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Abstract 29 

Reactive uptake of isoprene epoxydiols (IEPOX), which are isoprene oxidation products, onto 30 

acidic sulfate aerosols is recognized to be an important mechanism for the formation of 31 

isoprene-derived secondary organic aerosol (SOA). While a mechanistic understanding of 32 

IEPOX-SOA formation exists, several processes affecting their formation remain uncertain. 33 

Evaluating mechanistic IEPOX-SOA models with controlled laboratory experiments under 34 

longer atmospherically relevant timescales is critical. Here, we implement our latest 35 

understanding of IEPOX-SOA formation within a box model to simulate the measured reactive 36 

uptake of IEPOX on polydisperse ammonium bisulfate seed aerosols within an environmental 37 

Teflon chamber. The model is evaluated with single-particle measurements of size distribution, 38 

volume, density, and composition of aerosols due to IEPOX-SOA formation at timescales of 39 

hours. We find that the model can simulate the growth of particles due to IEPOX multiphase 40 

chemistry, as reflected in increases of the mean particle size and volume concentrations, and a 41 

shift of number size distribution to larger sizes. The model also predicts the observed evolution 42 

of particle number mean diameter and total volume concentrations at the end of the experiment. 43 

We show that in addition to the self-limiting effects of IEPOX-SOA coatings, accounting for 44 

the molar balance between inorganic and organic sulfate and mass accommodation coefficient 45 

of IEPOX are important parameters governing modeling of IEPOX-SOA formation. Thus, 46 

models which do not account for the molar sulfate balance and/or diffusion limitations within 47 

IEPOX-SOA coatings are likely to predict too high IEPOX-SOA formation. 48 

 49 

Introduction 50 

Isoprene (2-methyl-1,3-butadiene) is the non-methane volatile organic compound (VOC) 51 

emitted in largest amount to the atmosphere, with an estimated annual global emission from 52 

vegetation of 440-660 tera-grams of carbon (TgC).1 Its abundance and rapid oxidation by 53 



 4 

hydroxyl (OH) radicals (k = 9.7×10−11 cm3 molec−1 s−1)2 plays a crucial role in tropospheric 54 

chemistry, particularly throughout forested regions in tropical and midlatitude areas. Isoprene 55 

oxidation products are significant contributors to the global budget of secondary organic 56 

aerosols (SOA),3-5 and influence the growth and evolution of particles in ambient air, as 57 

demonstrated during laboratory experiments6-12 and field studies13-16 under low- and high- 58 

concentrations of nitrogen oxide (NOx = NO + NO2) conditions. On a global scale, the latest 59 

estimate of a net SOA production rate from oxidation of isoprene and other biogenic VOC is 60 

between 10-150 TgC yr−1, contributing to at least 25% of total organic aerosol mass.17, 18 61 

 62 

Under low-NOx conditions, OH-initiated isoprene oxidation followed by subsequent reaction 63 

of isoprene peroxy radicals with hydroperoxyl (HO2) radicals leads to the formation of isoprene 64 

hydroxyhydroperoxide (ISOPOOH) in yields exceeding 70%.19, 20 ISOPOOH reacts further by 65 

OH radical addition and isomerization to form isoprene epoxydiols (IEPOX), with yields 66 

exceeding 75%.20 Subsequent multiphase chemistry of IEPOX in the presence of aqueous, 67 

acidified sulfate aerosols has been shown to be a major source of isoprene derived SOA mass.10, 68 

21, 22 IEPOX uptake into the aerosol phase with further transformation via a ring-opening 69 

mechanism and nucleophilic addition in aqueous particles22-24 explains the formation of known 70 

isoprene SOA products found in ambient aerosols, namely 2-methyltetrols, IEPOX-derived 71 

organosulfates (OSs), and oligomeric species.10, 22, 25 Recent field measurements have 72 

demonstrated the importance of IEPOX-derived SOA products in fine organic aerosols.26-31 In 73 

certain regions of the southeastern US, IEPOX-SOA tracers represent up to one-third of the 74 

total fine organic aerosol mass during the summer, with 2-methyltetrols and IEPOX-75 

organosulfates contributing up to 33-47% and 15-34% of the total IEPOX-SOA, respectively.27, 76 

28, 31  77 

 78 
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The reactive uptake of gas-phase IEPOX to atmospheric particles is represented by an uptake 79 

coefficient (𝛾𝛾IEPOX ). Laboratory measurements of the IEPOX uptake onto aerosol particles 80 

confirmed an increase in 𝛾𝛾IEPOX  with increasing aerosol acidity.32, 33  Furthermore, relative 81 

humidity (RH) and the presence of organic coatings also play a role in IEPOX uptake.32, 34-37 82 

