOC) and anthropogenic (NH3 and SO2) emissions, by implementing the 

fundamental chemical mechanisms in global chemical transport models.5,40 
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Figure 18. Mutually promoted inorganic and organic aerosol formation. (a) Coexistence between 
SOA and AS from global aerosol measurements.36 (b) Measured concurrent increases in mass 
concentrations for PM2.5 (black), SOA (green), and AS (red) during severe haze formation in Beijing.29 (c) 
Measurements of PM2.5 (black), organic matter (green), and SA (red) during a 2012 winter haze event in 
Xi’An, China.68 

 

  



 

45 
 
 

 

 

Table 6. Measured mass fractions of SOA and AS in major urban cities.36 

  SOA (%) AS (%) 

Beijing  20.8 41.8 

Tokyo Summer 35.6 38.6 

Tokyo Winter 14.2 27.8 

Pittsburgh, PA  21.1 63.9 

Mexico City  30.2 20.9 

Riverside, CA  36.6 29.8 

Houston, TX  21.1 50.0 

Boulder, CO  56.8 20.5 

New York City Summer 39.3 45.9 

New York City Winter 22.4 35.3 

Vancouver  35.7 22.9 

Edinburgh  40.0 26.7 

Manchester Summer 21.0 39.9 

Manchester Winter 11.5 26.9 

Mainz  25.6 39.5 

Zurich Summer 44.8 22.9 

Zurich Winter 20.0 31.8 

Chelmsford  34.0 45.3 

Average (%)  29.5 35.0 

STD (%)  11.7 11.7 

Range (%)  11.5 ~ 56.8 20.5 ~ 63.9 

 

 

Atmospheric Implications 

Our work provides direct experimental evidence for carbenium ion-mediated, interface 

electric field-enhanced, and synergetic oligomerization involving ubiquitous glyoxal, 

methylglyoxal, CH2O, hydroxycarbonyls, NH3, and ammonium sulfate. We show that 

methylglyoxal is more reactive than glyoxal because of (i) significantly more efficient growth and 
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larger uptake coefficient on seed particles under atmospherically relevant concentrations, (ii) lower 

SSA on AS seed particles, (iii) higher formation of imidazole in the presence of CH2O, and (iv) 

more rapid formation of surface coating for methylglyoxal than glyoxal. The largest size growth 

on AS seed particles with NH3 corroborates the mechanisms of interfacial electric field-

enhanced(38) and carbenium ion-mediated(39) oligomerization. Our findings resolve an 

outstanding discrepancy concerning the multiphase chemistry of glyoxal and methylglyoxal in 

previous experimental studies, which are attributable to surface- versus volume-limited reactions. 

The multiphase chemistry leading to SOA and BrC formation is dependent on the reactivity and 

gaseous concentrations of the aerosol precursors as well as the physicochemical properties of seed 

particles (i.e., size, pH, phase state, chemical composition, etc.), highlighting the necessity to 

closely mimic the atmospheric conditions in future laboratory studies to investigate aerosol 

chemistry.94,95 

Aerosol formation involving atmospherically abundant carbonyls (i.e., glyoxal, 

methylglyoxal, CH2O, hydroxycarbonyls) and ammonia/ammonium sulfate established here 

occurs widely on aqueous aerosols and cloud/fog droplets under typically tropospheric 

conditions, providing an explanation for ubiquitous coexistence between SOA and AS from global 

aerosol measurements and during severe haze formation in Asia. Recognition of this aerosol 

formation mechanism from natural and anthropogenic emissions also implies larger-than-expected 

biogenic–anthropogenic interaction and a major missing source for SOA and BrC formation on 

urban, regional, and global scales. 
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CHAPTER III 

 MULTI-GENERATION PRODUCTION OF SECONDARY ORGANIC AEROSOL FROM 

TOLUENE PHOTOOXIDATION*
2 

 

Introduction 

SOA produced from photochemical oxidation of anthropogenic and biogenic VOCs 

represents a dominant constituent of tropospheric fine aerosols,1,4 with profound implications for 

air quality, human health, weather, and climate.10,11,96–100 Photochemical oxidation of VOCs yields 

various condensable oxidized organics with distinct functionality, volatility, and reactivity. 

Current available mechanisms of VOC oxidation leading to SOA formation include condensation 

of low- or non-volatile products, equilibrium gas-particle partitioning of intermediate-volatile 

products, and aerosol-phase reactions of volatile products to form non-volatile compounds.23,101 

Understanding the chemical mechanisms leading to SOA formation represents a significant 

challenge in atmospheric chemistry research. Atmospheric models consistently underestimate 

SOA mass concentrations measured in field studies.27,37,92 Moreover, light-absorbing BrC 

represents one type of organic aerosol that scatters and absorbs solar radiation and is produced 

from various primary and secondary sources. Secondary BrC is formed by a variety of atmospheric 

chemical processes, including multiphase reactions and cloud processing.51,102,103 

Aromatic hydrocarbons account for about 20 to 30% of VOCs under urban environments 

and are emitted primarily from anthropogenic sources, i.e., from motor vehicles and industrial 

activities.29,104,105 Toluene is the most abundant aromatic hydrocarbon in the urban atmosphere, for 

 
* This chapter is reprinted with permission from Li, Y.; Zhao, J.; Wang, Y.; Seinfeld, J. H.; Zhang, R. Multi-
generation production of secondary organic aerosol from toluene photooxidation. Environ. Sci. Technol. 2021, 55, 
doi/10.1021/acs.est.1c02026. Copyright 2021 American Chemical Society. 
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which its photochemical oxidation is mainly initiated by the hydroxyl radical (OH) via multiple 

reaction stages/pathways.106–108 An experimental-theoretical study showed that the most favorable 

pathway for toluene oxidation corresponds to OH addition to the aromatic ring to yield the OH-

toluene adduct, which subsequently react via H-extraction by O2 to form cresol, rather than with 

O2 addition to form the primary peroxy radicals (RO2).109 Typically, SOA formation from toluene 

photooxidation is believed to be dominated by condensation/partitioning of the oxidation 

products,1 including organic acids and low-volatility polyhydroxy organics (LVO) such as 

polyhydroxy methyl benzoquinones and polyhydroxy toluenes.110 Also, multistage autoxidation 

of RO2 from aromatics likely yields highly-oxidized organic molecules (HOMs) with low volatility 

and a high ratio of oxygen to carbon atoms (O/C), and previous studies detected HOMs in the gas-

phase.111–113 However, the reported yield for HOMs from toluene oxidation is small (about 

0.1%),111 and HOMs have yet to be detected in the aerosol-phase to confirm their contribution to 

SOA formation. Note that LVOs differ from HOMs in terms of the oxidation pathways (i.e., OH 

addition versus RO2 autoxidation) and O/C, while both possess low volatility. In addition, toluene-

derived SOA formation involves aqueous chemistry relevant to cloud processing and aqueous 

aerosols.114 A recent experimental study found that NH3 enhances the SOA mass loading from 

toluene photooxidation in the presence of nitrogen oxides (NOx =  NO + NO2) especially under 

wet conditions, attributable to formation of carboxylates and organic nitrates.115 Another recent 

smog chamber study on toluene photooxidation observed an increasing SOA yield with increasing 

NOx under low-NOx conditions but a suppressed SOA yield under high-NOx conditions.116 Also, 

the latter study showed an increase in the particle number concentration, diameter, and 

extinction/scattering coefficients relevant to the formation of ammonium nitrate and nitrogen-

containing compounds by adding NH3.116 Several studies revealed that small α-dicarbonyls (i.e., 
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glyoxal and methylglyoxal), which are the major products of toluene oxidation, produce low-

volatility oligomers and light-absorbing BrC via aqueous reactions.50,51 Moreover, a recent 

theoretical study established a carbenium ion-mediated oligomerization mechanism for 

methylglyoxal to produce SOA.70 In addition, increased light absorption was detected when 

toluene-derived SOA was exposed to gas-phase NH3, indicative of BrC formation.117,118 

However, previous studies have been unable to assess temporally resolved SOA production 

from multi-generation VOC oxidation. For example, no previous work has measured time-

dependent production of condensable oxidized organics and variations in the aerosol properties, 

and there lacks chemical speciation for the aerosol-phase products from toluene oxidation. The 

available chemical mechanisms have yet to explain explosive secondary aerosol growth observed 

under polluted conditions, which is dominated by SOA formation.92 In this work, we elucidate the 

fundamental chemical mechanisms leading to SOA formation from toluene oxidation by 

simultaneously tracking the temporal evolutions in the gaseous products and aerosol properties.  

 

Experimental 

A 1 m3 environmental chamber (Teflon® PFA) with eighteen black light lamps (18 × 30W, 

F30T8/350BL, Sylvania) was used in our experiments (Figure 19), similar to our previous 

studies.53,119 Briefly, monodispersed seed particles were exposed to the products from OH-toluene 

oxidation in the reaction chamber. Photooxidation of toluene was initiated by turning on the black 

light lamps, when OH radicals were produced from photolysis of hydrogen peroxide (H2O2). The 

initial concentration for toluene and the steady-state concentration for OH were estimated to be 

6.6 ppm and 2.7 × 106 molecules cm-3, respectively. A water bubbler at a temperature of 30℃ was 

used to humidify the chamber from 10% to 90% RH, and all experiments were performed at 298 



 

50 
 
 

 

K. A N2 flow of 5 slpm was used to atomize 0.06 M solution of ammonium sulfate - (NH4)2SO4 

or AS, ammonium bisulfate - NH4HSO4 or ABS, and sodium chloride - NaCl to produce mono-

dispersed seed particles. Seed particles were dried to RH of 2% by a Nafion Gas Dryer, charged 

by a bipolar charger, and analyzed by an integrated aerosol analytical system. Monodispersed seed 

particles with an initial size of 100 nm were size-selected by a DMA with an initial particle 

concentration of 1.5 × 104 cm-3 measured by a condensation particle counter (CPC). The three 

different types of seed particles, i.e., (NH4)2SO4, NH4HSO4, and NaCl, were selected to represent 

distinct particle acidity and interfacial electric fields.52 The acidity of seed particles was estimated 

using a thermodynamic model,120 with the pH value of 3~5 in the presence of gaseous NH3 and 

0~1 in the absence of gaseous NH3 for (NH4)2SO4, -0.5 for NH4HSO4, and 7 for NaCl. Also, there 

likely exists an electric field induced from net charge separation of soluble ions at the air-water 

interface, which is strongly positive for (NH4)2SO4, negligible for NH4HSO4, and slightly negative 

for NaCl.52 For experiments in the presence of NH3 or NOx, NH3 or NOx were introduced prior to 

toluene and the concentration of NH3 and NOx after correction for wall loss is calculated similar 

to those in Chapter II. The particle size growth, density, light scattering/absorption were 

simultaneously and continuously monitored, after monodispersed seed particles were exposed to 

the products of toluene-OH oxidation in the reaction chamber. The particle size increase was 

quantified by a growth factor, GF, which is defined by Dp/D0, where Dp is the diameter after 

exposure and Do = 100 nm is the initial diameter measured by DMA. Note both Dp and D0 

correspond to the dry particle diameter measured after passing through the Nafion dryer (about 2% 

RH). An Aerosol Particle Mass (APM) Analyzer was used to derive the particle density. The 

density for the SOA materials (𝜌 ) is calculated by,  
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 𝜌 =
𝜌𝐺𝐹 − 𝜌

𝐺𝐹 − 1
  (16) 

where 𝜌 and GF are measured particle density (g cm-3) and growth factor at t (min), respectively. 

𝜌  is the density of (NH4)2SO4 (1.77 g cm-3), NH4HSO4 (1.78 g cm-3), or NaCl (2.16 g cm-3). The 

uncertainty in the density measurements was estimated to be  0.03 g cm-3. An ID-CIMS and a 

TD-ID-CIMS using H3O+ analyzed and quantified gases and aerosol-phase chemical composition, 

respectively. An integrating nephelometer and a cavity ring-down spectrometer were employed to 

measure bsca and bext at 532 nm, respectively.  The babs was determined from (bext − bsca), and the 

SSA was calculated from bsca/bext. Measurements of gaseous concentrations of the oxidation 

products and aerosol properties (i.e., GF, SSA, density, and chemical composition) were made 

simultaneously throughout the experiments. While the gaseous concentrations of the oxidation 

products, GF, SSA, and density were temporally resolved in our experiments, the particle chemical 

composition was analyzed after seed particles were exposed for 20 mins to toluene photooxidation 

and collected for 2 additional hours by TD-ID-CIMS, reflecting an overall aerosol chemical 

makeup during an experiment. Similar to GF, SSA, density, and chemical composition were 

measured under dry conditions, whereas measurements of the oxidation products were made 

directly by analyzing gases from the chamber by ID-CIMS. To assess the effects of different seed 

particles, RH, and NH3 on SOA and BrC formation, we compared the measured GF and SSA values 

after 90-min exposure to the OH-toluene oxidation.    
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Figure 19. Schematic representation of the experimental setup. DMA for differential mobility analyzer; 
ID-CIMS for ion drift – chemical ionization mass spectrometry; APM for aerosol particle mass analyzer, 
TD-ID-CIMS for thermal desorption - ion drift – chemical ionization mass spectrometry; SMPS for 
scanning mobility particle sizer; and CRD for cavity ring-down spectroscopy. Monodispersed seed particles 
consisting of ammonium bisulfate, ammonium sulfate, and sodium chloride were exposed to oxidation 
products between toluene by OH and in the absence/presence of NH3 vapors inside a 1 m3 reaction chamber. 
RH was regulated between 10% and 90%, and T was maintained at 298 K. The gaseous concentrations of 
the oxidation products and particle properties, such as density, chemical composition, growth, and single 
scattering albedo, were simultaneously quantified by ID-CIMS, APM, TD-ID-CIMS, SMPS, and CRD-
Nephelometer, respectively. 

 

 

Vapor Wall Loss 

Wall-loss of reactive gases represents a major challenge in investigating SOA formation 

from VOC oxidation using environmental chambers.21,58,121,122 For example, previous studies 

typically determined the SOA yield in the absence/presence of polydisperse seed particles, which 

is largely subject to the effect of wall-loss. However, such a deficiency was remedied from 

synchronized measurements of the gas-phase products and the changes in the aerosol properties 

(i.e., size, density, and optical properties), when monodisperse seed particles were exposed to 
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toluene-OH oxidation. While wall-loss results in reduced concentrations of gaseous oxidation 

products and particles, the variations in the measured particle properties directly reflect gas-to-

particle conversion from toluene oxidation, which is linked to the production of condensable 

oxidized organics, the interfacial process (accommodation), equilibrium partitioning (solubility), 

and aerosol-phase diffusion and reactions. Specifically, we derived the uptake coefficient () for 

condensable oxidized organics from the measured gaseous concentrations and particle size growth 

similar to that described in Chapter II, which is independent on wall-loss and commonly employed 

to represent SOA formation in atmospheric models. Also, we quantified wall-loss of reactive gases 

at different RH from the measured concentrations of the oxidation products by ID-CIMS. 

 

Results and Discussion 

Temporally resolved SOA production 

To assess the formation of condensable oxidized organics contributing to SOA formation, 

we measured the evolution of the gaseous products from toluene-OH photooxidation using ID-

CIMS. Formation of multi-generation products, typically delineated by the sequence of reactions 

with OH, is identifiable from their temporal variations (Figure 20a and Figure 21). The first-

generation products (G1) include cresol (m/z = 109) and benzaldehyde (m/z = 107), which are 

produced via OH addition (about 90%) to the aromatic ring and H-extraction (10%) from the 

methyl group, respectively (Figure 21b).106,10721,22 The second-generation (G2) products consist of 

α-dicarbonyls, i.e., glyoxal (m/z = 59) and methylglyoxal (m/z = 73), γ-dicarbonyls (butenedial and 

methylbutenedial at m/z = 99), benzoic acid (m/z = 123), epoxide, and dihydroxy toluene (Figures 

21c and 23), which are produced from the subsequent reactions of the G1 products with OH. The 

third generation (G3) products contain mainly multi-functional organic acids (Figure 1d), 
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including pyruvic acid (m/z = 89) and 4-oxo-2-pentenic acid (m/z = 115), which are formed from 

the reactions of the G2 products with OH. The G1 products appear shortly upon the initiation of 

photooxidation by ultraviolet light, reaching peak mixing ratios of 16 ppb for cresol and 5 ppb 

for benzaldehyde (Figure 20b). The G2 products rise subsequently after the G1 products, with the 

peak mixing ratios from 1 to 5 ppb (Figure 20c and Figure 22a). Note that benzoic acid exhibits a 

much slower growth than those of other G2 products, because of a smaller branching ratio for the 

H-extraction pathway.107 The G3 products start to increase at around 20 min and reach peak mixing 

ratios ranging from sub-ppb to 2 ppb (Figure 20d and Figure 22b). Cresol exhibits the highest 

mixing ratio among all products, consistent with its dominant yield from toluene oxidation,109 and 

the peak concentrations of the oxidation products decrease consecutively from G1, G2, to G3 

(Figure 20b-d). The time-dependent concentrations of the earlier generational products (G1 and 

G2) exhibit a decline at longer reaction times, reflecting the conversion from the earlier to later 

generational (G2 and G3) products (Fig. 20b,c,d). In contrast, the toluene concentration shows a 

continuous decay throughout the experiments (Figure 22c). 
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Figure 20. Temporal evolution of gaseous products and particle properties. (a) Three-generation (G1, 
G2, and G3) oxidation products of toluene-OH photooxidation. The numbers denote the mass to charge 
ratio (m/z). (b-d) Time-dependent gas-phase concentrations of G1 (b), G2 (c), and G3 (d) oxidation 
products. (e-g) Time-dependent growth factor (GF = Dp/D0, e), single scattering albedo (SSA, f), and 
densities (g, black solid line) of seed particles exposed to toluene oxidation products. The dashed line in (g) 
displays the calculated density for the SOA materials. (h) Relative intensity (RI) of aerosol-phase products 
detected by TD-ID-CIMS. Initiation of photooxidation by ultraviolet light occurred at t = 0. All experiments 
were carried out for (NH4)2SO4 seed particles with 19 ppb NH3 at 298 K and RH = 90%. 
 

 



 

56 
 
 

 

 

Figure 21. Multi-generation products from toluene-OH photooxidation. The letters of G1, G2, and G3 
denote the sequence of reactions with OH, and the numbers denote the mass to charge ratio (m/z). 
 