For pure sulfate seed particles, 𝛾𝛾IEPOX exhibits an inverse correlation with RH wherein higher 83 

humidity impedes further IEPOX uptake as aerosol particles take up more water since their 84 

acidity and ionic concentrations decrease.32, 34 Further insights into the morphology of the 85 

internally mixed organic/inorganic particles show that the presence of pre-existing SOA 86 

coatings on sulfate particles would undergo liquid-liquid or semisolid-liquid phase separation 87 

into an organic-rich shell surrounding a sulfate-containing aerosol core.36-38 The organic shell 88 

(or coating) can suppress the acid-catalyzed heterogeneous reactions of IEPOX, as 89 

demonstrated in previous laboratory studies,32, 34, 35 and reduce 𝛾𝛾IEPOX substantially, especially 90 

at lower RH conditions wherein OA viscosity and bulk diffusion limitations are higher.34 In 91 

addition, IEPOX-SOA formation self-limits further IEPOX uptake. A recent study confirms 92 

that IEPOX-SOA components 2-methyltetrols and organosulfates are highly viscous and cause 93 

strong particle-phase diffusion limitations as they form a coating around the inorganic seeds 94 

during their formation.39, 40  95 

 96 

Prior IEPOX-SOA modeling studies have used a resistor-based parameterization, using 97 

constraints on IEPOX solubility and reactivity, as described in Anttila et al.41 and Gaston et 98 

al.42 The reactivity of IEPOX is represented by an overall particle-phase reaction rate constant, 99 

where the rate-determining step depends on which of the two distinct reaction pathways, known 100 

as A-1 and A-2 mechanism, is taken.24 Kinetic studies using bulk solutions have provided 101 

estimates of the epoxide reaction rate constants for a variety of acid-catalyzed ring-opening 102 

reactions.24, 43-45 Several regional/global models have implemented the 𝛾𝛾IEPOX resistor-based 103 
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model for aqueous IEPOX-SOA formation and found improved model predictions of SOA 104 

mass yield when compared to field observations.37, 46-48  105 

 106 

Previous studies (e.g., Gaston et al.32) have measured the loss rate of IEPOX gas due to its 107 

reactive uptake on acidic sulfate particles in a flow tube at short timescales (~10-20 seconds), 108 

and shown that the resistor-based model can explain the IEPOX gas loss kinetics. However, to 109 

the best of our knowledge, the resistor model formulation has not been tested against direct 110 

measurements of particle size evolution due to IEPOX-SOA formation, especially at longer 111 

timescales on the order of hours in environmental chambers. Recently, such single-particle 112 

measurements have been conducted characterizing how IEPOX uptake on acidic sulfate 113 

particles in a Teflon chamber affects particle size, composition and density evolution,35 114 

providing a unique opportunity to understand IEPOX-SOA processes through application of 115 

this modeling framework. 116 

 117 

In this study, we integrated and applied new IEPOX-SOA modeling capabilities in a box model 118 

to understand kinetic processes governing evolution of particle size, chemical composition, and 119 

overall particle density due to reactive uptake of IEPOX, as measured by Riva et al.35 The 120 

capability of a chemistry-aerosol inorganic box model, Model for Simulating Aerosols 121 

Interaction and Chemistry (MOSAIC) developed by Zaveri et al.49, was extended to include 122 

key processes of IEPOX-SOA formation on polydisperse aerosols. The MOSAIC model is also 123 

widely used in regional and global chemical transport models, i.e., the Weather, Research and 124 

Forecasting model with Chemistry (WRF-Chem)50, 51 and the Community Earth System Model 125 

(CESM)52. We then applied the model to predict the particle size evolution and SOA 126 

composition upon IEPOX uptake by pure ammonium bisulfate particles from the chamber 127 
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experiments reported in Riva et al.35 This work focuses on a single aerosol system, ammonium 128 

bisulfate seed aerosols under dry conditions (<5% RH). 129 

 130 

Methods 131 

MOSAIC model 132 

In this study, we added IEPOX reactive uptake parameterizations on ammonium bisulfate 133 

(ABS) seed aerosols to the sectional aerosol box model MOSAIC (Model for Simulating 134 

Aerosol Interactions and Chemistry)49, 53. The model treats gas and aerosol chemistry, aerosol 135 

thermodynamics and phase state, aerosol microphysical processes such as coagulation and 136 

condensation, and particle wall loss. At every time step, it dynamically partitions nonvolatile 137 

and semi-volatile organic and inorganic gases to size-resolved particles and predicts particle-138 

phase water and pH (acidity) in each size bin. Gas-particle mass transfer calculation takes into 139 

account compound volatility, gas-phase diffusion, interfacial accommodation, and particle-140 

phase bulk diffusion in semisolid organic phase. For this study, particle size distribution was 141 

represented using the moving bin approach wherein coagulation was ignored, since effects of 142 

coagulation were found to be insignificant.  MOSAIC was updated as described in Sections 143 

2.3-2.6 to simulate the multi-phase chemistry, formation and time evolution of IEPOX-SOA 144 

and the resulting changes in particle size distributions and compositions within an 145 

environmental Teflon chamber. 146 

 147 

Chamber measurements 148 

We used the results from the experimental chamber study described by Riva et al.35 to initialize 149 

the model with measured IEPOX gas, particle size distributions, and seed composition, and to 150 

evaluate model parameters related to IEPOX-SOA formation. Briefly, their experiments were 151 

conducted in a 1-m3 Teflon chamber under dry (<5% RH) conditions at room temperature 152 
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(24±2°C) and atmospheric pressure (1 atm). Acidified ammonium sulfate (ammonium bisulfate, 153 

ABS) seed aerosols were generated by nebulizing aqueous solutions of 0.06 M (NH4)2SO4 (aq) 154 

+ 0.06 M H2SO4 (aq). The ABS seed particles were then introduced into the chamber before 155 

the injection of 500 ppb trans-β-IEPOX, the proposed dominant IEPOX isomer mixture.19 156 

Trans-β-IEPOX was synthesized in high purity (>99%) by the UNC group following published 157 

procedures.54 2.5 mg of trans-β-IEPOX was introduced into the chamber and mixed with the 158 

ABS seed particles by passing high purity N2 gas at 2 L min−1 through a heated manifold 159 

(60−70 °C) for 30 min.35 A scanning mobility particle sizer (SMPS), which consists of a 160 

differential mobility analyzer (DMA) and a condensation particle counter (CPC), was used to 161 

periodically measure the size distributions of particle number, surface area, and volume 162 

concentrations during the IEPOX uptake into the ABS seed aerosols. The single particle mass 163 

spectrometer (miniSPLAT)55 was used to perform online in-situ measurements of size, density, 164 

shape, and chemical composition of individual particles inside the chamber at a time resolution 165 

of few minutes. A schematic of the chamber employed is shown in Fig. S1. At the end of each 166 

experiment, particles were collected onto Teflon membrane filters for offline analysis of 167 

IEPOX-derived SOA bulk chemical composition using ultra-performance liquid 168 

chromatography/electrospray ionization, high-resolution quadrupole time-of-flight mass 169 

spectrometry (UPLC/ESI-QTOFMS), and gas chromatography/electron ionization-mass 170 

spectrometry (GC/EI-MS). The experiments were also performed using deliquesced 171 

ammonium sulfate seed particles and ABS coated with SOA produced from α-pinene 172 

ozonolysis to investigate the effect of acidity and organic coating on IEPOX uptake. Further 173 

experimental details are provided in Riva et al.35 The present study focuses on modeling IEPOX 174 

uptake onto ABS seeds under dry conditions (i.e., < 5% RH). ABS particles, even at very low 175 
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RHs, are not crystalline and instead exist in metastable states that contain some particle water,56 176 

which explains their high acidity and high reactivity with IEPOX under dry conditions.  177 

 178 

IEPOX reactive uptake 179 

The heterogeneous reactive uptake of gas-phase IEPOX on acidic seed particles is defined in 180 

terms of first-order kinetics: 181 

 182 

                                          
𝑑𝑑�IEPOX𝑔𝑔�

𝑑𝑑𝑑𝑑
= −

𝛾𝛾IEPOX
4

𝐴𝐴𝑝𝑝〈𝑐𝑐〉�IEPOX𝑔𝑔�                                                  (1) 183 

 184 

where 𝐴𝐴𝑝𝑝 is the particle surface area (cm2 cm-3), �IEPOX𝑔𝑔�  is the gas-phase IEPOX 185 

concentration (mol m-3), and 〈𝑐𝑐〉 is the mean molecular speed (cm s-1). The reactive uptake 186 

coefficient of IEPOX (𝛾𝛾IEPOX) is calculated following a resistor model described in Anttila et 187 

al.41 that includes possible mass transfer limitations caused by organic coatings: 188 

 189 

                                   
1

𝛾𝛾IEPOX
=
〈𝑐𝑐〉𝑟𝑟𝑝𝑝
4𝐷𝐷gas

+
1
𝛼𝛼

+
〈𝑐𝑐〉𝑟𝑟𝑝𝑝

4𝑅𝑅𝑅𝑅𝐻𝐻org𝐷𝐷org�𝑞𝑞org𝐹𝐹 − 1�
                                      (2) 190 

 191 

where 𝐷𝐷gas  is the gas-phase diffusion coefficient (cm2 s-1) which is estimated as 𝐷𝐷gas =192 

1.9MW−2 3⁄  with MW being the molecular weight of IEPOX (118 g mol-1), 𝛼𝛼 is the mass 193 

accommodation coefficient of IEPOX (0.02 or 0.1 used here based on previous studies32, 46, 57), 194 

R is the ideal gas constant (L atm K-1 mol-1), and T is the temperature (K). 𝐻𝐻org and 𝐷𝐷org are 195 

the Henry’s law constant and diffusion coefficient of the reactant (IEPOX or 2-methyltetrols 196 

in the gas phase) in the organic coating, respectively. The terms 𝐻𝐻org and 𝐷𝐷org were assumed 197 

to be independent of particle size. The 𝐻𝐻org𝐷𝐷org value was determined based on SOA viscosity 198 