 

 
Figure 22. Temporal evolutions in products and reactants from toluene oxidation. The gaseous 
concentrations of G2 products (a), G3 products (b), and toluene (c). The red solid line in (c) corresponds to 
kinetic simulation of the toluene concentration. The initial concentration for toluene and the steady-state 
concentration for OH were 6.6 ppm and 2.7 × 106 molecules cm-3, respectively, with a bimolecular rate 
constant of 5.5 × 10-12 cm3 molecule-1 s-1. The experiments were carried out on (NH4)2SO4 seed particles 
with 19 ppb NH3 and at 298 K and RH = 90%. Initiation of photooxidation by ultraviolet light occurred at 
t = 0. 
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The temporal evolution of the GF, SSA, and density of (NH4)2SO4 seed particles exposed 

to toluene-OH oxidation in the presence of 19 ppb NH3 and at 90% RH is depicted in Figure 20e-

g. The size growth factor, GF, exhibits an initial delay (~ 5 min) and then increases monotonically, 

reaching 2.56 at 90 min (Figure 20e). The initial hysteresis in GF is consistent with delayed 

formation of the G2/G3 products (Figure 20c,d), which are mainly responsible for the measured 

particle growth. While the low-volatility G2/G3 products engage in gas-particle conversion (for 

epoxide and dihydroxy toluene) or ionic dissociation/acid-base reaction to form carboxylates (for 

organic acids), the volatile G2 products (i.e., α-dicarbonyls and γ-dicarbonyls) undergo aerosol-

phase reactions to form oligomers (Figure 23). In addition, α-dicarbonyls and γ-dicarbonyls react 

with NH3 to yield nitrogen-containing organics (NCO), including nitrogen-heterocycles and 

nitrogen-heterochains (Figure 24), which are characteristic of  light-absorbing BrC.26,70 The 

measurement of SSA shows a steady decline throughout the exposure and reaches 0.94 at 180 min 

(Figure 20g), confirming BrC production. Our measured SSA is consistent with another study of 

toluene-derived SOA, which showed a decrease of SSA from 0.97 to 0.85 within 2 hours in the 

presence of NH3.116 The total density decreases from 1.77 g cm-3 to 1.50 g cm-3 within the initial 

10 min (with a corresponding GF of 1.31) and then increases steadily to 1.61 g cm-3 at 160 min. 

We derived the density for the SOA component on (NH4)2SO4 particles, which increases from 1.28 

g cm-3 at 10 min to 1.60 g cm-3 at 160 min (Figure 20g). The evolution in density clearly reflects 

variation in the chemical composition during particle growth, because of the distinct material 

densities for the condensable oxidized organics from G2/G3 products as well as the aerosol-phase 

oligomeric products (Table 7). For example, the densities of benzoic acid, monomers of glyoxal 

and methylglyoxal, and imidazoles are 1.27, 1.05-1.27, and 1.03-1.23 g cm-3, respectively, while 

the densities for the oligomers of glyoxal and methylglyoxal reach 1.71-1.90 g cm-3. The initial 
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decline in the total density corresponds to a chemical composition dominated by organic acids and 

smaller oligomers from the G2 products, while the continuous increase in the SOA density is 

characteristic of increasing aqueous-phase reactions to yield larger oligomeric products (Figure 

20g). In addition, the evolutions in the measured GF and density correlate closely with those of 

the G2 products (including benzoic acid and dicarbonyls) (Fig. 20c,e,g), confirming their role in 

the initial decline of the total particle density. 

 

 

 
Figure 23. Pathways for oligomerization. The mechanisms leading to formation of particle-phase 
oligomers from α-dicarbonyls, γ-dicarbonyls, tricarbonyls, and epoxide detected by TD-ID-CIMS. 
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Figure 24. Pathway for BrC formation. The mechanisms leading to formation of particle-phase nitrogen-
containing organics (NCO) from α-dicarbonyls, γ-dicarbonyls, tricarbonyls, and epoxide. 

 

Table 7. Density of identified major SOA components by TD-ID-CIMS. 
 

Compounds m/z Density (g cm-3) 

Methylimidazole 83 1.03 
Methylglyoxal 73 1.05 
butenedial 85 1.06 
4-Oxo-2-pentenoic acid 115 1.2 
Imidazole 69 1.23 
Pyruvic acid 89 1.25 
Benzoic acid 123 1.27 
Glyoxal 59 1.27 
Dihydroxy toluene 125 1.29 
Acetylpyruvic acid 131 1.3 
Glyoxylic acid 75 1.38 
Trihydroxy toluene 141 1.4 
Glyoxal oligomers 175 1.71 
2-hydroxy-5-methylquinone 139 1.4 
Oxalic acid 91 1.9 
Methylglyoxal oligomers 127 1.9 
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To further unravel the identity of the condensable oxidized organics responsible for the 

measured GF, SSA, and density, we analyzed the chemical compositions by collecting particles 

after exposure to toluene-OH oxidation using TD-ID-CIMS (Figure 20h). The composition 

measurements reveal the dominant abundances of three functional groups in the aerosol-phase, 

i.e., oligomers, NCO, and carboxylates, along with a trace amount of LVO (including hydroxyl 

toluene/benzoquinone). Assuming comparable sensitivity to proton-transfer reactions for the 

aerosol-phase organics,123 we estimated the contributions of oligomers, NCO, carboxylates, and 

LVO to the total SOA formation from the measured mass intensities, with the values of 26%, 26%, 

40%, and 8%, respectively (Table 8). The identified mass peaks shown in Figure 1h are 

summarized in Tables 9 to 11, and the corresponding reaction pathways leading to the formation 

of oligomers and NCO are illustrated in Figures 23 and 24, respectively. 

 

Table 8. The percent contributions of condensable organic species from toluene-OH 
oxidation to the particle-phase mass intensity. GL: glyoxal, MG: methylglyoxal, GL+MG: 
cross-reaction of glyoxal and methylglyoxal. Note that the cross-reaction products of γ-
carbonyls/tricarbonyls with α-dicarbonyls are summed into the contribution of γ-
carbonyls/tricarbonyls. The experiments were carried on (NH4)2SO4 seed particle with 19 ppb of 
NH3 and with the initial concentrations of toluene and OH of 6.6 ppm and 2.7 × 106 molecules cm-

3, respectively. 
 

Condensable oxidized 
organics 

Contribution 

  Oligomerization NCO formation Total 
GL 6% 7% 13% 
MG 4% 6% 10% 
GL+MG 6% 3% 9% 
γ-dicarbonyls 5% 5% 10% 
tricarbonyls 2% 4% 6% 
epoxide 3% 1% 4% 
Sum 26% 26% 52% 
Carboxylates   40% 
LVO   8% 
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Table 9. Mass peak assignments for nitrogen-containing organics (NCO) from α-
dicarbonyls n-heterocycles and γ-carbonyls n-chains detected by TD-ID-CIMS.  
 
m/z MW  Formula  Compound 

Methylglyoxal n-heterocycles 

83 82 
 

C4H6N2 
 

 

119 118 
 

C4H10O2N2 
 

 

125 124 
 

C6H8ON2 
 

 

251 250 
 

C6H10O5 
 

 

Glyoxal n-heterocycles 

69 68  C3H4N2  
 

97 96 
 

C4H4ON2 
 

 

tricarbonyl n-heterocycles 

111 110 
 

C5H6ON2 
 

 

139 138 

 

C6H6O2N2 

 

 
γ-carbonyls n-chains 

142 141 
 

C6H7O2N 
 

 

156 155 

 

C7H9O2N 

 

 

196 195 
 

C4H6O2N2 
 

 
 
 
 
 
  

NHN

O
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Table 10. Mass peak assignments for organic acids and low-volatile organics (LVO) detected 
by TD-ID-CIMS.  
 
m/z MW  Formula  Compound 

89 88 
 

C3H4O3 
 

 

115 114 
 

C5H6O3 
 

 

123 122 
 

C7H6O2 
 

 

125 124 
 

C7H8O2 
 

 

127 126 
 

C5H4O5 
 

 

129 128 
 

C6H8O3 
 

 

131 130 
 

C5H6O4 
 

 

139 138 

 

C7H6O3 
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Table 11. Mass peak assignments for oligomeric products detected by TD-ID-CIMS.  
m/z Ion MW Formula 

Methylglyoxal 
    

Dimers 145 [C6H10O5+H-H2O]+ 162 C6H10O5 
163 [C6H10O5+H]+ 162 C6H10O5 
163 [C6H12O6+H-H2O]+ 180 C6H12O6 
181 [C6H12O6+H]+ 180 C6H12O6 
181 [C6H14O7+H-H2O]+ 198 C6H14O7 
199 [C6H14O7+H]+ 198 C6H14O7 

Trimers 217 [C9H12O6+H]+ 216 C9H12O6 
217 [C9H14O7+H-H2O]+ 234 C9H14O7 
235 [C9H14O7+H]+ 234 C9H14O7 
235 [C9H16O8+H-H2O]+ 252 C9H16O8 
253 [C9H16O8+H]+ 252 C9H16O8  
253 [C9H18O9+H-H2O]+ 270 C9H18O9 
271 [C9H18O9+H]+ 270 C9H18O9 
271 [C9H20O10+H-H2O]+ 288 C9H20O10 
289 [C9H20O10+H]+ 288 C9H20O10 

Glyoxal 
    

Dimers 117 [C4H6O5+H-H2O]+ 134 C4H6O5 
135 [C4H6O5+H]+ 134 C4H6O5 
153 [C4H8O6+H]+ 152 C4H8O6 
171 [C4H10O7+H]+ 170 C4H10O 

Trimers 175 [C6H6O6+H]+ 174 C6H6O6 
193 [C6H8O7+H]+ 192 C6H8O7 
211 [C6H10O8+H]+ 210 C6H10O8 
229 [C6H12O9+H]+ 228 C6H12O9 
247 [C6H14O10+H]+ 246 C6H14O10 

 
tricarbonyl     
Monomers  101 [C4H4O3+H]+ 100 C4H4O3 

Dimers 
159 [C6H6O5+H]+ 158 C6H6O5 
173 [C7H8O5+H]+ 172 C7H8O5 
201 [C8H8O6+H]+ 200 C8H8O6 

γ-dicarbonyls     
Monomers 85 [C4H4O2+H]+ 84 C4H4O2 

99 [C5H6O2+H]+ 98 C5H6O2 
Dimers 143 [C6H6O4+H]+ 142 C6H6O4 

157 [C7H8O4+H]+ 156 C7H8O4 
169 [C8H8O4+H]+ 168 C8H8O4 
197 [C10H12O4+H]+ 196 C10H12O4 

epoxide 141 [C7H8O3+H]+ 140 C7H8O3 
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SOA formation on different seed particles 

The temporal evolution of GF on different types of seed particles shows similarly a rapid, 

continuous increase in GF, after a short initial hysteresis (Figure 25a). Among the different seed 

particles, (NH4)2SO4 in the presence of NH3 exhibits the largest GF and lowest SSA at 90 min 

(Figure 25b), because of efficient oligomer and NCO production. The calculated SOA density 

ranges from 1.19 g cm-3 to 1.28 g cm-3 at 10 min (Figure 25c), which are characteristic of an initial 

composition dominated by organic acids and smaller oligomers from the G2 products (Table 7), 

and increases throughout the experiment, consistent with increasing oligomerization. (NH4)2SO4 

particles with NH3 exhibit the highest density (1.60 g cm-3), similar as the measured GF. The 

density of 1.60 g cm-3 for the toluene-derived SOA is higher than that of common organics reported 

previously (1.4 g cm-3).57 Comparison of the chemical composition on the different seed particles 

reveals increased carboxylates from NH4HSO4, (NH4)2SO4 without NH3, (NH4)2SO4 with NH3, to 

NaCl seed particles, consistent with an increasing acid-base reaction. Additionally, the reaction 

between NaCl and organic acids yields sodium carboxylates and leads to evaporation of hydrogen 

chloride (HCl), explaining the largest carboxylate intensity on NaCl seed particles (Fig. 25d). 

Among the different types of seed particles, the intensities for oligomers and NCO reach the 

highest for (NH4)2SO4 particles with NH3 (Figure 25d). No NCO compounds are identified on 

NaCl seed particles in the absence of NH3. The density trends among the different seed particles 

are similar to that in oligomer intensity (Figure 25c,d), indicating an essential role of 

oligomerization in regulating the particle density. 
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Figure 25. Variation in SOA growth with seed particles. (a) Time-dependent growth for (NH4)2SO4 
particles in the presence (AS w/ NH3, blue) and absence (AS w/o NH3, purple) of 19 ppb NH3 and for 
NH4HSO4 (ABS, red) and NaCl (green) particles in the absence of NH3. (b) GF (black) and SSA (red) at 90 
mins of exposure. (c) SOA density for seed particles of (NH4)2SO4 in the presence (blue) and absence 
(purple) of 19 ppb NH3, ABS (red), and NaCl (green). The color legend is similar to that in (a). (d) Aerosol-
phase relative intensity (RI) for carboxylates (black), oligomers (green), and NCO (brown) on different 
seed particles. (e) GF (black) and SSA (red) at t = 90 min with varying NH3 concentrations between 0 and 
74 ppb. (f) Aerosol-phase relative intensities (RI) for carboxylates (black square), oligomers (green square), 
N-heterocycles (brown square) from α-dicarbonyls, oligomers (blue open square), and N-chains (brown 
open square) from γ-carbonyl with varying NH3 concentrations between 0 and 74 ppb. Initiation of 
photooxidation by ultraviolet light occurred at t = 0. The error bar denotes 1σ of 3 replicated measurements. 
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The dependences of the measured GF, SSA, and density on the different seed particles are 

explainable by the mechanisms leading to the formation of the observed aerosol-phase products 

(Figure 25d). Gas-particle conversion of organic acids from the G2/G3 products likely includes 

ionic dissociation to form carboxylates or acid-base reactions to form ammonium (sodium) 

carboxylates in the presence of NH3 (NaCl), as evident from the increasing carboxylate intensity 

(Figure 25d). On the other hand, di-carbonyls engage in oligomerization, which is mediated by 

carbenium ions.70 Protonation, hydration, and deprotonation of di-carbonyls produce carbenium 

ions and diols/tetrols, and subsequent nucleophilic addition to the carbenium cation by the negative 

hydroxyl O-atom of diols/tetrols or the negative N-atom of NH3 results in the formation of 

oligomers and NCO, respectively. While protonation is favored under acidic conditions, high 

proton concentration inhibits hydration and deprotonation to form diols/tetrols, resulting in most 

efficient oligomerization under moderate acidic condition, i.e., on (NH4)2SO4 particles with NH3. 

Also, oligomerization is likely promoted by an electric field on (NH4)2SO4, because of net charge 

separation from ion distributions at the interface.52 The interfacial electric field is strongly positive 

for (NH4)2SO4 solutions and is likely enhanced on sub-micrometer particles due to high ionic 

strength.68  A positive electric field exerts interfacial attraction to the carbonyl and carboxylic 

functional groups, which possess negatively charged characteristics. Hence, the most efficient 

nucleophilic addition involving the carbenium ions and the strongest interfacial attraction jointly 

explain the largest GF and highest intensities for oligomers and NCO on (NH4)2SO4 particles with 

NH3. Recent measurements of SOA and BrC formation from glyoxal and methylglyoxal showed 

that the formation of oligomers and NCOs occurs over a wide acidity range and is most efficient 

on (NH4)2SO4 particles with NH3, consistent with our present results.26 
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 We further examined the dependence of GF, SSA, and chemical composition on gaseous 

NH3 (Figure 25e). For (NH4)2SO4 particles, GF initially increases with NH3 but decreases when 

the NH3 concentration exceeds 19 ppb. On the other hand, SSA decreases with NH3 but increases 

slightly when the NH3 concentration exceeds 37 ppb. These dependences of GF and SSA on NH3 

reflect the competition in the formation between oligomers and NCO from α- and γ-dicarbonyls. 

NH3 is involved in the aerosol-phase reactions with dicarbonyls to form NCO and with organic 

acids to form ammonium carboxylates, responsible for the increasing GF and decreasing SSA with 

initially increasing NH3. However, an elevated NH3 concentration likely converts dicarbonyls to 

di-imine compounds, resulting in fewer carbonyl functional groups to form larger NCO. Small 

NCO is subjected to evaporation back to the gas-phase, leading to a reduced GF and slightly 

increased SSA at subsequently increasing NH3. Analysis of the particle composition confirms that 

NCO and carboxylates initially increase with NH3 but become invariant when NH3 exceeds 19 

ppb, while there are slightly decreasing oligomers when NH3 exceeds 19 ppb. We performed 

additional experiments by exposing NH4HSO4 and NaCl seed particles to toluene-OH oxidation 

products by varying NH3. For NH4HSO4 seed particles, addition of NH3 converts NH4HSO4 to 

(NH4)2SO4, resulting in similar GF as that of (NH4)2SO4 (Figure 26). For NaCl seed particles, GF 

increases considerably with NH3 and becomes independent on NH3 at a concentration exceeding 

19 ppb (Figure 27a), similar to the measured carboxylate intensity (Figure 27b). Also, the 

intensities for oligomer and NCO decrease and increase, respectively, with increasing NH3, 

consistent with the competition in the formation between oligomers and NCO (Figure 27b).  

 

 

 
 



 

68 
 
 

 

 
 
Figure 26. Size growth with NH3. Comparison of measured GF at t = 90 mins between NH4HSO4 (blue) 
and (NH4)2SO4 (red) seed particles exposed to toluene-OH oxidation products at varying NH3 
concentrations between 0 and 74 ppb. The error bar denotes 1σ of 3 repeated measurements. All 
experiments were carried out at 298 K and RH = 90%.  
 
 
 
 
 

 
 
Figure 27. Variations in size growth and composition with NH3. Measurements of GF and chemical 
compositions on NaCl seed particles exposed to toluene-OH oxidation products with varying NH3. (a) GF 
at t = 90 mi with varying NH3 concentrations between 0 and 74 ppb. (b) Particle-phase mass relative 
intensity (RI) for carboxylates (black), oligomers (green), and NCO (brown). The error bar denotes 1σ of 3 
repeated measurements. 
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Effects of RH and gaseous reactants 

We carried out additional experiments by varying RH from 10% to 90% (Figure 28). 

Comparison of the measured evolutions in GF, SSA, and density shows noticeable RH effects. At 

low RH (10%), the particle growth exhibits an elongated hysteresis, as evident from the evolution 

in the GF. Compared to 90% RH with a delay of ~5 min, the increase in GF only occurs after a 

hysteresis of 10-15 min at 10% RH (Figure 28a), relevant to delayed formation of later (i.e., G3) 

generation products. Specifically, the G2 products (i.e., dicarbonyls) mainly contribute to the 

particle growth via the formation of oligomers and NCOs at high RH, while the G3 products (i.e., 

as pyruvic acid and 4-oxo-2-pentenic acid) are mainly responsible for the particle growth via the 

formation of carboxylates at low RH. These multifunctional organic acids are produced from 

further oxidation of the G2 products, i.e., dicarbonyls, by OH radicals. In contrast to an initial 

decrease but subsequent increase in total density at 90% RH, the total density decreases 

monotonically at 10% RH (Figure 28b). The calculated density for the SOA materials increases 

slightly with reaction time at 10% RH, i.e., from 1.33 to 1.43 g cm-3, compared to a much larger 

increase from 1.28 to 1.60 g cm-3 at 90% RH (Figure 29). These differences in the particle density 

imply that condensable oxidized organics contributes distinctly to the particle growth under high 

and low RH conditions. Also, measured SSA at 90 min is equal to unity at 10% RH and decreases 

with increasing RH (Figure 28c), indicating that NCO formation is negligible at low RH and occurs 

only at high RH.  
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Figure 28. RH dependence of SOA formation. (a) Time-dependent growth at RH = 90% (red) and RH = 
10% (black) for (NH4)2SO4 seed particles with 19 ppb NH3. The insert displays an enlarged portion of the 
figure during the initial 15 min. (b) Time-dependent particle density at RH = 90% (red) and RH = 10% 
(black) for (NH4)2SO4 seed particles with 19 ppb NH3. (c) SSA with varying RH between 10% and 90% 
for (NH4)2SO4 seed particle with 19 ppb NH3. (d) GF (black circle) and aerosol-phase intensities of 
carboxylates (left column), oligomers (middle column), and NCO (right column) with varying RH between 
10% and 90%. The number corresponds to the percent contribution (%) to the total observed mass intensity. 
All experiments correspond to (NH4)2SO4 seed particles with 19 ppb NH3. Initiation of photooxidation by 
ultraviolet light occurred at t = 0. The error bar denotes the standard deviation of 3 repeated measurements. 
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Figure 29. Temporal evolution in SOA density. SOA density at RH = 90% (red) and 10% (black). All 
experiments were carried out on (NH4)2SO4 seed particles with 19 ppb NH3. Initiation of photooxidation 
by ultraviolet light occurred at t = 0. 
 