 10 

measurements generated from a flow tube reactor conducted under a RH range of 40-99% with 199 

an extrapolation for RH<40% (Fig. S2).34 We selected the 𝐻𝐻org𝐷𝐷org value at 35% RH for the 200 

current study (i.e., 6.34×10-8 M atm-1 cm2 s-1), as opposed to the value at the simulated dry 201 

condition of <5% RH. Using extrapolated 𝐻𝐻org𝐷𝐷orgvalues below 35% RH completely shut off 202 

reactive uptake of IEPOX (see Fig. S3) and was inconsistent with observed particle growth 203 

measurements in Riva et al.35 and other experiments at low RH.32, 34 𝐻𝐻org was set to 2.0×106 204 

M atm-1, as used in Zhang et al.34, resulting in 3.16×10-14 cm2 s-1 for 𝐷𝐷org.  205 

 206 

The function F is a composite term for processes involved in the reactive uptake at the interface 207 

between two bulk phases, and is expressed as: 208 

 209 

                                          𝐹𝐹 =
coth�𝑞𝑞org� + ℎ�𝑞𝑞aq, 𝑞𝑞org∗ �

1 + coth�𝑞𝑞org�ℎ�𝑞𝑞aq, 𝑞𝑞org∗ �
                                                (3) 210 

ℎ�𝑞𝑞aq, 𝑞𝑞org∗ �211 

= − tanh�𝑞𝑞org∗ �  

⎣
⎢
⎢
⎡
𝐻𝐻aq𝐷𝐷aq
𝐻𝐻org𝐷𝐷org

�𝑞𝑞aq coth�𝑞𝑞aq� − 1� − �𝑞𝑞org∗ coth�𝑞𝑞org∗ � − 1�

𝐻𝐻aq𝐷𝐷aq
𝐻𝐻org𝐷𝐷org

�𝑞𝑞aq coth�𝑞𝑞aq� − 1� − �𝑞𝑞org∗ tanh�𝑞𝑞org∗ � − 1�⎦
⎥
⎥
⎤
             (4) 212 

                                                                𝑞𝑞org∗ =
𝑟𝑟𝑐𝑐
𝑟𝑟𝑝𝑝
𝑞𝑞org                                                            (5) 213 

                                          𝑞𝑞aq = 𝑟𝑟𝑐𝑐�
𝑘𝑘aq
𝐷𝐷aq

   ,   𝑞𝑞org = 𝑟𝑟𝑝𝑝�
𝑘𝑘org
𝐷𝐷org

                                           (6) 214 

 215 

Here, 𝐻𝐻aq and 𝐷𝐷aq are the Henry’s laws constant (3.0×107 M atm-1) and diffusion coefficient 216 

(1.0×10-5 cm2 s-1) of the reactant in the inorganic aqueous core, respectively. The parameters 217 

𝑞𝑞aq and 𝑞𝑞org are diffuso-reactive parameters that describe the competition between diffusion 218 
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and reaction in the aqueous core and organic coating, respectively. The parameters are defined 219 

as a function of their diffusion coefficients (𝐷𝐷aq and 𝐷𝐷org), radius of inorganic aqueous core 220 

(𝑟𝑟𝑐𝑐) and overall particle radius (𝑟𝑟𝑝𝑝 = 𝑟𝑟𝑐𝑐 + organic coating thickness) in cm, and the first-order 221 

reaction rate constants (𝑘𝑘aq and 𝑘𝑘org) in s-1. We performed a sensitivity study on model results 222 

to 𝐻𝐻aq as this parameter is known to vary by several orders of magnitudes.32, 47, 57 Fig. S4 shows 223 

that increasing 𝐻𝐻aq directly contributes to an increase in SOA mass and aerosol growth, but the 224 

rate starts to slow down and the model becomes less sensitive to 𝐻𝐻aq when it is higher than our 225 

default value, which is derived from measurements44 and has been applied in past modeling 226 

studies.28, 57-59 227 

 228 

The above set of equations (1-6) simulate IEPOX uptake into internally mixed 229 

organic/inorganic particles using ABS as the inorganic core and IEPOX-SOA as the organic 230 

shell. Measurements show that ABS is a highly hygroscopic substance that does not effloresce 231 

even around 0% RH and exists in a deeply metastable phase56. Consistent with these 232 

measurements, we assumed that ABS particles remain in a metastable liquid state at 5% RH in 233 

our MOSAIC model formulation, and its water content and acidity were approximated by not 234 

allowing the particles to effloresce. 235 

 236 

A recent laboratory study by Zhang et al.39 examined the implications of IEPOX-SOA on the 237 

reactivity of pre-existing sulfate particles. They found that aerosol acidity decreases, and 238 

viscosity increases after IEPOX reactive uptake, leading to a self-limiting effect where newly 239 

formed IEPOX-derived SOA inhibits additional multiphase chemical reactions of IEPOX. To 240 