 

To gain further understanding on the cause for the variability in GF, SSA, and density, we 

performed measurements of the chemical composition at varying RH. At low RH (10%), 

carboxylates represent dominantly the aerosol-phase products (about 86%), while the 

contributions of oligomers, NCO, and LVO to the total SOA formation are estimated as 3%, 2%, 

and 9%, respectively (Table 12). With increasing RH from 10% to 90%, the contributions to the 

total SOA formation consecutively increase and decrease for oligomers/NCO and carboxylates, 

respectively, while the fraction for LVO is nearly invariant. These dependences of GF, SSA, and 

density on RH are relevant to the aerosol-phase chemistry to form carboxylates, oligomers, and 

NCO. For (NH4)2SO4 particles, the deliquescent and efflorescent points occur, respectively, at 80% 

and 36% RH.124 At low RH (10%), aqueous reactions to yield oligomers/NCO are considerably 

suppressed below the efflorescent point, attributable to hindered protonation, hydration, and 

deprotonation of di-carbonyls. Also, the measured gaseous concentrations of sub-ppb to a few ppb 

levels for organic acids are much smaller than their corresponding equilibrium vapor pressures 

(Table 13), rendering implausible gas-to-particle conversion by condensation alone. On the other 

hand, the equilibrium vapor pressures of organic acids are likely reduced in a multi-component 

system via the analogous Raoult’s Law. In addition, water molecules inevitably play a key role in 

stabilizing carboxylates in the aerosol-phase, because of its dominant abundance even at 10% RH, 
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i.e., with a gaseous concentration of 6  1016 molecules cm-3 or 3.3   103 ppm. Particles consisting 

of organic acids retain water even at very low RH (i.e., with a H2O mass fraction of 17% at 5% 

RH), which facilitates the formation of carboxylates via ionic dissociation or acid-base reactions 

below the efflorescent point. The equilibrium vapor pressures of hydroxyl toluene/benzoquinone 

are much lower than those for organic acids (Table 13), favoring efficient gas-to-particle 

conversion for LVOs.  

 
 
Table 12. Relative contributions of condensable oxidized organics with each type of 
functionality to SOA formation.  Experimental conditions: (NH4)2SO4 seed particles with 19 ppb 
NH3 and at 10% - 90% RH. 
 

 SOA Contribution (%) 

Functionality 
RH (%) 

10 50 70 90 
Di-carbonyls 3 19 22 26 
Di-carbonyls+NH3 2 14 20 26 
Carboxylates 86 58 49 40 
LVO 9 9 9 8 
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Table 13. Oxygen to carbon (O/C) ratio for identified SOA components and saturation vapor 
pressures (Ps) of condensable oxidized organics. 
 

Compound O/C ps (atm, 298 K) 

Oligomers   
Glyoxal 1 2.3 × 10-2 
Glyoxal dimers 1~1.75  
Glyoxal trimers 1~1.67  
Methylglyoxal 0.67 1.6 × 10-1 
Methylglyoxal dimers 0.67~1.17  
Methylglyoxal trimers 0.67~1.11  
Butenedial 0.5 7.9 × 10-4 
Butenedial dimers 0.5~0.87  
Methylbutenedial 0.4 3.9 × 10-4 
Methylbutenedial dimers 0.4~0.7  
Tricarbonyl 0.75 1.6 × 10-3 
Tricarbonyl dimers 0.75~0.9  
Epoxide 0.43  
NCO   
Glyoxal N-heterocycles 0~0.25  
Methylglyoxal N-heterocycles 0~0.17  
Butenedial N-heterochains 0~0.25  
Methylbutenedial N-heterochains 0~0.2  
Tricarbonyl N-heterocycles 0.2~0.4  
Epoxide N-heterochains 0~0.44  
Organic acids   
Benzoic acid 0.29 1.1 × 10-5 
4-Oxo-2-pentenoic acid 0.6 6.6 × 10-6 
Acetylpyruvic acid 0.8  
Pyruvic acid 1.2 6.1 × 10-4 
Glyoxylic acid 1.5 1.9 × 10-3 
Others 1.25  
Dihydroxy toluene 0.29  
Trihydroxy toluene 0.43 1.1 × 10-8 
2-Hydroxy-5-methylquinone 0.43 5.3 × 10-7 

 
 

Interestingly, the particle growth is weakly dependent on (slightly decreasing with) RH 

from 10% to 90% (Figure 28d).  Such a RH dependence is related to gas-particle conversion, 

aqueous reactions, and wall-loss of the oxidation products. Specifically, wall-loss of the precursors 

for oligomers, NCO, and carboxylates are more pronounced at high RH, as evident from the 

measured concentrations of the various condensable oxidized organics. Wall-loss is 1.3 to 4.3 
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times more efficient at 90% RH than at 10% RH, leading to reduced gaseous concentrations of the 

condensable oxidized organics at high RH (Table 14). The larger wall loss at higher RH is 

explained by increasing aqueous reactions of the condensable oxidized organics onto the Teflon 

chamber wall via oligomerization (for dicarbonyls) and ionic dissociation/acid-base reaction (for 

organic acids). Hence, the weak dependence of GF on RH is attributed to a canceling effect 

between increased aqueous reactions to form oligomers, NCO, and carboxylates but decreased 

gaseous concentrations of the condensable oxidized organics due to larger wall-loss at higher RH. 

At 10% RH, GF increases slightly (i.e., from 2.53 to 2.65) with NH3, and the GF increase correlates 

with increased carboxylates in the aerosol-phase (Figure 30). The GF increase with NH3 at low 

RH is smaller than that at high RH (Figures 26 and 27), indicating a hindered acid-base reaction. 

Furthermore, the evidence for the occurrence of oligomerization and acid-base reaction at low RH 

(10%) unambiguously indicates an indispensable role of H2O to form oligomers, NCO, and 

carboxylates (Figure 28d and Table 12), albeit to a lesser extent.  

 

 

Figure 30. Variations in size growth and composition with NH3. GF (a) and particle-phase mass relative 
intensity (RI) for carboxylates (b) on (NH4)2SO4 seed particles at varying NH3 concentrations between 0 
and 74 ppb and at RH = 10%. The error bar denotes 1σ of 3 repeated measurements. 
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Table 14. Comparison of measured gaseous concentrations of condensable oxidized organics 
form toluene-OH oxidation between 10% and 90% RH. 
 

m/z 
Average Concentration (ppb) Ratio (10% to 

90% RH) 10% RH 90% RH 
59 5.4 1.9 2.8 
73 3.2 0.9 3.4 
85 2.6 0.7 3.7 
89 3.6 0.9 4.0 
91 5.2 2.9 1.8 
99 9.6 3.1 3.1 
101 3.0 0.7 4.3 
107 6.5 4.2 1.5 
109 22.6 13.3 1.7 
111 5.9 3.1 1.9 
115 6.8 1.9 3.6 
123 2.0 0.9 2.2 
125 1.3 1 1.3 
127 2.5 1.3 1.9 
131 2.3 1.1 2.0 
139 2.3 0.9 2.5 
141 2.4 1.1 2.1 
155 0.7 0.2 3.2 
157 0.5 0.13 3.8 

 
 

The measured size growth of particles and the corresponding gas-phase concentrations of 

the condensable oxidized organics were employed to derive the uptake coefficient on ammonium 

sulfate in the presence of 19 ppb NH3 at 10% and 90% RH (Table 15). The  value for dicarbonyls 

is the highest at 90% RH (from 3 × 10-3 to 1.2 × 10-2) but is significantly reduced (from 3.4 × 10-4 

to 9.0 × 10-4) at 10% RH, while the  value for organic acids and LVOs is only slightly higher at 

higher RH (90%). The measured  appears to correlate with the acid dissociation constant (Ka) and 

solubility among the organic acids, i.e., being the highest for pyruvic acid and the lowest for 

benzoic acid. For comparison, our derived  values for glyoxal and methylglyoxal are consistent 

with those recently reported at 90% RH (within 20%).26 
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Table 15. Measured uptake coefficient (γ) for condensable oxidized organics on ammonium 
sulfate seed particles in the presence of ammonia. The uncertainty in the calculated  reflects 
the combined random errors in the measured five parameters, i.e., Do = initial diameter, Dp = 
final diameter after the exposure time of dt, N = the particle number concentration, S = average 
particle surface area, and [A] = average concentration of species A. FR = percent contributions to 
the particle-phase mass intensity. For each parameter, an uncertainty is estimated, corresponding 
to 1 of at least 3 measurements. 

Species 
Do 
(nm) 

Dp 
(nm) 

N   (cm-

3) 
S (10-5 cm2 

cm-3) 
[A] (ppb) FR γ (10-3) 

RH = 90%        

Glyoxal 100.0 256.0 15000 1.55 1.9 13% 8.3 ± 2.0 

Methylglyoxal  100.0 256.0 15000 1.55 0.9 10% 12 ± 2.8 

γ-Dicarbonyls 100.0 256.0 15000 1.55 3.1 10% 3.0 ± 0.6 

Benzoic acid 100.0 256.0 15000 1.55 0.9 0.9% 0.84 ± 0.11 

4-Oxo-2-
pentenoic acid 

100.0 256.0 15000 1.55 1.9 4.8% 2.2 ± 0.4 

Pyruvic acid 100.0 256.0 15000 1.55 0.9 2.6% 2.9 ± 0.3 

LVO 100.0 256.0 15000 1.55 1.2 8.0% 5.0 ± 1.5 

Nitrophenola 100.0 246.0 15000 1.46 1.4 3.1% 1.6 ± 0.3 

RH = 10%        

Glyoxal 100.0 260.0 15000 0.85 5.4 1.9% 0.75 ± 0.18 

Methylglyoxal  100.0 260.0 15000 0.85 3.2 1.5% 0.90 ± 0.20 

γ-Dicarbonyls 100.0 260.0 15000 0.85 9.6 2.0% 0.34 ± 0.07 

Benzoic acid 100.0 260.0 15000 0.85 2.0 1.1% 0.80 ± 0.14 

4-Oxo-2-
pentenoic acid 

100.0 260.0 15000 0.85 6.8 9.1% 2.0 ± 0.5 

Pyruvic acid 100.0 260.0 15000 0.85 3.6 5.3% 2.5 ± 0.4 

LVO 100.0 260.0 15000 0.85 2.9 9.4% 4.2 ± 1.5 

Nitrophenol* 100.0 253.5 15000 0.82 2.3 3.0% 1.6 ± 0.3 

a Measured in the presence of 100 ppb NOx 
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To evaluate the effects of NOx on SOA formation from toluene oxidation, we performed 

additional experiments using (NH4)2SO4 seed particles in the presence of NH3 by varying NOx 

concentrations from 0 to 300 ppb (Figure 31a-c). Measurements of the time-dependent gas-phase 

concentrations show the formation of three major nitrophenols from NO2 addition to the OH-

toluene adduct in the presence of NOx, i.e., 2-nitrophenol (m/z = 140), methyl nitrophenol (m/z = 

154), and dihydroxy nitrotoluene (m/z = 170) (Figure 31d). The evolution in the gas-phase 

concentrations clearly illustrates multi-generation production of nitrophenols. The concentrations 

of the first-generation nitrophenols (i.e., 2-nitrophenol and methyl nitrophenol) increase 

instantaneously upon initiation of photooxidation, while the second generation nitrophenol (i.e., 

dihydroxy nitrotoluene) appears with a significant delay of about 30 min. The decrease in the 

concentrations of 2-nitrophenol and methyl nitrophenol at longer reaction time (> 60 min) reflects 

their consumption to form dihydroxy nitrotoluene. The production of nitrophenols is much smaller 

than those for dicarbonyls and organic acids from toluene oxidation (Figures 20 and 31), consistent 

with a small yield of less than 7% under high-NOx conditions.110 Addition of 100 ppb NOx causes 

a slight decrease in the measured GF (at 90 min) compared to that without NOx in the RH range 

of 10-90% (Figure 31a). At a constant RH level (70%), the GF value decreases monotonically 

from 2.58 ± 0.04 to 2.40 ± 0.05 from 0 to 300 ppb NOx (Figure 31b). Analysis of the particle 

composition reveals that the decreasing size growth correlates with simultaneous decreases of 

carboxylates, oligomers, and NCOs but an increase of nitrophenols in the aerosol-phase (Figure 

31c). The contribution of nitrophenols to SOA formation is estimated to range from 3% to 6% and 

is the largest from methyl nitrophenol. The production of the gas-phase nitrophenols and their 

corresponding volatility decrease and increase, respectively, with increasing functionality, 

explaining the largest contribution to SOA formation from methyl nitrophenol. The effects of NOx 
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on toluene oxidation include the production of nitrophenols and the cycling between RO2 and 

alkoxy (RO) radicals, impacting the product distributions for the condensable oxidized organics. 

Specifically, the presence of NOx alters the competing RO2 reactions, and the formation of 

nitrophenols decreases the production of dicarbonyls and organic acids, as reflected by decreased 

oligomers, NCOs, and carboxylates in the aerosol-phase with increasing NOx.  

 

  

Figure 31. The effects of NOx on SOA formation from toluene oxidation. (a) Dependence of GF at 90 
min on RH for (NH4)2SO4 seed particles with 19 ppb NH3 in the presence/absence of NOx. (b) Dependence 
of GF at 90 min on the initial NOx concentration for (NH4)2SO4 seed particles with 19 ppb NH3 and at RH 
= 70%. (c) Aerosol-phase relative intensities (RI) for carboxylates (black), oligomers (green), NCO (brown), 
and nitrophenols (red) with varying initial NOx concentration for (NH4)2SO4 seed particles with 19 ppb NH3 
and at RH = 70%. (d) Time-dependent gas-phase concentrations of 2-nitrophenol (black), methyl 
nitrophenol (red), and dihydroxy nitrotoluene (blue). The numbers denote the mass to charge ratio (m/z). 
Initiation of photooxidation by ultraviolet light occurred at t = 0. The error bar denotes 1σ of 3 replicated 
measurements. 
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We further examined SOA growth by varying concentrations of the gaseous reactants, i.e., 

toluene and OH (Figure 32). The particle volume growth rate, defined by GRv = (D2
3 – D1

3)/(D0
3∆t) 

where D2 and D1 are the diameters after 30 and 10 min of exposure, increases with the 

concentrations of toluene (Figure 32a). Measurements of the chemical compositions show 

increased carboxylates, oligomers, and NCOs with increasing toluene concentrations (Figure 

S10b), consistent with increasing production of condensable oxidized organics to contribute to 

increasing particle growth. Similarly, there is increased SOA formation, when OH concentration 

is increased by a factor of up to 6 (Figure 32c). The measured oligomers and NCO increase initially 

but then decrease with increasing OH, while there is a monotonic increase for carboxylates (Figure 

32d). While increasing photochemical oxidation generally favors the production of condensable 

oxidized organics, an excessive OH level oxidizes gaseous dicarbonyls to organic acids to shift 

oligomerization to carboxylate formation, impacting multi-generational SOA formation. The 

trends in the aerosol-phase carboxylates, oligomers, and NCOs with OH are attributed to an 

increased formation of organic acids at the expense of dicarbonyls because of multi-generational 

photooxidation (Figure 32d).  
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Figure 32. Variations in particle growth with reactants. Particle growth under different concentrations 
of toluene and OH. (a) Particle volume growth rate (defined as GRv = (D2

3 – D1
3) / (D0

3∆t), where D2 and 
D1, are the diameter of dry particles after 30 min and 10 min of exposure, respectively. ∆t = 20 min is the 
time duration) with initial toluene concentration from 1.1 to 11.4 ppm. (b) Particle-phase mass intensity (RI) 
for carboxylates (black), oligomers (green), and NCO (brown) with initial toluene concentration from 1.1 
to 11.4 ppm. The OH concentration in (a) and (b) is 2.7 × 106 molecules cm-3. (c) Measured GRV with OH 
concentration from 0.9 × 106 to 5.4 × 106 molecules cm-3. (d) Particle-phase mass intensity for carboxylates 
(black), oligomers (green), and NCO (brown) with varying OH concentrations from 0.9 × 106 to 5.4 × 106 
molecules cm-3. The initial toluene concentration in (c) and (d) is 6.6 ppm. The error bar denotes 1σ of 3 
repeated measurements. 

 

 

Linking multi-generation oxidation to SOA formation 

The experimental methodology developed here allows for differentiation of the 

contributions of multi-generation products from VOC oxidation to SOA formation. By 

simultaneously monitoring the concentrations of gaseous products and particle properties (i.e., 

size, density, optical properties, and chemical composition), we elucidate the chemical 

mechanisms for multi-generation SOA production from toluene-OH oxidation (Figure 33). 

Exposure to the oxidation products results in rapid size growth and browning of seed particles 
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(Figures 20e,f and 25a,b). Two major types of condensable oxidized organics consisting of the di-

carbonyl and carboxylic functional groups are identified from toluene oxidation, along with a small 

amount of LVOs (Figures 20h, 25d,f, and 28d and Table 8). The dominant contribution of 

oligomers, NCOs, and carboxylates to SOA formation is verified from the evolutions in GF, SSA, 

and density as well as from direct measurements of the aerosol-phase compositions (Figures 20 

and 25). In particular, measurements of SSA and density provide further insight into chemical 

speciation of condensable oxidized organics relevant to BrC and SOA formation. 

 

 

Figure 33. Multi-generation SOA and BrC formation from toluene-OH oxidation. The letters G1, G2, 
and G3 denote the sequence of reactions with OH. The red arrows connect the sites for nucleophilic 
addition, and the blue arrow labels the electric field arising from interfacial charge separation between NH4

+ 
and SO4

2-, which exerts attraction to the negatively charged O-atom (marked by red) of dicarbonyls and 
organic acids.   
 

 

Multi-generation photooxidation is clearly illustrated from the temporally resolved 

evolution in gaseous and aerosol-phase products. There exist multiple unimolecular (i.e., 

isomerization and ring-opening) and bimolecular (i.e., with OH and O2) reactions leading to 

condensable oxidized organics (Figure 21). Typically, unimolecular reactions occur on much 
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shorter timescales than bimolecular reactions, and bimolecular reactions with O2 are faster than 

those with OH, because of high O2 abundance.106–108 Our results demonstrate prompt SOA and 

BrC formation from the G2 (two OH reaction steps) and G3 (three OH reaction steps) products, 

along with one-two additional steps of reactions with O2. Also, our results show negligible 

contribution to SOA formation for HOMs, which are proposed from multi-generation oxidation, 

i.e., involving three-four OH and two-four O2 reaction sequences.112 Specifically, we detected no 

measurable signals associated with HOMs both in the gas and aerosol-phases. The formation of 

primary RO2 from initial OH addition to the aromatic ring is thermodynamically and kinetically 

unfavorable,109 consistent with the large yield of cresols detected by ID-CIMS in our experiments 

(Figure 20b). The dominant formation of cresols but negligible formation of primary RO2 explain 

a small yield for HOMs from toluene oxidation, which are proposed to be produced from 

autoxidation of RO2 via intramolecular rearrangement. 

Our experiments show that the condensable oxidized organics with different functionalities 

contribute distinctly to SOA formation. While organic acids from the G2/G3 products engage in 

ionic dissociation or acid-base reactions to yield carboxylates, di-carbonyls from the G2 products 

undergo aqueous reactions to form oligomers and NCOs. Gas-particle conversion for organic acids 

occurs over a wide RH range (i.e., from 10 to 90%), though to a lesser extent at low RH. 

Condensation of organic acids is implausible because of their high equilibrium vapor pressures 

(Table 13), and the occurrence of gas-particle conversion implicates a critical role of H2O in 

stabilizing organic acids,122 by facilitating carboxylate formation. Formation of oligomers and 

NCO from dicarbonyls takes place efficiently above the efflorescent point at high RH, 

corroborating an aqueous mechanism involving carbenium ion-mediated and interfacial electric 

field-enhanced oligomerization to form oligomers and NCOs. Such a mechanism also explains 
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inefficient formation of oligomers and NCOs at low RH, because of significantly inhibited 

protonation, hydration, and deprotonation of dicarbonyls.  

The conventional view for SOA formation is that multi-generation photooxidation of 

VOCs yields products with successively decreasing volatility. The extent of VOC oxidation is 

commonly expressed by the O/C ratio, which is also correlated to the volatility of the products. 

For example, HOMs, which likely consist of a range of chemical functional groups such as 

peroxides, hydroperoxides, and peroxycarboxylic acids with a high O/C ratio (close to unity), are 

believed to possess sufficiently-low volatility and to represent an important category of oxidation 

products for SOA formation.111–113 From chemical composition measurements using TD-ID-

CIMS, we determined the O/C ratio for the SOA components consisting of carboxylates, 

oligomers, NCOs, and LVO, which varies between 0 and 1.75 (Table 13). Notably, there is little 

correlation between the O/C ratio and SOA contribution for the abundance of aerosol-phase 

products (normalized by their gaseous concentrations), with a correlation coefficient of R2 = 0.015 

(Figure 34a). Also, the volatility of organic acids and dicarbonyls is sufficiently high to preclude 

condensation (Table 13). Similarly, there exists no correlation between the equilibrium vapor 

pressure and SOA formation for the condensable oxidized organics (i.e., dicarbonyls, organic 

acids, and LVO), with a correlation coefficient of R2 = 0.052 (Figure 34b). Hence, neither the O/C 

ratio of the SOA components nor the equilibrium vapor pressure of the condensable oxidized 

organics accurately reflects SOA formation from toluene oxidation.  
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Figure 34. SOA formations versus O/C ratio and volatility. Correlation of the particle-phase mass 
intensity (RI) of identified SOA components normalized by the gaseous concentrations of the condensable 
oxidized organic to the oxygen-carbon (O/C) ratio (a) and the saturation vapor pressure at 298K (b). The 
experiments were performed on (NH4)2SO4 seed particles with 19 ppb NH3 at RH = 90%, similar to Figure 
1h. The red solid line represents linear fitting through the data. 
 

 

Atmospheric Implications 

In our work, the OH concentration is comparable to the ambient level, while the toluene 

concentration is much higher than those of urban conditions, which range widely from sub ppb to 

several hundred ppb.104,105 Production of the condensable oxidized organics in the atmosphere is 

dependent on the types/abundances of VOCs as well as the extent of oxidation (i.e., the intensity 

of solar radiation and the reaction time). A latest experimental work showed up to 70% of SOA 

formation by oligomeric products from the OH-initiated oxidation of trimethylbezene (at 90% 

RH),26 which has a molar yield of 90% for methylglyoxal. Our experimental results provide 

plausible explanation for large SOA formation under polluted environments.92 Recent 

measurements revealed that the hygroscopicity for the SOA component resembles those of organic 

acids, alkylammonium carboxylates, and ammonium carboxylates on clean days with low RH but 

those of glyoxal and methylglyoxal oligomers on polluted days with high RH,125 consistent with 

our observed trends for the contributions of organic acids and oligomers/NCOs to SOA formation 
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at low and high RH conditions, respectively. Another recent study suggested a dominant role of 

uptake of gas-phase oxidation products in SOA formation in Beijing, which is attributable to non‐

equilibrium dissolution of simple carbonyls and organic acids and increases with RH.126 Since the 

aerosol physiochemical properties (i.e., size, mass, density, light absorbing/scattering, etc.) are 

dependent on RH, the change in the aerosol properties from field measurements is typically 

referenced to dry particles at low RH.29,92 For example, measurements of the mass concentration 

for fine particulate matter (size smaller than 2.5 m or PM2.5) are conducted after 48-h 

equilibration of sample filters below 35-45% RH in an air-conditioned setting.68 Drying of aerosols 

inevitably leads to evaporation of volatile and water-soluble species. Hence, SOA formation or 

growth in field studies is dominantly contributed by non-volatile aerosol-phase products, similar 

to our present work. 

In summary, we show that dicarbonyls and organic acids contribute dominantly to SOA 

and BrC formation from toluene oxidation, because of their prompt production and large yields. 

The functionality of the condensable oxidized organics largely regulates their participation in 

aerosol-phase reactions, i.e., ionic dissociation or acid-base reaction for organic acids to form the 

carboxylates and oligomerization for dicarbonyls to form oligomers/NCO. Our findings of SOA 

formation from toluene oxidation reconcile atmospheric measurements of explosive SOA growth 

under polluted urban conditions and underscore the importance for understanding multi-generation 

production of condensable oxidized organics and the relationship between the functionality and 

aerosol-phase reactivity. Future studies are necessary to identify and quantify condensable 

oxidized organics from photooxidation of different VOC types, including the production from 

gaseous oxidation, relationship between functionality and reactivity in the aerosol-phase, and 

contributions to SOA and BrC formation. In addition, our results corroborate that the synergetic 
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interaction between toluene oxidation and NH3 contributes to BrC formation, which impacts the 

radiative transfer in the atmosphere. The optical properties of ambient BrC aerosols are dependent 

on the abundance of the precursor gases, the timescale and extent of their photooxidation, 

production of NCOs, and the mixing state among various aerosol ingredients. 
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CHAPTER IV 

FUNCTIONALITY-BASED SECONDARY ORGANIC AEROSOL FORMATION FROM M-

XYLENE PHOTOOXIDATION 

 

Introduction 

Aromatic hydrocarbons (e.g., benzene, toluene, xylenes, and trimethylbenzene) account 

for 20-30% of the total VOCs in urban atmosphere and are considered as the major 

anthropogenic SOA precursors.29,104,105 m-Xylene is an important constitution of aromatic 

hydrocarbons, with its mean concentration up to 140.8 µg m−3 in the urban atmosphere.127 The 

photooxidation of m-xylene is typically initiated by the OH, with a rate constant of 2.4 × 10-11
 

cm3 molecule-1 s-1 and nearly four times higher than that of toluene.128 Traditionally, SOA 

formation from m-xylene is considered to be from the gas-particle partitioning of semi-volatile 

and intermediate volatility products from photooxidation.129 Also, autoxidation chain reaction of 

RO2 from aromatics photooxidation likely yields HOMs with low volatility and a high O/C. 

However, the reported yield for HOMs from xylene oxidation is small (1.0% to 1.7%).111 On the 

other hand, some key oxidation products of m-xylene were found to be involved in multiphase 

reactions and contribute to SOA formation.70 Recently, an experimental study showed that SOA 

formation from toluene photooxidation is mainly contributed by volatile dicarbonyls and low-

volatility organic acids due to their unique functionalities and aerosol-phase reactivities. A series 

of studies found that O-H, C=O, C-O-C, and C-OH were the main functional groups in aromatic-

derived SOA using a Fourier-transform infrared spectrometer (FTIR), indicating a dominant 

contribution of SOA by dicarbonyls and carboxylic acid via aqueous reactions.130,131 In these 

studies, the intensities for the functional groups of aqueous reaction products increased with 
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increasing RH. Another study found that the SOA yield from m-xylene-OH oxidation decrease 

significantly (from 14% to 0.8%) with increasing RH (from 14% to 74%) but intensity for C-O-C 

group of oligomers on FTIR was higher at high RH.132 Currently, aerosol-phase reactions of 

VOC oxidation products are parameterized by assuming certain branching ratios for 

functionalization/fragmentation in atmospheric models.133,134 However, previous studies have 

been unable to assess the temporal evolution of SOA production from m-xylene oxidation.113,114 

The volatility-based partitioning approach has yet to explain explosive secondary aerosol growth 

observed under polluted urban conditions.92  

In this work, we investigate the contribution of condensable oxidized organics with 

different functionalities to SOA formation from m-xylene oxidation. Monodispersed sub 

micrometer seed particles were exposed to m-xylene-OH oxidation products, and evolutions of 

the gaseous products and aerosol properties were simultaneously measured. Furthermore, a 

functionality-based approach to assess the SOA formation from m-xylene photooxidation is 

identified. 

 

Experimental 

 A 1 m3 environmental chamber (Teflon® PFA) with eighteen black light lamps (18 × 

30W, F30T8/350BL, Sylvania) was used in our experiments, same with that in Chapter III. 

Briefly, seed particles were exposed to the oxidation products from OH-m-xylene reactions in the 

reaction chamber. Photooxidation of toluene was initiated by turning on the black light lamps, 

when OH radicals were produced from photolysis of H2O2. The initial concentration for m-

xylene and the steady-state concentration for OH were estimated to be 1.9 ppm and 2.1 × 106 

molecules cm-3, respectively. A water bubbler at a temperature of 30℃ was used to humidify the 
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chamber from 10% to 90% RH, and all experiments were performed at 298 K. A 5-slpm N2 flow 

was used to atomize 0.06 M solution of ammonium sulfate - (NH4)2SO4, ammonium bisulfate - 

NH4HSO4, and sodium chloride - NaCl to produce mono-dispersed seed particles. Seed particles 

were dried to RH of ∼2% by a Nafion drier, charged by a bipolar charger, and analyzed by an 

integrated aerosol analytical system. Seed particles with an initial size of 100 nm were size-

selected by a DMA with an initial particle concentration of 1.5 × 104 cm-3 measured by a CPC. 

The three different types of seed particles, i.e., (NH4)2SO4, NH4HSO4, and NaCl, were selected 

to represent distinct particle acidity and interfacial electric fields.52 The particle size growth, 

density, light scattering/absorption were simultaneously and continuously monitored, after 

monodispersed seed particles were exposed to the products of m-xylene-OH oxidation in the 

reaction chamber. The particle size increase was quantified by a growth factor, GF, which is 

defined by Dp/D0, where Dp is the diameter after exposure and Do = 100 nm is the initial diameter 

measured by DMA. Note both Dp and D0 correspond to the dry particle diameter measured after 

passing through a Nafion Gas Dryer. An APM Analyzer was used to derive the particle density. 

An ID-CIMS and a TD-ID-CIMS using H3O+ analyzed and quantified gases and particle-phase 

chemical composition, respectively. An integrating nephelometer and a cavity ring-down 

spectrometer were employed to measure bsca and bext coefficients at 532 nm, respectively. The 

babs was determined from (bext − bsca), and the SSA was calculated from bsca/bext. Measurements 

of gaseous concentrations of the oxidation products and aerosol properties (i.e., GF, SSA, 

density, and chemical composition) were made simultaneously throughout the experiments. 

While the gaseous concentrations of the oxidation products, GF, SSA, and density were 

temporally resolved in our experiments, the particle chemical composition was analyzed after 

seed particles were exposed for 20 mins to toluene photooxidation and collected for 2 additional 
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hours by TD-ID-CIMS, reflecting an overall aerosol chemical makeup during an experiment. To 

assess the effects of different seed particles, RH, and NH3 on SOA and BrC formation, we 

compared the measured GF and SSA values after 90-min exposure to the OH-m-xylene 

oxidation. 

 Wall loss estimation, SOA density, and uptake coefficient calculations are similar to 

those described in Chapter III. 

 

SOA yield calculation 

SOA yield is calculated by, 

 𝑌 =
∆𝑀

∆𝑀
 (17) 

where ∆𝑀  and ∆𝑀  are the mass of SOA formed and VOC consumed till 120 min, 

respectively. ∆𝑀  is calculated by the mass growth of the particles, 

 ∆𝑀 =
𝜋 𝐷 − 𝐷 𝜌𝑁

6
 (18) 

where 𝑁 =
  

= 11250 cm  is the average particle number concentration, 

∆𝑀  is measured by the ID-CIMS. 

 

Kinetic Branching Ratio 

The kinetic branching ratio for m-xylene oxidation products with AS seed particle and 19 

ppb NH3 at 70% RH is calculated by, 

 BR =
𝑇

𝑇 + 𝑇 + 𝑇
 (19) 
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where i = 1, 2, or 3, T1, T2, and T3 denote the first-order rate constant for wall loss (= kw), 

reactive uptake (= 𝛾𝑐̅𝑆), and OH oxidation (=𝑘 [OH] ). 

 

Results and Discussion 

Multi-generation SOA formation 

To evaluate the SOA formation from the oxidation products of m-xylene, we first 

measured the time-dependent concentrations of condensable oxidized organics in the gas-phase 

using an ID-CIMS. The formation of the gas-phase products follows the sequence of oxidation 

by OH with three major generations (Figure 35a and Figure 36). The first-generation products 

(P1) include dimeththylphenol (m/z = 123) and methylbenzaldehyde (m/z = 121), which are 

produced from OH addition to the aromatic ring (~96%) and hydrogen extraction (~4%) from the 

methyl group, respectively.135 The concentrations of P1 ascend immediately upon the initiation 

of photooxidation by ultraviolet light, reaching peak mixing ratios of 20 ppb for 

dimeththylphenol and 8.8 ppb for methylbenzaldehyde (Figure 35b). The concentrations of P1 

start to decrease after 70 min to 100 min, which reflects the conversion of P1 to later generation 

products as well as the loss to the chamber wall. The second-generation products (P2) consist of 

methylglyoxal (m/z = 73), methylbutenedial (m/z = 99), toluic acid (m/z = 137), epoxide, and 

dimethylresorcinol (Figure 35c and Figure 36), which are produced from the subsequent 

reactions of the P1 with OH/HO2. The concentrations of P2 rise after those of P1, with peak 

mixing ratios ranging from 0.4 to 4 ppb (Figure 35c and Figure 37). The concentration of toluic 

acid rises later than those of dicarbonyls due to the slower rates for OH reacting with side chain 

than addition to the aromatic ring. The third-generation products (P3) contain mainly multi-

functional organic acids, including pyruvic acid (m/z = 89), 4-oxo-2-pentenic acid (m/z = 115), 
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and 3-methyl-4-oxo-2-pentenoic acid (m/z = 129), which are formed from the reactions of the P2 

with OH. The concentrations of P3 increase monotonically after delays of around 10 min and 

reach mixing ratios ranging from sub-ppb to 4 ppb at t = 120 min (Figure 1d). On the other hand, 

the concentration of m-xylene shows a continuous and exponential decay throughout the 

experiments from  1.94 to 1.36 ppm, and the steady-state concentration of OH is calculated to be 

2.1 × 106 molecules cm-3 (Figure 38). 

 

 

Figure 35. Temporal evolution of gaseous products. (a) Three-generation oxidation products (P1, P2, 
and P3) of m-xylene-OH photooxidation. The numbers denote the mass to charge ratio (m/z). (b-d) Time-
dependent gas-phase concentrations of P1 (b), P2 (c), and P3 (d) oxidation products. All experiments 
were carried out for (NH4)2SO4 seed particles with 19 ppb NH3 at 298 K and RH = 70%. 
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Figure 36. Multi-generation products from m-xylene-OH photooxidation. The letters of P1, P2, and 
P3 denote the products of first, second, and third generation of reactions with OH, respectively. The 
numbers denote the mass to charge ratio (m/z). 

 

 

Figure 37. Temporal evolutions of P2 (a) and P3 (b) concentrations from m-xylene oxidation. The 
experiments were carried out on (NH4)2SO4 seed particles with 19 ppb NH3 and at 298 K and RH = 90%. 
Initiation of photooxidation by ultraviolet light occurred at t = 0. 
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Figure 38. Temporal evolutions of m-xylene under photooxidation. The red solid line corresponds to 
exponential fitting of the m-xylene concentration. The initial concentration for m-xylene and the steady-
state concentration for OH were 1.9 ppm and 2.1 × 106 molecules cm-3, respectively, with a bimolecular 
rate constant of 2.4 × 10-11 cm3 molecule-1 s-1. The experiments were carried out on (NH4)2SO4 seed 
particles with 19 ppb NH3 and at 298 K and RH = 90%. Initiation of photooxidation by ultraviolet light 
occurred at t = 0. 

 

 

Furthermore, we measured time-dependent GF, SSA, and density of (NH4)2SO4 seed 

particles when exposed to m-xylene-OH oxidation products in the presence of 19 ppb NH3 

(Figure 39a-c). The size growth factor, GF, increases monotonically upon initiation of 

photooxidation and reaches 2.41 at t = 120 min (Figure 39a). The measurement of SSA shows a 

steady decline throughout the exposure and reaches (0.91 ± 0.01) at t = 120 min (Figure 39b), 

indicating the production of BrC. The total density decreases from 1.77 g cm-3 to 1.53 g cm-3 

within the initial 10 min (with a corresponding GF of 1.24) and then increases steadily to 1.7 g 

cm-3 at t = 120 min. We derived the density for the SOA components on (NH4)2SO4 particles, 

which increases from 1.28 g cm-3 at t = 10 min to 1.55 g cm-3 at t = 120 min (Figure 39c). This 

density for m-xylene-derived SOA is higher than that of common organics reported previously 

(1.4 g cm-3).136  The evolution in density clearly reflects variation in the chemical composition 

during particle growth, because of distinct material densities for the condensable oxidized 

organics from P2/P3 as well as the particle-phase oligomeric products. For example, the densities 
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of toluic acid, monomers of glyoxal and methylglyoxal, and imidazoles are 1.06, 1.05-1.27, and 

1.03-1.23 g cm-3, respectively, while the densities for the oligomers of glyoxal and 

methylglyoxal reach 1.71-1.90 g cm-3 (Table 7). The initial decline in the total density 

corresponds to a chemical composition dominated by organic acids and smaller oligomers from 

the P2, while the continuous increase in the SOA density is characteristic of increasing aqueous-

phase reactions to yield larger oligomeric products (Figure 39d). In addition, the evolutions in 

the measured GF and density correlate closely with those of the P2 (including toluic acid and 

dicarbonyls) (Fig. 35c and Fig. 39a-c), confirming their contributions to the initial decline in the 

total particle density. 