account for this finding, we impose a molar balance between inorganic sulfate and 241 
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organosulfates (part of IEPOX-SOA), i.e., as organosulfate forms, an equimolar amount is lost 242 

from inorganic sulfate at each model time step. 243 

 244 

We applied a one-second timestep to simulate the two-hour chamber experiment. The number 245 

of size bins was set to 205, with the diameters of upper and lower boundaries being 1.08 nm 246 

and 1715.45 nm, respectively. The model was initialized with gaseous IEPOX of 500 ppb and 247 

the SMPS-measured seed aerosol size distribution before the IEPOX injection. In the study, 248 

the density of 1.5 g cm-3 was assumed for each SOA tracer (2-methyltetrols, OSs, and 249 

oligomers), which follows an estimate applied in Cui et al.60 It is noted that based on the 250 

miniSPLAT measurements, the density of ABS particles under dry conditions is 1.77 g cm-3, 251 

while the final aerosol density after reaction with IEPOX is 1.48 g cm-3.  Molecular weights 252 

(MW) of 136, 216, and 250 g mol-1 were assigned for 2-methyltetrols, OSs, and oligomers, 253 

respectively. Oligomers of tetrols were assumed to be similar to a hemiacetal dimer of 2 IEPOX 254 

molecules, which has a MW of ~254 g mole-1.10, 14 The aerosol mass and number concentrations 255 

were assumed to be continuously and irreversibly lost to the walls of the Teflon chamber with 256 

a first order rate determined by fitting the measured loss in total particle number concentrations 257 

over the entire experiment (see Section S1d in the Supplement). Gas-phase wall-losses were 258 

neglected, implicitly assuming that gases deposited on the chamber walls were available to 259 

interact with particles suspended in the chamber. A sensitivity simulation where gas-phase 260 

absorption and desorption from the chamber walls was included, produced similar particle size 261 

evolution as when gas-phase wall losses were turned off (not shown).  262 

 263 

Aqueous-phase reaction rate constant 264 
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The aqueous-phase reaction rate constant (𝑘𝑘aq) for IEPOX is calculated assuming protonation 265 

of IEPOX and nucleophilic addition following the A-2 mechanism of Eddingsaas et al.24 We 266 

thus implemented the following definition of 𝑘𝑘aq:43, 46, 47 267 

 268 

                                                            𝑘𝑘aq = ��𝑘𝑘𝑖𝑖,𝑗𝑗[acid𝑖𝑖]
𝑀𝑀

𝑗𝑗=1

𝑁𝑁

𝑖𝑖=1

�nuc𝑗𝑗�                                               (8) 269 

 270 

This expression implies that the overall rate of reaction is determined by the third-order rate 271 

constants (𝑘𝑘𝑖𝑖,𝑗𝑗, in M-2 s-1) multiplied by the concentrations (mol L-1 within particle-phase) of 272 

acids (H+, HSO4
-, NH4

+) and nucleophiles (H2O and SO4
2-) in the model. IEPOX uptake by 273 

aerosols forms two major SOA products, namely 2-methyltetrols (tetrols) and IEPOX-274 

organosulfates (i.e., methyltetrol sulfates or OSs), based on a previous study.61 The fraction of 275 

IEPOX-SOA attributed to OS (𝛽𝛽) was determined based on the relative contribution of the OS 276 

formation rate to the effective first-order rate constant. The experimental values of 𝑘𝑘𝑖𝑖,𝑗𝑗 were 277 

adopted from different kinetic studies compiled in Budisulistiorini et al.46 and summarized in 278 

the Supplement (Sect. S1b and Table S1).  279 

 280 

Tetrol phase partitioning and oligomerization 281 

While OSs were assumed to be fully nonvolatile (consistent with the measurements of 282 

evaporation kinetics of OS standards), tetrols were treated as semivolatile which means some 283 

fraction of tetrols will partition out of the aerosols depending on the organic mass loadings. 284 

However, particle-phase tetrols were also assumed to form non-volatile oligomers at a first 285 

order timescale of ~2 hours, which reduces their evaporation/partitioning to the gas-phase, as 286 

discussed later. We assumed the saturation vapor concentration (C*) of 10 µg m-3 for tetrols 287 
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based on the range of C* estimates of 5-15 µg m-3 reported in an environmental chamber 288 

study.61 The mass accommodation coefficient (α) of 0.1 for tetrols was applied. Diffusion 289 

limitations to the partitioning was treated based on Zaveri et al.53, with the particle bulk 290 

diffusivity of 3.16×10-14 cm2 s-1 (to be consistent with 𝐷𝐷org  parameter in Eq. 2). We also 291 

assumed that particle-phase tetrols undergo oligomerization to form non-volatile tetrol 292 

oligomers (hereinafter, referred to as oligomers) with a first order e-folding timescale (𝜏𝜏olig) of 293 

2 hours based on measurements reported in D’Ambro et al.61 that the low-volatility mode of 294 

C5H12O4 desorption (similar in structure to 2-methyltetrols) was formed quickly via acid-295 

enhanced accretion chemistry within a few hours.  To be consistent with the oligomerization 296 

timescale of 2 hours (7200 s), korg in equation 6 was assumed to be a constant, i.e., 1
7200

 s-1.  We 297 

found that the reactive uptake coefficient of IEPOX (𝛾𝛾IEPOX, Eq. 2) is not as sensitive to the 298 

korg value except when korg is very fast (10 s−1 )  i.e. a timescale of 0.1 s (instead of 2 hours) or 299 

faster. 300 

 301 

IEPOX-SOA processes 302 

Fig. 1 schematically illustrates the key multiphase chemical processes during reactive uptake 303 

of IEPOX gas on aqueous acidic sulfate seed aerosols, dynamic gas-particle partitioning of 304 

tetrols and their oligomerization. After IEPOX gas dissolves in aqueous sulfate seed particles 305 

due to its high-water solubility, it undergoes acid-catalyzed particle-phase to form tetrols and 306 

OSs. Tetrols are semi-volatile and can partition back to the gas-phase, but our simulations 307 

indicate that ~50% of the tetrols are converted to non-volatile oligomers at an e-folding time 308 

scale of 2 hours. Formation of OSs consumes inorganic sulfate, decreasing particle acidity, 309 

density and hygroscopicity.11, 35, 39 IEPOX-SOA also forms a shell around the inorganic core, 310 

and as more IEPOX-SOA forms it limits further uptake of IEPOX gases.11  We simulated these 311 
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complex processes in a box model and evaluated how these processes affect size distribution, 312 

chemical composition and density of the particles with respect to single-particle measurements. 313 

This multi-parameter model evaluation provides unique insights and significant advances in 314 

our understanding of IEPOX-SOA formation. 315 

 316 

We further performed two sensitivity tests to examine how mass accommodation coefficient 317 

and inorganic-to-organic sulfate conversion affect model performance compared to our default 318 

(base case) scenario (Table 1). 319 

 320 

Results and discussion 321 

Base case scenario 322 

Following IEPOX uptake and SOA formation, measurements show that the particle number 323 

mean diameter increases by 52% and total suspended particle volume increases by a factor of 324 

two over 2 hours, reaching final values of 127.5 nm and 42.3 µm3 cm-3, respectively (black 325 

solid markers in Fig. 2). Note that actual increase in particle volume due to IEPOX-SOA 326 

formation is larger if we account for particles lost to the walls of the chamber. In the base case 327 

scenario, the model is able to reproduce the observed mean diameter and volume evolution, 328 

but moderately underestimates their magnitudes by an average 5% and 25%, respectively (red 329 

solid markers in Fig. 2). At the end of simulation, the model predicted mean diameter is 118.8 330 

nm and the total volume is 32.5 µm3 cm-3 (Table 1).  331 

 332 

Fig. 3 shows evolution of particle number size distributions (dN/dlogDp). The observed particle 333 

size distributions are unimodal and dominated by particles in the range of 50-90 nm after 10 334 

minutes and ~80-150 nm after 2 hours. The base case model well reproduces the observed 335 

characteristics of unimodal structure with a shift to larger sizes as particles grow with IEPOX-336 
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SOA formation. The model overestimates the initial growth of particles during the first 10 337 

minutes as compared to the observations. These differences most likely relate to the fact that the 338 

model was initialized “instantaneously” with gaseous IEPOX of 500 ppb and the SMPS-339 

measured seed aerosol size distribution before the IEPOX injection”, whereas in the experiment, 340 

it took a few minutes to inject IEPOX into 1-m3 chamber and mix it with the ABS seed 341 

particles. Fig. 2a indicates that the model reaches half of its maximum growth only within ~10 342 

minutes, opposed to ~15 minutes as seen in observations35 but reproduces the final size 343 

distribution at the end of the experiment (2 hours) (Fig. 3b). 344 

 345 

Fig. 4 shows that OSs are predicted to heavily dominate IEPOX-SOA constituents (87.4%), 346 

followed by tetrols (6.0%) and tetrol oligomers (6.6%). Filter analysis by GC/EI-MS and 347 

UPLC/ESI-QTOFMS reports that 2-methyltetrols and IEPOX-derived OSs contribute to 348 

approximately 10% and 50-60% of IEPOX-SOA tracers, respectively (as shown in Fig. 2 of 349 

Riva et al.35). The observations show that these species have important contributions to total 350 

SOA mass (~40%), consistent with previous studies that analyzed ambient PM2.5 samples.22, 27 351 