 

Figure 39. Multigeneration SOA formation from m-xylene photooxidation. (a-c) Time-dependent 
growth factor (GF = Dp/D0, a), single scattering albedo (SSA, b), and densities (c, black solid line) of seed 
particles exposed to toluene oxidation products. The dashed line in (c) displays the calculated density for 
the SOA materials. (d) Chemical speciation of particle-phase products by TD-ID-CIMS. All experiments 
were carried out for (NH4)2SO4 seed particles with 19 ppb NH3 at 298 K and RH = 90%. 
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To further unravel the identity of the condensable oxidized organics responsible for the 

measured GF, SSA, and density, we analyzed the chemical compositions by collecting particles 

after 20-min exposure to m-xylene-OH oxidation using TD-ID-CIMS (Figure 39d). The 

composition measurements reveal the dominant abundances of three functional groups in the 

particle-phase, i.e., carboxylates, oligomers, and NCO, along with a small amount of LVO 

including dimethylresorcinol/benzoquinone. While the volatile P2 (i.e., α-dicarbonyls and γ-

dicarbonyls) undergo particle-phase reactions to form oligomers (Figure 23), the P2/P3 (e.g., 

organic acids, epoxide, and dimethylresorcinol) engage in gas-particle partitioning or acid-base 

reaction to form carboxylates. In addition, α-dicarbonyls and γ-dicarbonyls react with NH3 to 

yield NCO, including nitrogen-heterocycles and nitrogen-heterochains (Figure 24), which are 

light-absorbing BrC. Our measured SSA (0.91 at t = 120 min) is lower than another study of 

toluene-derived SOA, showing a decrease of SSA from 1 to 0.94 within 180 min of in the 

presence of NH3. This is explained by the higher yield of methylglyoxal from m-xylene 

photooxidation (52%) than that of toluene (21%),137 and methylglyoxal has been found to 

produce BrC more efficiently via aqueous reaction than glyoxal.51 Assuming comparable 

sensitivity to proton-transfer reactions for the particle-phase organics,123 we estimated the 

contributions of oligomers, NCO, carboxylates, and LVO to the total SOA formation from the 

measured mass intensities, with the values of 22%, 23%, 47%, and 8%, respectively (Table 16).  
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Table 16. The percent contributions of condensable organic species from m-xylene-OH 
oxidation to the particle-phase mass intensity. GL: glyoxal, MG: methylglyoxal, GL+MG: 
cross-reaction of glyoxal and methylglyoxal. Note that the cross-reaction products of γ-
carbonyls/tricarbonyls with α-dicarbonyls are summed into the contribution of γ-
carbonyls/tricarbonyls. The experiments were carried on (NH4)2SO4 seed particle with 19 ppb of 
NH3. 
 

Condensable 
oxidized organics 

Contribution 

  Oligomerization NCO formation Total 
GL 3% 3% 6% 
MG 10% 12% 22% 
γ-dicarbonyls 7% 8% 15% 
epoxide 2% 0.3% 2% 
Carboxylates   47% 
LVO   8% 

 
 
 
 

Effects of Seed Particles and NH3 Concentration 

Among the different seed particles, (NH4)2SO4 in the presence of NH3 exhibits the largest 

GF and lowest SSA at t = 120 min (Figure 40a), because of efficient oligomer and NCO production. 

The dependences of the measured GF, SSA, and density on the different seed particles are 

explainable by the mechanisms leading to the formation of the observed particle-phase products 

(Figure 40d). Di-carbonyls engage in oligomerization, which is mediated by carbenium ions.70 

Protonation, hydration, and deprotonation of di-carbonyls produce carbenium ions and diols/tetrols, 

and subsequent nucleophilic addition to the carbenium cation by the negative hydroxyl O-atom of 

diols/tetrols or the negative N-atom of NH3 results in the formation of oligomers and NCO, 

respectively. While carbenium ion formation is favored under acidic conditions, high proton 

concentration inhibits hydration and deprotonation to form diols/tetrols, resulting in most efficient 

oligomerization under moderate acidic condition (i.e., on (NH4)2SO4 particles with NH3). Also, 

oligomerization is likely promoted by an electric field on (NH4)2SO4, because of net charge 
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separation from ion distributions at the interface.52 The interfacial electric field is positive and the 

strongest for (NH4)2SO4 solutions and is likely enhanced on sub-micrometer particles due to high 

ionic strength.  A positive electric field exerts interfacial attraction to the carbonyl and carboxylic 

functional groups, which possess negatively charged characteristics.52 Hence, the most efficient 

nucleophilic addition involving the carbenium ions and the strongest interfacial attraction jointly 

explain the largest GF and highest intensities for oligomers and NCO on (NH4)2SO4 particles with 

NH3. Recent measurements of SOA and BrC formation from glyoxal and methylglyoxal showed 

that the formation of oligomers and NCOs occurs over a wide acidity range,26 consistent with our 

present results. On the other hand, gas-particle partitioning of organic acids likely includes ionic 

dissociation to form carboxylates or acid-base reactions to form ammonium/sodium carboxylates 

in the presence of NH3/NaCl, as evident from the increasing carboxylate intensity. 
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Figure 40. Variation in SOA growth with seed particles and NH3 concentration. (a) GF (black) and 
SSA (red) at 90 mins of exposure for (NH4)2SO4 particles in the presence (AS w/ NH3) and absence (AS 
w/o NH3) of 19 ppb NH3 and for NH4HSO4 (ABS) and NaCl particles in the absence of NH3. (b,c) growth 
factor (b) and SSA (c) at t = 120 min with varying NH3 concentration between 0 and 27 ppb for AS (red), 
ABS (green), and NaCl (blue) seed particles. (d-f) Particle-phase mass relative intensity (RI) for NCO (red), 
oligomers (green), and carboxylates (blue) on AS (d), ABS (e), and NaCl (f) seed particles. The error bar 
denotes 1σ of 3 replicated measurements. 
 

 

 
Table 17. SOA mass yield (%) from m-xylene-OH oxidation. 

NH3 (ppb) RH (%) 
Aerosol mass yield (%) 

AS ABS NaCl 
0 70 3.6 2.4 3.2 

9.5 70 4.2 2.8 3.9 
19 10 10.7 6.6 15.7 
19 30 6.5 4.9 7.2 
19 50 6.5 4 5.7 
19 70 4.8 3.5 4.5 

28.5 70 4.8 4.2 4.8 
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We further examined the dependence of GF, SSA, and chemical composition on gaseous 

NH3 (Figure 40b-f). For all three types of seed particles, GF increases while SSA decreases with 

NH3 concentration from 0 to 27 ppb (Figure 40b,c). These dependences of GF and SSA on NH3 

are explained by aqueous reactions of NH3 with dicarbonyls to form NCO and with organic acids 

to form ammonium carboxylates. The calculated SOA mass yields at 70% RH increase from 3.6% 

to 4.8% for AS, from 2.4% to 4.2% for ABS, and 3.2% to 4.8% for NaCl with increasing NH3 

concentration from 0 to 28.5 ppb. Analysis of the particle composition confirms that oligomers, 

NCO and carboxylates increase with NH3 (Figure 40d-f).  For AS and ABS, gaseous NH3 increase 

the pH of seed particles by shifting the equilibrium NH3 (g) ↔ NH3∙H2O (aq) ↔ NH4
+ (aq) + OH- 

(aq) to the right side, which results in weakly acid solution favoring oligomerization (Figure 40 

d,e). In addition, NH3 involves in the aqueous reaction with dicarbonyls to form NCO, which 

further increase the SOA yield and light absorption. On the other hand, increasing NH3 

significantly increases the carboxylate formation on NaCl particles due to the reaction between 

carboxylic acid with NH3∙H2O under alkaline condition (Figure 40f). 

 

Effects of RH 

Since RH is one of the most significant physical parameters affecting SOA formation 

especially multiphase reactions, we carried out additional experiments by varying RH from 10% 

to 70% (Figure 41). Comparison of the measured evolutions in GF, particle-phase  composition, 

SSA, and density shows noticeable RH effects. The particle growth factor decreases with increasing 

RH from (3.10 ± 0.06) at RH = 10% to (2.41 ± 0.03) at RH = 70% (Figure 41a). The impact of RH 

on SOA formation is further depicted by the calculated SOA yields (Table 17). SOA mass yield 
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decreases from 10.7% to 4.8% for AS, 6.6% to 3.5% for ABS, 15.7% to 4.5% for NaCl with 

increasing RH from 10% to 70% in the presence of 19 ppb NH3. The decreasing SOA yield at 

increasing RH is consistent with previous studies showing that SOA yield decreases from 16.5% 

to 3.2% with increasing RH from 14% to 79%.132  For the particle-phase chemical composition, 

carboxylates represent the dominant particle-phase products (85% to 47%), while the contributions 

of oligomers and NCO become significant under high RH (Figure 41a). With increasing RH from 

10% to 70%, the contributions to the total SOA formation consecutively increase and decrease for 

oligomers/NCO and carboxylates, respectively, while the fraction for LVO is nearly invariant 

(Table 18). Such a RH dependence is related to gas-particle partitioning, aqueous reactions, and 

wall-loss of the oxidation products. For (NH4)2SO4 particles, the deliquescent and efflorescent 

points occur, respectively, at 80% and 36% RH.1 At low RH (10% and 30%), aqueous reactions 

to yield oligomers/NCO are considerably suppressed below the efflorescent point, attributable to 

hindered protonation, hydration, and deprotonation of di-carbonyls. On the other hand, particles 

consisting of organic acids retain water even at very low RH,138 which facilitates the formation of 

carboxylates via ionic dissociation or acid-base reactions below the efflorescent point. The 

equilibrium vapor pressures for LVOs are much lower than those for organic acids (Table 13), 

indicating efficient condensation for LVOs. Additionally, wall-loss of the precursors for oligomers, 

NCO, and carboxylates are more pronounced at high RH, as evident from the measured 

concentrations of the various condensable oxidized organics. Wall-loss is 1.3 to 4.3 times more 

efficient at 90% RH than at 10% RH, leading to reduced gaseous concentrations of the condensable 

oxidized organics at high RH (Table 14). The larger wall loss at higher RH is explained by 

increasing aqueous reactions of reactive gases onto the Teflon chamber wall via oligomerization 
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(for dicarbonyls) and acid-base reaction (for organic acids). As a result, the measured GF decreases 

with increasing RH. 

 
Table 18. Relative contributions of condensable oxidized organics to SOA formation on 
(NH4)2SO4 seed particles with 19 ppb NH3 and at 10% - 70% RH. 
 

 SOA Contribution (%) 

Functionality 
RH (%) 

10 30 50 70 
Di-carbonyls 2 5 15 20 
Di-carbonyls+NH3 2 4 16 23 
Carboxylates 85 80 58 47 
LVO 8 8 8 8 

 

 

The measured SSA at t = 120 min is equal to unity at 10% and 30% RH and decreases with 

increasing RH (Figure 41b), which is in accordance with the negligible formation of NCO at low 

RH but increasing formation of NCO with increasing RH above 50% in the aerosol phase. Also, 

in contrast to an initial decrease but subsequent increase in total density at 70% RH, the total 

density decreases monotonically at 10% RH (Figure 41c). The calculated density for the SOA 

materials increases slightly with reaction time at 10% RH, i.e., from 1.27 to 1.39 g cm-3 (Figure 

4c), compared to a much larger increase from 1.26 to 1.55 g cm-3 at 90% RH (Figure 39c). These 

differences in the particle agree with the fact that high density oligomer contribute negligibly while 

carboxylic acid contribute dominantly to SOA at low RH. The normalized particle growth exhibits 

a significant initial hysteresis of about 15 min compared to that at 90% RH (Figure 41d). This is 

explained by the delayed formation of later generation products (i.e., P3). Specifically, SOA 

formation at high RH is contributed by both P2 (e.g., dicarbonyls) and P3 (i.e., as pyruvic acid and 

4-oxo-2-pentenic acid) from m-xylene photooxidation. Seed particles start to growth with the rise 

of P2 concentration. In contrast, SOA formation at low RH is dominantly contributed by P3, whose 
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concentration starts to increase after around 10 min. As a result, the growth of particles is delayed 

for about 15 min at low RH.  

 

 

 

Figure 41. RH dependence of SOA formation. (a) GF (black circle) and particle-phase intensities of 
carboxylates (left column), oligomers (middle column), and NCO (right column) with varying RH between 
10% and 70%. The number corresponds to the percent contribution (%) to the total observed mass intensity. 
(b) SSA with varying RH between 10% and 70% for (NH4)2SO4 seed particle with 19 ppb NH3. (c) Time-
dependent particle density (solid square) and SOA density (open square) at RH = 10% for (NH4)2SO4 seed 
particles with 19 ppb NH3. (d) Comparison between time-dependent normalized growth at RH = 70% (solid 
circle) and RH = 10% (open circle) for (NH4)2SO4 seed particles with 19 ppb NH3. All experiments 
correspond to (NH4)2SO4 seed particles with 19 ppb NH3. Initiation of photooxidation by ultraviolet light 
occurred at t = 0. The error bar denotes the standard deviation of 3 repeated measurements. 
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Effects of NOx concentration 

To evaluate the effects of NOx on SOA formation from toluene oxidation, we performed 

additional experiments by using (NH4)2SO4 seed particles and varying initial NOx concentrations 

from 0 to 500 ppb (Figure 42). Measurements of the time-dependent gas-phase concentrations 

show the formation of three major nitrophenols from NO2 addition to OH-toluene adduct in the 

presence of NOx, i.e., 4-methyl-2-nitrophenol (m/z = 154), dimethyl nitrophenol (m/z = 168), and 

dimethyl 4-nitrocatechol (m/z = 184) (Figure 42a). The evolution in the gas-phase concentrations 

clearly illustrates multi-generation production of nitrophenols. The concentrations of the first-

generation nitrophenols (i.e., 4-methyl-2-nitrophenol and dimethyl nitrophenol) increase 

instantaneously upon initiation of photooxidation, while the second generation nitrophenol (i.e., 

dimethyl 4-nitrocatechol) appears with a significant delay of about 20 min. The production of 

nitrophenols is much smaller than those for dicarbonyls and organic acids from toluene oxidation, 

consistent with a small yield of less than 7% under high-NOx conditions.56 At a constant RH level 

(70%), the GF values on (NH4)2SO4 seed particles in the presence of NH3 decreases monotonically 

from 2.41 ± 0.03 to 2.18 ± 0.03 with the NOx concentrations from 0 to 500 ppb (Figure 42b). The 

SSA decreases significantly from 0.911 ± 0.006 to 0.839 ± 0.003 with increasing NOx 

concentration from 0 to 500 ppb, which is explained by the formation of light absorbing 

nitrophenol species. Analysis of the particle composition reveals that the decreasing size growth 

with increasing NOx concentration correlates with simultaneous decreases of carboxylates, 

oligomers, and NCOs but an increase of nitrophenols in the particle-phase (Figure 42d). The 

contribution of nitrophenols to SOA formation is estimated to range from 3% to 6% and is the 

largest from dimethyl nitrophenol. The effects of NOx on toluene oxidation include the production 

of nitrophenols and cycling between RO2 and RO radicals, impacting the product distributions for 
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the condensable oxidized organics. Specifically, the presence of NOx alters the competing RO2 

reactions, and formation of nitrophenols decreases the production of dicarbonyls and organic acids, 

as reflected by decreased oligomers, NCOs, and carboxylates in the particle-phase with increasing 

NOx.  

 

  

Figure 42. The effects of NOx on SOA formation from toluene oxidation. (a) Time-dependent gas-phase 
concentrations of 5-methyl-2-nitrophenol (black, m/z = 154), dimethyl nitrophenol (red, m/z = 168), and 
dihydroxy nitrotoluene (blue, m/z = 184). The numbers denote the mass to charge ratio (m/z). (b,c) 
Dependence of GF (b) and SSA (c) at t = 90 min on NOx concentration for (NH4)2SO4 seed particles with 
19 ppb NH3 at RH = 70%.  (d) Particle-phase relative mass intensities (RI) for carboxylates (black), 
oligomers (green), NCO (brown), and nitrophenols (red) with varying initial NOx concentration for 
(NH4)2SO4 seed particles with 19 ppb NH3 at RH = 70%. Initiation of photooxidation by ultraviolet light 
occurred at t = 0. The error bar denotes 1σ of 3 replicated measurements. 
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Functionality-based SOA formation 

 Our results show that the condensable oxidized organics from m-xylene photooxidation 

contribute distinctly to SOA formation based on their functionalities (Figure 43a). The 

photooxidation of m-xylene yields multigeneration products (P1~Pn) with diverse and increasing 

functionalities. P1 consists of COOs with phenol or aldehyde functionality which are not engaged 

in aerosol-phase reactions and readily evaporate into the gas-phase. P2 consists of mainly 

dicarbonyls as well as a small amount of carboxylic acid and epoxide. Dicarbonyls contain two 

negatively charged carbonyl O-atoms to provide the protonation sites. The conjugated carbonyl 

functional groups of dicarbonyls allow for efficient resonance stabilization of carbenium ions after 

protonation. Carbenium ions readily undergo nucleophilic addition to yield large oligomers or 

NCO (Figure 43a). Formation of oligomers and NCO from dicarbonyls takes place efficiently 

above the efflorescent point at high RH. P3 consists of primarily carboxylic acids. Carboxylic 

acids possess a carbonyl group and a hydroxyl group. Deprotonation of the hydroxy group of 

carboxylic acids occurs via ionic dissociation or acid-base reactions (with NH3, amines, or Cl-) 

under weakly acidic to neutral conditions to yield carboxylates. Gas-particle partitioning for 

organic acids occurs over a wide RH range (i.e., from 10 to 70%), though to a lesser extent at low 

RH. Condensation of organic acids is implausible because of their high equilibrium vapor 

pressures (Table 13), and the occurrence of gas-particle partitioning implicates a critical role of 

H2O in stabilizing organic acids, by facilitating carboxylate formation. Further oxidation of P3 

produces COOs with multifunctional groups including hydroxy, carbonyl, and carboxylic acid 

functionalities. For example, LVOs contains multiple hydroxy groups have very low volatilities 

and tend to condense to the aerosol phase. Also, there is negligible contribution to SOA formation 
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from HOMs, likely due to its negligible yield from m-xylene photooxidation.111 Specifically, we 

detected no measurable signals associated with HOMs both in the gas and particle phases.  

 

 

Figure 43. Functionality-based SOA formation from m-xylene photooxidation. (a) Multi-generation 
SOA formation from toluene-OH oxidation. The red arrow connects the sites for nucleophilic addition. 
Initiation of photooxidation by ultraviolet light occurred at t = 0. (b) Kinetic branching ratio of 
representative oxidation products. The black, gray, and green arrows stand for the pathways for gas-phase 
oxidation, wall loss, and uptake to aerosols, respectively. The number denotes the branching ratio to each 
pathway. 
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The measured size growth of particles and the corresponding gas-phase concentrations of 

the condensable oxidized organics were employed to derive the uptake coefficient on ammonium 

sulfate in the presence of 19 ppb NH3 at 10% and 90% RH (Table 19). The  values for dicarbonyls 

are the highest (from 3 × 10-3 to 1.2 × 10-2) at 90% RH but are significantly reduced (from 3.4 × 

10-4 to 9.0 × 10-4) at 10% RH, while the  values for organic acids and LVOs are only slightly 

higher at 90% RH. The measured  appears to correlate with the acid dissociation constant (Ka) 

and solubility among the organic acids, i.e., being the highest for pyruvic acid and the lowest for 

benzoic acid.  

To simulate SOA yields with the measured uptake coefficients, we calculated the kinetic 

branching ratio for P1, P2, and P3 with AS seed particle in the presence of 19 ppb NH3 at 70% 

RH. 88% of P1 is subjected to wall loss while 12% of P1 is further oxidized to produce P2. 

Methylglyoxal and methylbutenedial are taken as two surrogates for P2. For methylglyoxal, 74% 

is lost to the chamber wall, 12% contributes to SOA formation via reactive uptake, and 14% goes 

towards further oxidation. For methylbutenedial, 43% is subjected to wall loss, 24% contributes 

to SOA formation, and 33% is further oxidized. 4-Oxo-2-pentenoic acid is taken as the surrogate 

for P3, of which 23% is lost to the chamber wall, 72% forms SOA, and 5% is oxidized. Assuming 

that all the gas-phase COOs are completely converted (i.e., by wall loss, reactive uptake or 

oxidation), the overall SOA yield is 8.0%. In our study, the remaining gas-phase COOs at 120 min 

is 28 ppb, 6.4 ppb (0.9 ppb for methylglyoxal and 5.5 ppb for methylbutenedial), 8.6 ppb for P1, 

P2, and P3, respectively, which correspond to 41% of reacted m-xylene not completely converted. 

As a result, the estimated SOA yield is 4.7% on AS in the presence of  19 ppb NH3 at 70% RH, 

which is comparable to the measured yield of 4.8% (by ± 6%). 
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Table 19. Measured uptake coefficient (γ) for condensable oxidized organics on ammonium 
sulfate seed particles in the presence of ammonia. The uncertainty in the calculated  reflects 
the combined random errors in the measured five parameters, i.e., Do = initial diameter, Dp = 
final diameter after the exposure time of dt, N = the particle number concentration, S = average 
particle surface area, and [A] = average concentration of species A. FR = percent contributions to 
the particle-phase mass intensity (Table S2). For each parameter, an uncertainty is estimated, 
corresponding to 1 of at least 3 measurements. 

Species 
Do 
(nm) 

Dp 
(nm) 

N (cm-3) 
S (10-5 cm2 

cm-3) 
[A] (ppb) FR γ (10-3) 

RH = 90%        

Glyoxal 100.0 256.0 15000 1.55 1.9 13% 8.3 ± 2.0 

Methylglyoxal  100.0 256.0 15000 1.55 0.9 10% 12 ± 2.8 

γ-Dicarbonyls 100.0 256.0 15000 1.55 3.1 10% 3.0 ± 0.6 

Benzoic acid 100.0 256.0 15000 1.55 0.9 0.9% 0.84 ± 0.11 

4-Oxo-2-
pentenoic acid 

100.0 256.0 15000 1.55 1.9 4.8% 2.2 ± 0.4 

Pyruvic acid 100.0 256.0 15000 1.55 0.9 2.6% 2.9 ± 0.3 

LVO 100.0 256.0 15000 1.55 1.2 8.0% 5.0 ± 1.5 

Nitrophenol* 100.0 246.0 15000 1.46 1.4 3.1% 1.6 ± 0.3 

RH = 10%        

Glyoxal 100.0 260.0 15000 0.85 5.4 1.9% 0.75 ± 0.18 

Methylglyoxal  100.0 260.0 15000 0.85 3.2 1.5% 0.90 ± 0.20 

γ-Dicarbonyls 100.0 260.0 15000 0.85 9.6 2.0% 0.34 ± 0.07 

Benzoic acid 100.0 260.0 15000 0.85 2.0 1.1% 0.80 ± 0.14 

4-Oxo-2-
pentenoic acid 

100.0 260.0 15000 0.85 6.8 9.1% 2.0 ± 0.5 

Pyruvic acid 100.0 260.0 15000 0.85 3.6 5.3% 2.5 ± 0.4 

LVO 100.0 260.0 15000 0.85 2.9 9.4% 4.2 ± 1.5 

Nitrophenol* 100.0 253.5 15000 0.82 2.3 3.0% 1.6 ± 0.3 

* Measured in the presence of 100 ppb NOx 
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Comparison between SOA Formation from Toluene and m-Xylene 

There exist notable similarities and differences between the SOA formation from 

photooxidation of m-xylene and toluene (in Chapter III). The SOA formations from both 

precursors are contributed mainly by dicarbonyls at high RH and carboxylic acids as well as LVOs 

in a wide RH range. The measured uptake coefficients for the condensable oxidized organics from 

two precursors are comparable (within ±20%). This indicates that the measured uptake coefficients 

are applicable to assess the SOA formation from various aromatic VOCs.  

On the other hand, the photooxidation of m-xylene is much faster than that of toluene (with 

the rate constant for m-xylene with OH nearly four times higher than that of toluene).128 Higher 

photooxidation rate leads to more rapid formation of P2/P3, resulting in an earlier increase of 

particle diameters (Figure 39a) for m-xylene oxidation compared to the 5-min delay of particle 

growth for toluene oxidation. Also, the faster oxidation rate of m-xylene photooxidation leads to 

more production of later generation products (i.e., carboxylic acids) and higher contribution of 

carboxylates (47%) to SOA formation than that of toluene (40%). In addition, the yield of 

methylglyoxal is significantly higher from m-xylene photooxidation (~52%) than that of toluene 

oxidation (~21%).137 Methylglyoxal is more reactive than glyoxal in aqueous reaction to form 

oligomers and NCO.26 Higher yield of methylglyoxal from m-xylene oxidation results in more 

efficient SOA formation and browning than that of toluene under comparable precursor and 

oxidant concentrations (Figure 39). 

 

Atmospheric Implications 

In summary, we show that SOA formation from m-xylene-OH oxidation is primarily from 

COOs with dicarbonyls and carboxylic acid functionalities, due to their prompt production and 
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large yields from m-xylene oxidation. The functionality of COOs largely determines their 

reactivity in the aerosol-phase. Dicarbonyls undergo oligomerization to form oligomers/NCO at 

RH above efflorescence point and carboxylic acids engage in ionic dissociation or acid-base 

reaction to form the carboxylates at wide RH range. The measured reactive uptake coefficients for 

COOs are dependent on their functionalities and consistent with those derived from SOA 

formation by toluene-OH oxidation. The measured uptake coefficients for each functionality allow 

for quantifying the contribution of multiphase reactions to SOA formation and likely applicable to 

the various VOCs precursors. 

In our work, the OH concentration is comparable to the ambient level, while the m-xylene 

concentration and the reaction time are higher and shorter, respectively, than those of typical 

atmospheric conditions. Production of the condensable oxidized organics in the atmosphere is 

dependent on the types/abundances of VOCs as well as the extent of oxidation (i.e., the intensity 

of solar radiation and the reaction time).110 Our experimental results provide explanations for large 

SOA formation under polluted environments.92 For example, recent measurements revealed that 

hygroscopicity for the SOA component resembles those of organic acids, alkylaminium 

carboxylates, and ammonium carboxylates on clean days with low RH but those of glyoxal and 

methylglyoxal oligomers on polluted days with high RH,125 consistent with our observed trends 

for the contributions of organic acids and oligomers/NCOs to SOA formation at low and high RH 

conditions, respectively. Our findings of SOA formation from m-xylene oxidation reconcile 

atmospheric measurements of explosive SOA growth under polluted urban conditions17 and 

underscore the importance for understanding multi-generation production of condensable oxidized 

organics and the relationship between the functionality and particle-phase reactivity.  
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CHAPTER V 

UNDERSTANDING THE ROLE OF AEROSOL IN THE TRANSMISSION FOR THE 

COVID-19 PANDEMIC*
3 

 

Introduction 

 The novel coronavirus outbreak, coronavirus disease 2019 (COVID-19), which was 

declared a pandemic by the World Health Organization (WHO) on March 11, 2020, has infected 

over 160 million people and caused nearly 3.5 million fatalities globally.139 Intensive effort is 

ongoing worldwide to establish effective treatments and develop a vaccine for the disease. The 

novel coronavirus, named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

belongs to the family of the pathogen that is responsible for respiratory illness linked to the 2002–

2003 outbreak (SARS-CoV-1).140 The enveloped virus contains a positive-sense single-stranded 

RNA genome and a nucleocapsid of helical symmetry of ∼120 nm. There exist several plausible 

pathways for viruses to be transmitted from person to person. Human atomization of virus-bearing 

particles occurs from coughing/sneezing and even from normal breathing/talking by an infected 

person.141–143 These mechanisms of viral shedding produce large droplets and small aerosols, 

which are conventionally delineated at a size of 5 μm to characterize their distinct dispersion 

efficiencies and residence times in air as well as the deposition patterns along the human 

respiratory tract.4,141 Virus transmission occurs via direct (deposited on persons) or indirect 

(deposited on objects) contact and airborne (droplets and aerosols) routes. Large droplets readily 

 
* Part of this chapter is reprinted with permission from Li, Y.; Zhang, R.; Zhao, J.; Molina, M. J. Understanding 
Transmission, and Intervention for the COVID-19 Pandemic in the United States. Sci. Total Environ. 2020, 748, 
141560. Copyright 2020 Elsevier B.V. Part of this chapter is reprinted with permission from Zhang, R.; Li, Y.; 
Zhang, A. L.; Wang, Y.; Molina, M. J. Identifying Airborne Transmission as the Dominant Route for the Spread of 
COVID-19. Proc. Natl. Acad. Sci. 2020, 117 (26), 14857 – 14863. Copyright 2020 National Academy of Sciences. 
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settle out of air to cause person/object contamination; in contrast, aerosols are efficiently dispersed 

in air. While transmission via direct or indirect contact occurs in a short range, airborne 

transmission via aerosols can occur over an extended distance and time. Inhaled virus-bearing 

aerosols deposit directly along the human respiratory tract. 

Previous experimental and observational studies on interhuman transmission have 

indicated a significant role of aerosols in the transmission of many respiratory viruses, including 

influenza virus, SARS-CoV-1, and MERS-CoV.12–14 For example, airborne coronavirus MERS-

CoV exhibited strong capability of surviving, with about 64% of microorganisms remaining 

infectious 60 min after atomization at 25 °C and 79% RH.13 On the other hand, rapid virus decay 

occurred, with only 5% survival over a 60-min procedure at 38 °C and 24% RH, indicative of 

inactivation. Recent experimental studies have examined the stability of SARS-CoV-2, showing 

that the virus remains infectious in aerosols for hours and on surfaces up to days.144  

Several parameters likely influence the microorganism survival and delivery in air, 

including temperature, humidity, microbial resistance to external physical and biological stresses, 

and solar ultraviolet (UV) radiation.12 Transmission and infectivity of airborne viruses are also 

dependent on the size and number concentration of inhaled aerosols, which regulate the amount 

(dose) and pattern for respiratory deposition. With typical nasal breathing (i.e., at a velocity of ∼1 

m⋅s−1),142 inhalation of airborne viruses leads to direct and continuous deposition into the human 

respiratory tract. In particular, fine aerosols penetrate deeply into the respiratory tract and even 

reach other vital organs.11 In addition, viral shedding is dependent on the stages of infection and 

varies between symptomatic and asymptomatic carriers. A recent finding showed that the highest 

viral load in the upper respiratory tract occurs at the symptom onset, suggesting the peak of 

infectiousness on or before the symptom onset and substantial asymptomatic transmission for 
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SARS-CoV-2.145 A study built on models of airborne disease transmission to derive the indoor 

airborne transmission rate of SARS-CoV-2 based on the rates of ventilation and air filtration, 

dimensions of the room, breathing rate, respiratory activity and face mask use of its occupants, 

and infectiousness of the respiratory aerosols.146 Another epidemiologic modeling study showed 

that surgical masks are effective at preventing the transmission of SARS-CoV-2 as most 

environments and contacts are under conditions of low virus abundance and the respiratory 

particles can be largely reduced by masks.147 

The COVID-19 outbreak is significantly more pronounced than that of the 2002/2003 

SARS, and the disease continues to spread at an alarming rate worldwide, despite extreme 

measures taken by many countries to constrain the pandemic.139 The enormous scope and 

magnitude of the COVID-19 outbreak reflect not only a highly contagious nature but also 

exceedingly efficient transmission for SARS-CoV-2. Currently, the mechanisms to spread the 

virus remain uncertain, particularly considering the relative contribution of the contact vs. airborne 

transmission routes to this global pandemic.  

To gain insight into the role of aerosols in infectious virus transmission and assess the 

effectiveness of mitigation measures, we analyzed the trend of the pandemic and mitigation 

measures in Wuhan, Italy, NYC, and fifteen U.S. states from January 23 to May 18, 2020. Wuhan, 

Italy, and NYC represent the early epicenters for the pandemic and the cumulative confirmed 

infections and daily new confirmed cases in the fifteen states collectively account for about 78% 

of the total confirmed infections in the U.S. on May 18, 2020. 
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Methods 

Statistical analysis 

Statistical analysis was performed for the data of cumulative infections and daily new 

infections during each period using linear regression. The significance of the sub-exponential 

growth and subsequent linearity in the cumulative infections after stay-at-home orders for all 

fifteen states is reflected by the high correlation coefficients (R2 ranging from 0.935 to 0.995 for 

the sub-exponential growth and from 0.986 to 0.999 for the linear growth). While the R2 values 

in the daily new infections are low because of large fluctuations in the data, the slope of the 

regression reflects the trend in the data. 

 

Projection of the difference in the total infections by face covering 

Projection of the pandemic trend without face covering was performed by establishing 

the linear correlation between the total confirmed cases (y) and date (x) prior to implementing 

this measure for each state, with the onset date as x = 0. We considered the data ranging from 15 

to 30 days prior to implementing mandated face covering, dependent on the regression to achieve 

the highest correlation coefficients. The derived regression was used for the projections, 

considering the high correlation coefficients for the data prior to the onset of mandated face 

covering.   

 

Estimation of the basic reproduction rate (R0) 

The number of cumulative confirmed cases (N) during the initial sub-exponential period 

(8 March to 12 April) is expressed as, 
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 𝑁 = 𝑁 𝑅
    /  (20) 

where N0 is the initial confirmed cases, t is the time in day, and 𝜏 is the serial interval for 

COVID-19, which is determined to be (3.96 ± 0.43) days.148 In the logarithmic plot, this equation 

is expressed as, 

 log 𝑁 = 𝑙𝑜𝑔 𝑁 +
𝑙𝑜𝑔 𝑅

𝜏
𝑡 (21) 

The basic reproduction rate (R0) is calculated from, 

 𝑅 = 10  (22) 

where S is the slope of exponential fitting of the initial period. 

 

Data Sources 

The data for accumulative confirmed infections and fatalities in Wuhan, Italy, and NYC 

were taken from the reports by Wuhan Municipal Health Commission 

(http://wjw.wuhan.gov.cn/), European CDC (https://www.ecdc.europa.eu/en), and NYC 

government (https://www1.nyc.gov/site/doh/covid/covid-19-data.page), respectively. The data of 

accumulative confirmed infections and fatalities worldwide were taken from WHO COVID-19 

situation report (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-

reports),139 and the numbers in China, Italy, and United States were from taken from European 

CDC. 

The COVID-19 confirmed cases for California (CA), Florida (FL), Georgia (GA), Ohio 

(OHs), Texas (TX), Virginia (VA), Connecticut (CT), Massachusetts (MA), Michigan (MI), 

New Jersey (NJ), New York (NY), Pennsylvania (PA), Illinois (IL), Louisiana (LA), and 

Maryland (MD) were recorded from California Department of Public Health 

(https://www.cdph.ca.gov/Programs/CID/DCDC/pages/immunization/ncov2019.aspx#COVID-
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19%20by%20the%20Numbers), Florida Department of Health 

(https://floridahealthcovid19.gov/#latest-stats), Georgia Department of Public Health 

(https://dph.georgia.gov/covid-19-daily-status-report), Ohio Department of Health 

(https://coronavirus.ohio.gov/wps/portal/gov/covid-19/dashboards/overview),  Texas Department 

of State Health Services (https://dshs.texas.gov/coronavirus/), Virginia Health Department 

(https://www.vdh.virginia.gov/coronavirus/), Connecticut government 

(https://data.ct.gov/stories/s/COVID-19-data/wa3g-tfvc/), Massachusetts Department of Public 

Health (https://www.mass.gov/info-details/covid-19-response-reporting), US CDC COVID Data 

Tracker (https://www.cdc.gov/covid-data-tracker/#trends), US CDC COVID Data Tracker 

(https://www.cdc.gov/covid-data-tracker/#trends), New York State Department of Health 

(https://covid19tracker.health.ny.gov/views/NYS-COVID19-Tracker/NYSDOHCOVID-

19Tracker-Map?%3Aembed=yes&%3Atoolbar=no&%3Atabs=n), Pennsylvania Department of 

Health (https://www.health.pa.gov/topics/disease/coronavirus/Pages/Coronavirus.aspx), Illinois 

Department of Health (https://www.dph.illinois.gov/covid19/covid19-statistics), Louisiana 

Department of Health (http://ldh.la.gov/Coronavirus/), and Maryland Department of Health 

(https://coronavirus.maryland.gov/) daily at 6 pm ET. 