C5-alkene triols are not explicitly predicted from the model, but some studies reported that 352 

these could be thermal decomposition products of 2-methyltetrol-sulfates.60, 61 As demonstrated 353 

in Cui et al.60, during GC-MS measurements, IEPOX-derived OSs can decompose into C5-354 

alkene triols (analytical GC-MS measurement artifacts) and to a smaller extent to 2-355 

methyltetrols.  Therefore, the sum of measured IEPOX-OS (and their dimers/trimers) and C5-356 

alkene triols accounting for ~90% of IEPOX-SOA in Figure 2 of Riva et al. can be compared 357 

to our predictions of OS. Since simulated OS represents 87% of IEPOX-SOA, these are in good 358 

agreement with the sum of IEPOX-OS and C5-alkene triols in Riva et al. Given the analytical 359 

artifacts involved in characterizations of IEPOX-SOA components especially through 360 

techniques involving thermal decomposition, evaluating the simulated total non-volatile 361 
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content of IEPOX-SOA with observations is a key part of this puzzle. Our simulations show 362 

that the non-volatile content of IEPOX-SOA is 94% (sum of OSs and tetrol oligomers; Table 1). 363 

Complementary measurements of IEPOX-SOA evaporation kinetics at room temperature show 364 

that ~90% of IEPOX-SOA is non-volatile (Table 1). Thus, the simulated IEPOX-SOA non-365 

volatile content agrees with measurements, which is encouraging given that particle volatility 366 

drives its lifetimes in the atmosphere.  367 

 368 

Another important evaluation metric is total particle density, since overall density depends on 369 

particle chemical composition. The overall density of particles (organic + inorganic) measured 370 

by miniSPLAT is reported to be 1.48±0.02 g cm-3.35 Our model-predicted final particle density 371 

achieves acceptable agreement with these measurements and predicts aerosol density slightly 372 

increasing with particle size ranging between 1.50-1.65 g cm-3 (Fig. S6), indicating less than 373 

12% difference between model and observations. The higher density of larger particles is due 374 

to their larger sulfate content, as governed by the polydisperse seed particle composition. 375 

 376 

Fig. 5 shows the simulated aerosol pH, calculated as the negative logarithm of H+ activity 377 

coefficient multiplied by H+ mole fraction in particle liquid water. H+ activity coefficient and 378 

its mole fraction within the inorganic core are both calculated in the MOSAIC model at each 379 

timestep. The model reveals that aerosol acidity changes by more than 2 pH units from its initial 380 

value (pH = -3.43), as illustrated in Fig. 5 for a selected size bin. The rapid change in aerosol 381 

acidity after a few minutes is consistent with the declining total inorganic sulfate species (SO4
2- 382 

and HSO4
-) resulting from conversion into OSs. It has been well demonstrated that the 383 

conversion of inorganic-to-organic sulfate is driven primarily by the IEPOX to inorganic 384 

sulfate ratio (IEPOX:Sulfinorg), with IEPOX:Sulfinorg>10 leading to more rapid conversion of 385 

aqueous inorganic sulfate to organic components and corresponding large increase in particle 386 
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pH (lower acidity).11, 39 Measurements in Riva et al. were conducted at an initial 387 

IEPOX:Sulfinorg of >20. Our simulations show that for these conditions ~80% of inorganic 388 

sulfate are converted to organo-sulfates resulting in a rapid decrease in aerosol acidity. 389 

Furthermore, OS formation also decreases aerosol hygroscopicity and diffusivity, thus limiting 390 

further IEPOX uptake. 391 

 392 

Effect of mass accommodation coefficient   393 

Particle growth is found to be sensitive to the mass accommodation coefficient (α) of IEPOX, 394 

a quantity describing the interfacial limitations to gaseous uptake by seed particles. It is notable 395 

that changing α from 0.02, as applied in Base scenario, to 0.1, as applied in HighAccom scenario, 396 

can increase the growth in particle number mean diameter and suspended particle volume 397 

concentration by ~8% and ~15%, respectively (Fig. 2). These results are expected, as larger 398 

values of α indicate increased gas uptake into the particle bulk. However, since α is less than 399 

unity (α=1), there still exists some barrier to mass transfer, which could be either in the 400 

condensed phase or at the particle-vapor interface. Higher α improves the model performance 401 

of predicted aerosol growth (Table 1 and Fig. 2), but the number size distribution tends to get 402 

narrower, and the peak is higher than observations (Fig. 3). Changing the α value has no 403 

discernible effect on SOA composition as shown in Fig. 4, with differences between the two 404 

scenarios are less than 3%. 405 

 406 

Effect of accounting for molar balance between organic and inorganic sulfates 407 

Most modeling studies do not account for sulfate balance in IEPOX-OS formation.46, 47, 62 In 408 

our simulations above we subtracted the molar concentration of OS from inorganic sulfate at 409 

each time step, accounting for the conversion of inorganic sulfate to OS. To demonstrate the 410 

effect of this molar sulfate balance, we conducted a sensitivity study, wherein we turned off the 411 
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removal of equimolar inorganic sulfate concentrations as OS forms (KeepSO4). This KeepSO4 412 

scenario predicts a large increase in the particle number mean diameter and total volume growth, 413 

particularly after 40 mins, and overpredicts observations by ~45% and ~85%, respectively, at 414 

the end of experiment (Fig. 2). The final mean particle diameter and total volume concentration 415 

in this scenario are 189.6 nm and 79.8 µm3 cm-3, respectively (Table 1). Compared to the base 416 

case, predicted OS contribution to IEPOX-SOA within KeepSO4 decreases by ~12% although 417 

it still dominates the SOA composition (Fig. 4). On the other hand, contribution of tetrols and 418 

its oligomers to IEPOX-SOA increase by 6% compared to the base case.  419 

 420 

The major change in KeepSO4 compared to the base scenario is reflected in changes of particle 421 

acidity. While in the base case pH increases by more than 2 pH units due to consumption of 422 

inorganic sulfate during OS formation, the KeepSO4 formulation predicts a constant pH 423 

throughout the experiment as inorganic sulfate content per particle liquid water does not change 424 