Ground-based measurements of PM2.5 and RH in Wuhan were taken from the China 

National Environmental Monitoring Centre (http://beijingair.sinaapp.com/). The PM2.5 data in 

NYC were taken from US Environmental Protection Agency (https://www.epa.gov/outdoor-air-

quality-data). The PM2.5 data in Rome were taken were from Centro Regionale della Qualità 

dell’aria (http://www.arpalazio.net/main/aria/). The RH data in Rome and NYC were taken from 

the 6-hourly interim reanalysis of the European Centre for Medium-range Weather Forecasts 

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). 
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Results and Discussion 

Distinct Pandemic Trends 

To gain insight into the mechanism of the virus transmission routes and assess the 

effectiveness of mitigation measures, we first analyzed the trend of the pandemic worldwide from 

January 23 to May 9, 2020 (Figure 1). The COVID-19 outbreak initially emerged during December 

2019 in Wuhan, China. The numbers of confirmed infections and fatalities in China dominated the 

global trend during January and February 2020 (Figure 44a,b), but the increases in the newly 

confirmed cases and fatalities in China have exhibited sharp declines since February (Figure 44b). 

In contrast to the curve flattening in China, those numbers in other countries have increased sharply 

since the beginning of March. The epicenter shifted from Wuhan to Italy in early March and to 

NYC in early April. By April 30, the numbers of confirmed COVID-19 cases and deaths, 

respectively, reached over 200,000 and 27,000 in Italy and over 1,000,000 and 52,000 in the United 

States, compared to about 84,000 and 4,600 in China (Figure 44b). Notably, the curves in Italy 

exhibit a slowing trend since mid-April, while the numbers in the world and the United States 

continue to increase. Remarkably, the recent trends in the numbers of infections and fatalities in 

the world and in the United States exhibit striking linearity since the beginning of April (Figure 

44c). 
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Figure 44. Distinct global trends of the COVID-19 pandemic. (a) Confirmed infections and fatalities 
worldwide. (b) Comparison of the confirmed infections and fatalities between China, Italy, and United 
States. (c) Linear regression of the confirmed infections and fatalities worldwide and in United States from 
April 1 to May 9, 2020; the linear regression is, respectively, y = 79,398x + 810,167 (R2 = 0.999) for 
infections and y = 6,075x + 39,409 (R2 = 0.998) for fatalities worldwide and y = 28,971x + 201,187 (R2 = 
0.999) for infections and y = 2,059x + 243 (R2 = 0.995) for fatalities in the United States. The left axis and 
black color correspond to the numbers of confirmed infections, and the right axis and red color represent 
the confirmed fatalities. 

 

 

We interpreted the differences in the pandemic trends by considering the mitigation 

measures implemented worldwide. The curve flattening in China can be attributed to extensive 

testing, quarantine, and contact tracing; other aggressive measures implemented in China include 

lockdown of all cities and rural areas in the whole country, isolation of residents having close 
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contact with infected people, and mandated wearing of face masks in public. However, the 

effectiveness of those mitigation measures has yet to be rigorously evaluated. Differentiation of 

the effects of those mitigation measures in China is challenging,149 since the implementation 

occurred almost simultaneously in January 2020. While similar quarantine, isolation, and city 

lockdown measures were also implemented on March 9 in Italy after the country became the 

second epicenter, the curve of infections has yet to show complete flattening. In the United States, 

guidelines for social distancing, quarantine, and isolation were issued by the federal government 

on March 16, and stay-at-home orders were implemented by many state and local governments 

starting, for example, between March 19 and April 3 and on March 22 in NYC. The social 

distancing measures implemented in the United States include staying at least 6 feet (∼2 m) away 

from other people, no gathering in groups, staying out of crowded places, and avoiding mass 

gatherings. Obviously, the continuous rise in the US infected number casts doubt on the 

effectiveness of those preventive measures alone (Figure 44b,c). 

In contrast to China, wearing of face masks was not mandated and was unpopular in most 

of the western world during the early outbreak of the pandemic. Advice on the use of face masks 

was not issued until April 6, 2020 by the WHO, claiming that it is important only to prevent 

infected persons from viral transmission by filtering out droplets but that it is unimportant to 

prevent uninfected persons from breathing virus-bearing aerosols. The regions heavily plagued by 

COVID-19 in northern Italy, such as Lombard, ordered face covering in public starting on April 

6, and the Italian authorities required nationwide mandatory use of face masks on May 4. All New 

Yorkers were mandated to use face covering in public starting on April 17, when social distancing 

was not possible. With measures implemented in the United States seemingly comparable to those 

in China, social distancing, quarantine, and isolation exhibited little impact on stopping the 
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spreading of the disease in the United States, as reflected by the linearity from April 1 to May 9 

(Figure 44c). It is possible, however, that these measures alter the slope of the infection curve, that 

is, by reducing the rate of infections during the early stage of the pandemic. Notably, the 

recommended physical separation for social distancing is beneficial to prevent direct contact 

transmission but is insufficient (without face masks) to protect inhalation of virus-bearing aerosols 

(or even small droplets at intermediate proximity), owing to rapid air mixing. 

Second, we analyze the pandemic trends in fifteen top-infected states of the U.S. The initial 

outbreak in the fifteen U.S. states exhibits a sub-exponential growth in the number of total 

confirmed infections (Figures 45 and 45), which is characteristic of the COVID-19 pandemic 

worldwide.150,151 This distinct sub-exponential increase lasted over a period of two to four weeks, 

i.e., from 15 March to 12 April (Table 20). The onset of the sub-exponential growth coincided 

with the issuing of the federal guidelines for social distancing on 16 March. In addition, all fifteen 

states implemented stay-at-home orders during the initial outbreak between 19 March and 3 April, 

which also overlapped with the period of the sub-exponential growth. 
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Table 20 COVID-19 pandemic trend and projection of the difference in total infections by 
face covering in the fifteen top-infected states of U.S.  

  

 Daily confirmed cases trend Total confirmed cases projection 

 
Stay-at-
home 
ordera 

S1
b (d-1) 

Mandated 
face 
coveringa 

S2
b (d-1) 

Sub-exp 
range 

Linear range 
Projected 
differencec 

States without mandated face covering 
CA 3/19 24 n/a  3/8~4/2 4/3~5/18  
FL 4/3 -12 n/a  3/8~4/9 4/10~5/18  
GA 4/3 -4   n/a  3/8~4/5 4/6~5/18  
OHs 3/24 7 n/a  3/8~4/2 4/3~5/18  
TX 4/2 11 n/a  3/8~4/10 4/11~5/18  
VA 3/30 15 n/a  3/8~4/11 4/12~5/18  
States with mandated face covering 
CT 3/24 34 4/21 -11 3/8~4/4 4/5~4/20 5835 (15%) 
MA 3/24 31 5/6 -70 3/8~4/8 4/9~5/5 13634 (16%) 
MI 3/24 2∙5 4/27 -13 3/8~3/27 3/28~4/26 8452 (16%) 
NJ 3/22 127 4/14 -86 3/8~3/29 3/30~4/13 40529 (27%) 
NY 3/23 123 4/18 -181 3/8~3/27 3/28~4/17 168884 (48%) 
PA 4/1 -15 4/20 -21 3/8~4/2 4/2~4/19 13086 (21%) 
IL 3/22 50 5/1 -30 3/8~4/11 4/12~4/30 -12113 (-12%) 
LA 3/24 -18 5/1 -2 3/8~4/11 4/12~4/30 1122 (3∙2%) 
MD 3/31 23 4/18 12 3/8~4/2 4/3~4/17 -8546 (-20%) 
a orders that took effect after 5 pm are considered to start from the next day 
b S1, S2, and S3 (d-1) denote the slopes of linear regression of daily cases between stay-at-home 
order and mandated face covering and after mandated face covering.  

c Projected difference between the reported total cases on May 18 and the corresponded projected 
number of cases based on the data prior to implementing mandated face covering. The percentage 
is relative to the reported total cases on May 18. 
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Figure 45. Cumulative confirmed COVID-19 cases in the top-fifteen infected states of the U.S. (a-f) 
For states without mandated face covering, a – California (CA), b – Florida (FL), c- Georgia (GA), d – 
Ohio (OHs), e – Texas (TX), and f – Virginia (VA), (g-o) for states with mandated face covering, g – 
Connecticut (CT), h – Massachusetts (MA), i – Michigan (MI), j – New Jersey (NJ), k – New York (NY), 
l – Pennsylvania (PA), m – Illinois (IL), n – Louisiana (LA), and o – Maryland (MD). The vertical green 
and red dashed lines label the onsets for stay-at-home orders and mandated face covering, respectively. 
For comparison, guidelines for social distancing were issued by the federal government on March 16, 
2020. The solid green line denotes linear regression through the data, and the dotted green line denotes 
projection of infections without face covering based on linear regression for the data prior to the onset of 
mandated face covering. The red shade (g-o) represents 95% confidence interval for the projection. 
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Figure 46. Initial sub-exponential growth in the total infections. (a-f) For states without mandated face 
covering, a – CA, b –FL, c – GA, d – OHs, e –TX, and f –VA, (g-o) for states with mandated face covering, 
g – CT, h – MA, i – MI, j – NJ, k – NY, l – PA, m – IL, n – LA, and o – MD. The vertical grey and green 
dashed lines label the beginning of social distancing and stay-at-home orders, respectively. 

 

 

Another key feature in the total infection curve is reflected by a remarkable linearity 

immediately following the initial sub-exponential growth (Figures. 45 and 47). The onsets of the 

linear growth of the total infections are between 0 to 20 days after the implementation of stay-at-

home orders among the fifteen states. This linearity in the infection curve represents a dynamic 

equilibrium between transmission and mitigation measures. For the six states without 

implementing mandated face covering, the linearity extends one to two months until the end of our 
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analysis period (18 May) (Figure 45a-f and 47a-f). For example, the number of the total infections 

increases linearly from early April to 18 May for the states without mandated face covering, with 

the correlation coefficients ranging from 0.991 to 0.998. Nine states subsequently mandated face 

covering during the period of 14 April to 6 May, and this implementation occurred 18 to 43 days 

later than those of the stay-at-home orders. For seven states with mandated face covering, deviation 

from the linearity and curve flattening appear after the onset of mandated face covering (Figure 

45g-l,n). Significant curve flattening is most evident in NY and NJ, occurring shortly after 

implementing this measure. Only two exceptions (IL and MD) show an unexpected upward trend 

in the number of total infections after mandated face covering (Figure 45m,o). 

 

 

Figure 47. Linear increase in the total infections following the initial sub-exponential growth. (a-f) 
For states without mandated face covering, a – CA, b –FL, c – GA, d – OHs, e –TX, and f –VA, (g-o) for 
states with mandated face covering, g – CT, h – MA, i – MI, j – NJ, k – NY, l – PA, m – IL, n – LA, and o 
– MD. The dates cover the range from the end of the sub-exponential growth period to 18 May for a-f or to 
the onset of mandated face covering for g-o. 
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Understanding the Impacts of Face Covering 

Compared to the simultaneous implementation of measures in China, intervention 

measures were successively implemented in the western world (Figure 48a), providing an 

opportunity for assessing their relative effectiveness. We quantified the effects of face covering by 

projecting the number of infections based on the data prior to implementing the use of face masks 

in Italy on April 6 and NYC on April 17 (Figure 48a). Such projections are reasonable considering 

the excellent linear correlation for the data prior to the onset of mandated face covering (Figures 

48b,c and 49). Our analysis indicates that face covering reduced the number of infections by over 

75,000 in Italy from April 6 to May 9 and by over 66,000 in NYC from April 17 to May 9. In 

addition, varying the correlation from 15 d to 30 d prior to the onset of the implementation reveals 

little difference in the projection for both places, because of the high correlation coefficients 

(Figure 49). Notably, the trends of the infection curves in Italy and NYC contrast to those in the 

world and in the United States (Figure 44c), which show little deviation from the linearity due to 

the non-implementation of face-covering measures globally and nationally, respectively. The 

inability of social distancing, quarantine, and isolation alone to curb the spread of COVID-19 is 

also evident from the linearity of the infection curve prior to the onset of the face-covering rule in 

Italy on April 6 and in NYC on April 17 (Figure 48b,c). Hence, the difference made by 

implementing face covering significantly shapes the pandemic trends worldwide. 
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Figure 48. The evolving epicenter from Wuhan, to Italy, to NYC. (a) Comparison of the trends and 
mitigation measures between Wuhan, Italy, and NYC in 2020. The vertical lines mark the date for 
implementing mitigation measures. The two black circles label the dates when face covering was 
implemented: April 6 in northern Italy and April 17 in NYC. The black dashed lines represent the projection 
without face covering based on linear regression of 26-d data prior to implementing this measure. (b) Linear 
regression of the number of confirmed infections for 26-d data prior to implementing face covering in Italy. 
The shaded vertical line denotes the date when face covering was implemented on April 6 in northern Italy. 
(c) Linear regression of the number of confirmed infections for 26-d data prior to implementing face 
covering in NYC. The shaded vertical line denotes the date when face covering was implemented on April 
17 in NYC. In b and c, the circles are reported values, and the dotted line represents fitting and projection 
of the confirmed infections before and after face-covering, respectively. 
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Figure 49. Linear correlation of the number of confirmed infections for using 15-day. (a) and 26- day 
(b) data prior to implementing face-covering in Italy and NYC. 

 

 

Additionally, we assessed the effects of face covering on the numbers of total infections 

by calculating the difference between projected and reported numbers in the total infections. This 

estimation is justifiable considering the high correlation coefficients (R2 from 0.986 to 0.999) (Fig. 

47g-o). The projection yields a range of total infections prevented by face covering for the nine 

states, with the two largest differences of ~168,000 (48%) in New York and ~41,000 (27%) in 

New Jersey (Table 20). Overall, the total number of prevented infections with this measure is 

estimated to reach ~252,000 on 18 May in the seven states (Table 20), which is equivalent to ~17% 

of the total infections in the nation. For Illinois and Maryland, however, the projected values are 

lower than the reported numbers, by about 12% and 20%, respectively.  
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Insights into the Transmission Mechanism 

We further elucidated the contribution of airborne transmission to the COVID-19 outbreak 

by comparing the trends and mitigation measures during the pandemic worldwide and by 

considering the virus transmission routes (Figure 50). Face covering prevents both airborne 

transmission by blocking atomization and inhalation of virus-bearing aerosols and contact 

transmission by blocking viral shedding of droplets. On the other hand, social distancing, 

quarantine, and isolation, in conjunction with hand sanitizing, minimize contact (direct and 

indirect) transmission but do not protect against airborne transmission. With social distancing, 

quarantine, and isolation in place worldwide and in the United States since the beginning of April, 

airborne transmission represents the only viable route for spreading the disease, when mandated 

face covering is not implemented. Similarly, airborne transmission also contributes dominantly to 

the linear increase in the infection prior to the onset of mandated face covering in Italy and NYC. 

Hence, the unique function of face covering to block atomization and inhalation of virus-bearing 

aerosols accounts for the significantly reduced infections in China, Italy, and NYC, indicating that 

airborne transmission of COVID-19 represents the dominant route for infection. 
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Figure 50. Transmission of COVID-19. Human atomization of viruses arises from coughing or sneezing 
of an infected person, producing virus-containing droplets (>5 μm) and aerosols (<5 μm). Virus 
transmission from person to person occurs through direct/indirect contact and airborne aerosol/droplet 
routes. Large droplets mainly settle out of air to cause person/object contamination, while aerosols are 
efficiently dispersed in air. Direct and airborne transmissions occur in short range and extended 
distance/time, respectively. Inhaled airborne viruses deposit directly into the human respiration tract. 

 

 

Recent measurements identified SARS-Cov-2 RNA on aerosols in Wuhan’s hospitals152 

and outdoor in northern Italy,153 unraveling the likelihood of indoor and outdoor airborne 

transmission. Within an enclosed environment, virus-bearing aerosols from human atomization 

are readily accumulated, and elevated levels of airborne viruses facilitate transmission from person 

to person. Transmission of airborne viruses in open air is subject to dilution, although virus 

accumulation still occurs due to stagnation under polluted urban conditions. Removal of virus-

bearing particles from human atomization via deposition is strongly size dependent, with the 

settling velocities ranging from 2.8 × 10−5 m⋅s−1 to 1.4 × 10−3 m⋅s−1 for the sizes of 1 and 10 μm, 

respectively. For comparison, typical wind velocity is about 1 m⋅s−1 to 3 m⋅s−1 indoors154 and is 

∼1 m⋅s−1 horizontally and 0.1 m⋅s−1 vertically in stable air. Under those indoor and outdoor 

conditions, the residence time of virus-bearing aerosols reaches hours, due to air mixing. 
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We also examined ambient conditions relevant to the outbreaks in Wuhan, Italy, and NYC. 

The initial outbreak of COVID-19 in Wuhan coincided with the winter haze season in China, 

during which high levels of PM2.5 were prevalent in air (Figures 51 and 52). On the other hand, 

the daily average PM2.5 concentrations were much lower during the outbreaks in Rome, Italy, and 

in NYC. The airborne transmission pathways (i.e., indoor or outdoor) as well as the effects of 

ambient PM2.5 levels on virus transmission may be variable among urban cities. For example, the 

winter haze conditions in China likely exacerbated outdoor virus spreading,155 because of low UV 

radiation, air stagnation (lacking ventilation on the city scale), and low temperature. Also, there 

may exist a synergetic effect of simultaneous exposure to the virus and PM2.5 to enhance the 

infectivity, severity, and fatalities of the disease.156 In addition, nascent virus-bearing aerosols 

produced from human atomization likely undergo transformation in air, including coagulation with 

ambient preexisting PM and/or growth on a time scale of a few hours in typical urban air. Such 

transformation, as recently documented on coarse PM in Italy,153 may mitigate virus inactivation, 

by providing a medium to preserve its biological properties and elongating its lifetimes. However, 

key questions remain concerning transformation and transmission of virus-bearing aerosols from 

human atomization in air. Specifically, what are the impacts of transformation of human-atomized 

aerosols on viral surviving and infectivity in air? 
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Figure 51. RH and PM2.5 amid COVID-19 outbreaks in Wuhan (a), Rome (b), and NYC (c).  
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Figure 52. Mingling of coronavirus COVID-19 with regional haze in Wuhan, China. Aerosol optical 
depth over Eastern China from the Tropospheric Monitoring Instrument (TROPOMI). The data are 
averaged over January 10 to February 10, 2020. The red (blue) color indicates high (low) aerosol 
concentration. The city of Wuhan is marked by the white asterisk. 

 

While the humidity effect on viral surviving is uncertain, the conditions during the 

outbreaks in Wuhan, Rome, and NYC correspond to high RH yet low absolute humidity because 

of low temperature (Figure 52). Early experimental work showed remarkable survival for the 

analogous coronavirus MERS-CoV at the RH level characteristic of the COVID-19 outbreaks in 

Wuhan, Rome, and NYC.13 For comparison, indoor temperature and RH typically range from 21 

°C to 27 °C and 20 to 70%, respectively. 

Of particular importance are the considerations that render airborne SARS-CoV-2 the most 

efficient among all transmission routes. Even with normal nasal breathing, inhalation of virus-

bearing aerosols results in deep and continuous deposition into the human respiratory tract, and 
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this transmission route typically requires a low dose. Also, airborne viruses have great mobility 

and sufficiently long surviving time for dispersion, and residents situated in densely populated 

environments are highly vulnerable. In addition, nascent micrometer-size aerosols produced from 

coughing/sneezing of infected people have the potential of containing many viruses, particularly 

for asymptomatic carriers. 