(Fig. 5).   425 

 426 

Conclusions 427 

We derive unique insights into IEPOX-SOA processes by integrating our newly developed 428 

IEPOX-SOA formulations in a box model and unique single-particle measurements of IEPOX-429 

derived SOA formation. While previous studies have either focused on measuring bulk kinetics, 430 

or short-timescale (~seconds) flow tube measurements of gas-phase IEPOX loss during 431 

IEPOX-SOA formation, we find that single-particle measurements within a chamber at longer 432 

timescales (~hours) and modeling of IEPOX-SOA processes provide key and valuable 433 

additional insights. We evaluate several measured parameters of IEPOX-SOA simultaneously: 434 

particle size evolution, chemical composition, density and volatility. 435 

 436 
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We find that including diffusion limitations in IEPOX-SOA organic phase and imposing an 437 

organic and inorganic sulfate molar balance are critical to explaining measured IEPOX-SOA 438 

multiphase chemistry and kinetics. Our model can simulate IEPOX-SOA formation leading to 439 

the growth of particle mean diameter and total suspended particle volume concentrations. The 440 

model also well reproduces the observed shape of the number-size distributions although it 441 

underpredicts observed aerosol mean diameter by 7% and total suspended particle volume by 442 

~24% at the end of the experiment. However, the model overpredicts the initial growth (at t=10 443 

min) likely because the model was initialized “instantaneously” with gaseous IEPOX of 500 444 

ppb and the SMPS-measured seed aerosol size distribution before the IEPOX injection”, 445 

whereas in the experiment, it took a few minutes to inject IEPOX into the 1-m3 chamber and 446 

mix it with the ABS seed particles. The model reproduces the observed uniform aerosol density 447 

across particle sizes with bias of less than 12%.  448 

 449 

The present work supports the application of IEPOX reactive uptake as an acidity-dependent 450 

SOA formation process in models and the potential impact of IEPOX-derived SOA coatings to 451 

inhibit further SOA formation. It should be noted that the model is sensitive to the mass 452 

accommodation coefficient of IEPOX, wherein a higher value of this parameter would lead to 453 

improved particle growth evolution, but the aerosol size distribution tends to be narrower, and 454 

the peak is taller than the observed data. The result entails that this parameter needs to be well 455 

constrained for accurate modeling of IEPOX-SOA. Our sensitivity study also reveals that the 456 

predicted evolution of aerosol size and volume are overestimated when inorganic sulfate is not 457 

removed during OS formation, thus highlighting the importance of accounting for the 458 

consumption of inorganic sulfate during the production of particulate OSs.  459 

 460 

 461 
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Tables 

 

Table 1. Model setup and summary of observed and simulated results 

Observations/ 
Simulation 

Inorganic 
sulfate 

removal 

IEPOX 
accommodation 

coefficient 

Final 
mean 

diameter 
(nm) 

Final total 
volume 

concentration 
(µm3 cm-3) 

IEPOX-SOA 
non-volatile 
fraction (%) 

Observations   127.5 42.3 90.0 
Base ON 0.02 118.8 32.5 94.0 
HighAccom ON 0.1 128.4 37.3 93.3 
KeepSO4 OFF 0.02 189.6 79.8 87.8 
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Figures 

 

 

Figure 1. Schematic of IEPOX-SOA multiphase chemistry and gas-particle partitioning 

processes represented in the box model  
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Figure 2. Time evolution of (a) aerosol number mean diameter (nm) and (b) total suspended aerosol volume concentrations (µm3 cm-3) from 

observations (black dots) and all model simulations (color dots). 
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Figure 3. Size distributions of aerosol number concentrations from observations (black lines) and all model simulations (color lines) at (a) 10 

and (b) 120 minutes after the introduction of IEPOX gas onto ammonium bisulfate aerosols in a 1-m3 chamber.
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Figure 4. Relative contributions (% by mass, labels indicate the percentage values) of 

simulated IEPOX-derived SOA tracers for each scenario after 2 hours: IEPOX-organosulfate 

(OS), 2-methyltetrols (Tetrols), and tetrol oligomers. 
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Figure 5. Time evolution of (a) simulated aerosol pH and (b) total sulfate concentration (mol L-1 of water) for a selected aerosol bin with the 

initial midpoint diameter of 85 nm. 
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