Future research is critically needed to assess the transmission, transformation, and 

dispersion of virus-bearing aerosols from human atomization under different environmental 

conditions, as well as the related impacts on virus infectivity. It is equally important to understand 

human atomization of airborne viruses: What are the number and size distributions of nascent 

aerosols as well as the viral load per particle from coughing/sneezing? It is also imperative to 

evaluate human inhalation of airborne viruses: How are aerosols deposited along the respiratory 

tract, and what is the minimum dose of airborne viruses required for infection? It is also important 

to evaluate the performance of face masks to quantify the efficiency to filtrate airborne viruses 

relevant to human atomization and inhalation. Elucidation of these mechanisms requires an 

interdisciplinary effort. 

 

A Policy Perspective on Mitigation Measures 

The governments’ responses to the COVID-19 pandemic have so far differed significantly 

worldwide. Swift actions to the initial outbreak were undertaken in China, as reflected by nearly 

simultaneous implementation of various aggressive mitigation measures. On the other hand, the 

response to the pandemic was generally slow in the western world, and implementation of the 

intervention measures occurred only consecutively. Clearly, the responsiveness of the mitigation 

measures governed the evolution, scope, and magnitude of the pandemic globally. 
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Curbing the COVID-19 relies not only on decisive and sweeping actions but also, critically, 

on the scientific understanding of the virus transmission routes, which determines the effectiveness 

of the mitigation measures (Figure 53). In the United States, social distancing and stay-at-home 

measures, in conjunction with hand sanitizing (Figure 53, path A), were implemented during the 

early stage of the pandemic. These measures minimized short-range contact transmission but did 

not prevent long-range airborne transmission, responsible for the inefficient containing of the 

pandemic in the United States. Mandated face covering, such as those implemented in China, Italy, 

and NYC, effectively prevented airborne transmission by blocking atomization and inhalation of 

virus-bearing aerosols and contact transmission by blocking viral shedding of droplets. While the 

combined face-covering and social distancing measures offered dual protection against the virus 

transmission routes, the timing and sequence in implementing the measures also exhibited distinct 

outcomes during the pandemic. For example, social distancing measures, including city lockdown 

and stay-at-home orders, were implemented well before face covering was mandated in Italy and 

NYC (Figure 53, path B), and this sequence left an extended window (28 d in Italy and 32 d in 

NYC) for largely uninterrupted airborne transmission to spread the disease. The simultaneous 

implementation of face covering and social distancing (Figure 53, path C), such as that undertaken 

in China, was most optimal, and this configuration, in conjunction with extensive testing and 

contact tracing, was responsible for the curve flattening in China. Also, there likely existed 

remnants of virus transmission after the implementation of regulatory measures, because of 

circumstances when the measures were not practical or were disobeyed and/or imperfection of the 

measures. Such limitations, which have been emphasized by the WHO, spurred on controversial 

views on the validity of wearing face masks to prevent the virus transmission during the pandemic. 
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Figure 53. Mitigation paradigm. Scenarios of virus transmission under the distancing/quarantine/isolation 
measure only (path A), the measures with distancing/quarantine/isolation followed by face covering (path 
B), and the measures with simultaneous face covering and distancing/quarantine/isolation (path C). The 
short-dashed arrows label possible remnants of virus transmission due to circumstances when the measure 
is not possible or disobeyed and/or imperfection of the measure. 

 

 

Social distancing, in conjunction with hand sanitizing, minimizes contact transmission but 

does not prevent airborne transmission. Compared to social distancing, the stay-at-home measure 

in principle limits both contact and airborne exposures. However, there exist many exceptions to 

the stay-at-home measure, including essential activities such as shopping for food and groceries 

and providing crucial services. These exceptions render airborne transmission as the most likely 

route to drive the disease spreading, when social distancing and hand-hygiene are still effective. 

In contrast, face covering prevents airborne transmission by blocking viral shedding and inhalation 
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of virus-bearing aerosols as well as contact transmission by blocking viral shedding of droplets. 

The combined face-covering, social distancing, and stay-at-home measures offered maximal 

protections again contact and airborne exposures. Also, there exist plausible remnants of the 

mitigation measures, which arise from circumstances when the practices are not possible or are 

disobeyed and/or imperfection of the measures. In addition, other second-order factors likely 

impact the pandemic trends, including the incubation period required from exposure to SARS-

CoV-2 to development of symptoms, testing conducted, and uncertainties in data reporting. The 

incubation period has been widely documented from epidemiological studies.157 

The changes in the total infection rate (defined as 𝑅 =  , where N is the total confirmed 

infections), is regulated by several forcing terms, 

 
𝑑𝑅

𝑑𝑡
= 𝑇 − 𝐼 + 𝑆  (23) 

where 𝑇  is the transmission related to the contact (i =1) and airborne (i = 2) routes,  𝐼  is 

intervention (j = 1 for social distancing, j = 2 for stay-at-home order, and j = 3 for mandated face 

covering), 𝑆  denotes all second-order processes, and t is time in days.  

For the initial sub-exponential period in the absence of intervention and secondary forcing, 

the change in the infection rate is expressed as, 

 

  

𝑑𝑅

𝑑𝑡
= 𝑇 > 0 (24) 

This equation is conventionally transformed to the following form, in which the infection 

rate is proportional to the number of the total confirmed cases,  



 

138 
 
 

 

 

  

𝑑𝑁

𝑑𝑡
= 𝑁(𝛽 − 𝛾) (25) 

 
𝑑𝑅

𝑑𝑡
= 𝑁(𝛽 − 𝛾)  (26) 

where β is the estimated number of people that an infected person infects per day (𝛽 = ). For 

the fifteen states, the average value of R0 is estimated to be 2.8 ± 0.8, and the average value of β is 

calculated to be 0.26 ± 0.10 d-1 for the initial sub-exponential period, consistent with other 

previous.150,151 

The containment of the initial sub-exponential growth and subsequent conversion to the 

linear growth in the total infections during the early outbreak are attributable to social distancing 

and stay-at-home measures, because of reduced contact transmission (T1). In addition, the duration 

of two to five weeks for the sub-exponential growth is relevant to the timing for implementation 

of social distancing and stay-at-home measures, the incubation period required from exposure to 

SARS-CoV-2 to development of symptoms, testing conducted, and data reporting for the COVID-

19 confirmed cases.  

Although the combined social distancing (in conjunction with hand sanitizing) and stay-

at-home measures reduce contact transmission (T1), they are ineffective in protecting against 

airborne transmission (T2), as reflected by the linear growth in the total infection curve after 

implementing social distancing/stay-at-home measures. Specifically, the exceptions to the stay-at-

home measure, such as shopping for food and groceries and providing crucial services, render 

airborne transmission as the only viable route for the disease spreading, when social distancing 

and hand-hygiene are exercised. Hence, the linear growth in the total infection curve is primarily 

driven by airborne transmission (T2). The linearity in the total infection curve after social 

distancing/stay-at-home measures is regulated by the dynamic equilibrium between first-order 
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airborne transmission and intervention as well as the combined second-order effects, including 

face covering prior to and/or without the mandated measure. The change in the infection rate after 

implementation of social distancing/stay-at-home orders is  = 0, corresponding to an overall 

canceling effect among the forcing terms. After implementing the social distancing/stay-at-home 

measures, airborne transmission (T2) remains as the first-order process, while contact transmission 

(T1) is reduced to a second-order process (remnant). 

The subsequent implementation of mandated face covering disrupts the dynamic 

equilibrium between airborne transmission and social distancing/stay-at-home measures. The 

effects of face covering on reducing both contact and airborne transmissions result in an overall 

negative forcing term, i.e., < 0, explaining the departure from the linearity and curve 

flattening in most states with mandated face covering. Hence, the combined social distancing/stay-

at-home measures and face covering provide additional prevention against airborne transmission. 

The onset of the curve flattening is relevant to the timing of implementation of mandated face 

covering, the incubation period, testing conducted, and data reporting for COVID-19. In addition, 

the second-order effect of face covering among citizens prior to the mandated measure also exerts 

an impact on curve flattening, likely explaining the earlier onset in New York. Advice of using 

face masks was made on 3 April by the U.S. Centers for Disease Control and Prevention (CDC) 

and on 6 April by the World Health Organization (WHO). Those various factors jointly explain 

the differences in the onsets of the curve flattening among the seven states. The continuous increase 

in the total confirmed cases after face covering is attributed to the remnants of the mitigation 

measures as well as inadequate testing, lacking contact tracing, and asymptomatic transmission. 

Also, the timing and sequence in implementing the mitigation measures exert distinct outcomes 

on the pandemic. The implementation of mandated face covering was delayed by 18-43 days than 
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those of the stay-at-home orders, allowing an extended period for uninterrupted airborne 

transmission to spread the disease.  

The uncertainty in assessing the effectiveness of face covering is relevant to several factors, 

including the remnants of this measure and other second-order effects. For example, the curve 

flattening in the total infections is most pronounced in New York and New Jersey, likely due to 

strict enforcement of this measure after both emerging as the most infected states of COVID-19 in 

the nation. In addition, variations in the number of COVID-19 testing conducted, data reporting, 

and mass gatherings also contribute to the anomalies of the pandemic trends, such as the large 

spikes in Florida, Georgia, Pennsylvania, and Louisiana in early April (Fig. 4). Also, the upward 

trend in Illinois after mandated face covering is likely related to reported mass gathering of house 

parties (with more than 1000 people) on 25 April and protests around 1 May. For Maryland, the 

upward trend is likely related to reported gathering of protests demanding reopening the economy 

on 18 April as well as obtaining 500,000 coronavirus tests from South Korea on 20 April. 

Under loosened mitigation measures, both contact and airborne transmission routes are re-

invigorated, and reduced mitigation measures result in an overall positive effect among the forcing 

terms. Hence, the change in the infection rate is > 0 under relaxed social distancing, stay-at-

home, and face-covering measures, leading to an upward trend. This scenario likely corresponds 

to those in Illinois and Maryland after the onset of mandated face covering and to those in Texas 

and Florida after reopening the economy on 1 May and 4 May, respectively. Large spikes in the 

daily new cases are evident after re-opening for both states. 

Notably, the uncertainties of face covering in protecting inter-human transmission, which 

have been emphasized by the WHO, have resulted in intensive debates on wearing face masks to 

prevent inter-human transmission during the pandemic and inconsistent recommendations by U.S. 
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CDC and WHO. Evidence for the effectiveness of face covering has been recently recognized, 

showing reduced emissions of respiratory droplets and aerosols when worn by infected individuals 

and prevented inter-human transmission.158 

There exist many first-order and second-order processes that regulate the transmission and 

intervention, posing enormous challenges for understanding and modeling the pandemic trends.159 

While detailed modeling for the COVID-19 pandemic trend is beyond the scope of our work, the 

framework developed in our study provides the guidance to understand and model the COVID-19 

pandemic, by emphasizing the first-order processes for viral transmission mechanisms, 

interventions, and their interactions. Specifically, our approach captures and represents the 

essential first-order processes, i.e., the transmission routes of SARS-CoV-2 (contact vs airborne 

transmission), the interventions (social distancing/stay-at-home and mandated face-covering), and 

the interaction between transmission routes and interventions. Furthermore, our work explains the 

pandemic trend at multiple locations and provides insight to development of intervention policies 

to constrain the spread of COVID-19 pandemic.  

 

Conclusions 

In this study, we analyzed the cumulative confirmed infections from Jan 21 to May 18, 

2020 for Wuhan, Italy, NYC, and the top-fifteen states heavily plagued in the U.S. During this 

period, unique intervention measures, such as social distancing, stay-at-home, and mandated face 

covering, were undertaken, and our results illustrate that these measures have contributed to the 

distinct trends in the total infections as well as the daily new infections. 

Our analysis reveals that there exists an initial sub-exponential and a subsequent linear 

growth in the trends of total confirmed infections for most places. The linearity in the total 
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confirmed infections emerges between 0 and 20 days after implementing stay-at-home orders and 

extends one to two months without mandated face covering or to the onset of mandated face 

covering orders. This remarkable linearity reflects a dynamic equilibrium among the first-order 

forcing terms, i.e., transmission, intervention, and the interaction between transmission and 

intervention as well as combined (addition or canceling) second-order effects. Deviation from this 

linearity and curve flattening occur after the onset of mandated face covering for seven states. We 

estimate that the number of the total infections prevented by face covering reaches over 75,000 in 

Italy from April 6 to May 9, over 66,000 in New York City from April 17 to May 9, and about 

252,000 on May 18 in seven states. 

The inadequacy of social distancing and stay-at-home measures alone in preventing inter-

human transmission is illustrated by the continuous linear growth in the total infection curve after 

implementing these measures. The combined social distancing, hand sanitizing, and stay-at-home 

measures reduce contact transmission, but are ineffective in protecting airborne transmission 

without face covering. The linear growth in the total infection curve after implementing the social 

distancing/stay-at-home measures is mainly driven by airborne transmission. The dominant role 

of airborne transmission in spreading the COVID-19 pandemic is jointly explainable by several 

facts relevant to virus-laden aerosols, i.e., direct and deep deposition into the respiratory tract by 

inhalation, great mobility and sufficiently long surviving-time for dispersion in air, and high viral 

contents from asymptomatic carriers. The subsequent implementation of mandated face covering 

disrupts the dynamic equilibrium between airborne transmission and social distancing/stay-at-

home measures. The addition of face covering results in an overall negative forcing term, leading 

to the departure from the linearity and curve flattening in most states with mandated face covering. 

Under relaxed social distancing, stay-at-home, and face-covering measures, the overall effect 
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among the forcing terms becomes positive, leading to an upward pandemic trend after reopening 

the economy.  

In summary, our results corroborate the importance of airborne transmission in spreading 

the disease and face covering in preventing inter-human transmission. Our findings highlight the 

necessity of face covering in curbing the spread of the disease. In particular, universal face 

covering, in conjunction with social distancing and hand hygiene, provides the maximal protection 

against inter-human transmission and the combination of these intervention measures with rapid 

and extensive testing as well as contact tracing represents the key in containing the COVID-19 

pandemic. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

 

 In this dissertation, we have investigated the mechanism for the formation of SOA from 

VOC oxidation products and the role of aerosol in the transmission of infectious diseases. Using 

novel environmental chamber methodology, we simultaneously track the evolutions of gas-phase 

oxidation and aerosol properties (i.e., size, density, optical properties, and chemical composition) 

when monodisperse sub-micrometer seed particles are exposed to SOA precursors from VOC 

oxidation under various conditions (i.e., NH3, CH2O, NOx concentrations, seed particle 

compositions, and RH).  

Our experimental study on SOA formation from small α-dicarbonyls provide direct 

experimental evidence for carbenium ion-mediated, interface electric field-enhanced, and 

synergetic oligomerization involving ubiquitous glyoxal, methylglyoxal, CH2O, 

hydroxycarbonyls, NH3, and ammonium sulfate. Our results show that methylglyoxal engages in 

multiphase reactions more efficiently than glyoxal. The higher reactivity of methylglyoxal is 

evident by its larger uptake coefficient on seed particles under atmospherically relevant 

concentrations, lower SSA on AS seed particles, higher formation of imidazole in the presence of 

CH2O, and more rapid formation of surface coating at high concentrations. Also, our findings 

reconcile an outstanding discrepancy concerning the multiphase chemistry of glyoxal and 

methylglyoxal in previous experimental studies, i.e., negligible size growth upon exposure to 

methylglyoxal vapor but large size growth upon exposure to glyoxal vapor under similar 

experimental conditions. We show that this discrepancy is attributable to surface- versus volume-

limited reactions, where elevated levels of methylglyoxal rapidly form viscous surface coating 



 

145 
 
 

 

and inhibit further growth of seed particles. Our results indicate that the multiphase chemistry of 

small α-dicarbonyls leading to SOA and BrC formation is dependent on the reactivity and 

gaseous concentrations of the aerosol precursors as well as the physicochemical properties of 

seed particles (i.e., size, pH, phase state, chemical composition, etc.), highlighting the necessity 

to closely mimic the atmospheric conditions in future laboratory studies to investigate aerosol 

chemistry. 

 Additionally, we elucidate the fundamental chemical mechanism of multi-generation 

photooxidation of volatile organic compounds to yield SOA, revealing significant contributions 

of dicarbonyls and organic acids to SOA formation because of their unique functionality to 

engage in aerosol-phase reactions and prompt, high yields from toluene and m-xylene oxidation. 

We show large size-increase and browning of monodisperse sub-micrometer seed particles occur 

shortly after initiating photooxidation at 10-90% RH, which is attributed to earlier generation 

products consisting dominantly of dicarbonyl and carboxylic functional groups. While volatile 

dicarbonyls engage in aqueous reactions to yield non-volatile oligomers and light-absorbing 

nitrogen-heterocycles/heterochains (in the presence of NH3) at high RH, organic acids contribute 

to aerosol carboxylates via ionic dissociation or acid-base reaction in a wide RH range. The 

measured uptake coefficients for COOs produced from toluene/m-xylene oxidation depend 

strongly on their functionality and show good consistency between those from toluene and m-

xylene. Our findings of SOA formation from toluene oxidation reconcile atmospheric 

measurements of explosive SOA growth under polluted urban conditions  and underscore the 

importance for understanding multi-generation production of condensable oxidized organics and 

the relationship between the functionality and aerosol-phase reactivity. Future studies are 

necessary to identify and quantify condensable oxidized organics from photooxidation of 
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different VOC types, including the production from gaseous oxidation, relationship between 

functionality and reactivity in the aerosol-phase, and contributions to SOA and BrC formation. In 

addition, our results corroborate that the synergetic interaction between toluene oxidation and 

NH3 contributes to BrC formation, which impacts the radiative transfer in the atmosphere.  

Furthermore, we assess the role of aerosol in transmission of infectious diseases and the 

effectiveness of face covering in preventing inter-human transmission for the several epicenters 

of COVID-19 pandemic during Jan 21 and May 18, 2020 by analyzing the pandemic trend and 

mitigation measures. We show that the curve of total confirmed infections exhibits an initial sub-

exponential growth and a subsequent linear growth after implementing social distancing/stay-at-

home orders. The linearity extends one to two months for the six states without mandated face 

covering and to the onset of mandated face covering for the other nine states with this measure, 

reflecting a dynamic equilibrium between first-order transmission kinetics and intervention. With 

mandated face covering, the pandemic trends show significant deviation from this linearity. The 

inadequacy of social distancing and stay-at-home measures alone in preventing inter-human 

transmission is reflected by the continuous linear growth in the total infection curve after 

implementing these measures, which is mainly driven by airborne transmission. We conclude 

that airborne transmission and face covering play the dominant role in spreading the disease and 

flattening the total infection curve, respectively. Our findings provide policymakers and the 

public with compelling evidence that universal face covering, in conjunction with social 

distancing and hand hygiene, represents the maximal protection against inter-human 

transmission and the combination of these intervention measures with rapid and extensive testing 

as well as contact tracing is crucial in containing the COVID-19 pandemic.
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