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Abstract

Reactive uptake of isoprene epoxydiols (IEPOX), which are isoprene oxidation products, onto
acidic sulfate aerosols is recognized to be an important mechanism for the formation of
isoprene-derived secondary organic aerosol (SOA). While a mechanistic understanding of
IEPOX-SOA formation exists, several processes affecting their formation remain uncertain.
Evaluating mechanistic IEPOX-SOA models with controlled laboratory experiments under
longer atmospherically relevant timescales is critical. Here, we implement our latest
understanding of [IEPOX-SOA formation within a box model to simulate the measured reactive
uptake of [IEPOX on polydisperse ammonium bisulfate seed aerosols within an environmental
Teflon chamber. The model is evaluated with single-particle measurements of size distribution,
volume, density, and composition of aerosols due to IEPOX-SOA formation at timescales of
hours. We find that the model can simulate the growth of particles due to IEPOX multiphase
chemistry, as reflected in increases of the mean particle size and volume concentrations, and a
shift of number size distribution to larger sizes. The model also predicts the observed evolution
of particle number mean diameter and total volume concentrations at the end of the experiment.
We show that in addition to the self-limiting effects of IEPOX-SOA coatings, accounting for
the molar balance between inorganic and organic sulfate and mass accommodation coefficient
of IEPOX are important parameters governing modeling of IEPOX-SOA formation. Thus,
models which do not account for the molar sulfate balance and/or diffusion limitations within

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

Introduction
Isoprene (2-methyl-1,3-butadiene) is the non-methane volatile organic compound (VOC)
emitted in largest amount to the atmosphere, with an estimated annual global emission from

vegetation of 440-660 tera-grams of carbon (TgC).! Its abundance and rapid oxidation by
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hydroxyl (OH) radicals (k = 9.7x107'! ¢cm® molec™ s™")? plays a crucial role in tropospheric
chemistry, particularly throughout forested regions in tropical and midlatitude areas. Isoprene
oxidation products are significant contributors to the global budget of secondary organic
aerosols (SOA),>? and influence the growth and evolution of particles in ambient air, as
demonstrated during laboratory experiments®!? and field studies'*'® under low- and high-
concentrations of nitrogen oxide (NOx = NO + NOy) conditions. On a global scale, the latest
estimate of a net SOA production rate from oxidation of isoprene and other biogenic VOC is

between 10-150 TgC yr !, contributing to at least 25% of total organic aerosol mass.!”- '8

Under low-NOx conditions, OH-initiated isoprene oxidation followed by subsequent reaction
of isoprene peroxy radicals with hydroperoxyl (HO.) radicals leads to the formation of isoprene
hydroxyhydroperoxide (ISOPOOH) in yields exceeding 70%.'2° ISOPOOH reacts further by
OH radical addition and isomerization to form isoprene epoxydiols (IEPOX), with yields
exceeding 75%.%° Subsequent multiphase chemistry of IEPOX in the presence of aqueous,
acidified sulfate aerosols has been shown to be a major source of isoprene derived SOA mass.'%

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

mechanism and nucleophilic addition in aqueous particles??*

explains the formation of known
isoprene SOA products found in ambient aerosols, namely 2-methyltetrols, IEPOX-derived
organosulfates (OSs), and oligomeric species.!® 2> 2> Recent field measurements have
demonstrated the importance of IEPOX-derived SOA products in fine organic aerosols.?! In
certain regions of the southeastern US, IEPOX-SOA tracers represent up to one-third of the

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

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

28,31
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The reactive uptake of gas-phase IEPOX to atmospheric particles is represented by an uptake
coefficient (yigpox). Laboratory measurements of the IEPOX uptake onto aerosol particles

32, 33

confirmed an increase in yjgpox With increasing aerosol acidity. Furthermore, relative

humidity (RH) and the presence of organic coatings also play a role in IEPOX uptake.’? 3437
For pure sulfate seed particles, y;gpox €xhibits an inverse correlation with RH wherein higher
humidity impedes further IEPOX uptake as aerosol particles take up more water since their
acidity and ionic concentrations decrease.’> ** Further insights into the morphology of the
internally mixed organic/inorganic particles show that the presence of pre-existing SOA
coatings on sulfate particles would undergo liquid-liquid or semisolid-liquid phase separation
into an organic-rich shell surrounding a sulfate-containing aerosol core.*®*® The organic shell
(or coating) can suppress the acid-catalyzed heterogeneous reactions of IEPOX, as

32.34.35 and reduce yjgpox substantially, especially

demonstrated in previous laboratory studies,
at lower RH conditions wherein OA viscosity and bulk diffusion limitations are higher.** In
addition, IEPOX-SOA formation self-limits further IEPOX uptake. A recent study confirms
that IEPOX-SOA components 2-methyltetrols and organosulfates are highly viscous and cause
strong particle-phase diffusion limitations as they form a coating around the inorganic seeds

during their formation. 4

Prior IEPOX-SOA modeling studies have used a resistor-based parameterization, using
constraints on IEPOX solubility and reactivity, as described in Anttila et al.*! and Gaston et
al.*? The reactivity of IEPOX is represented by an overall particle-phase reaction rate constant,
where the rate-determining step depends on which of the two distinct reaction pathways, known
as A-1 and A-2 mechanism, is taken.?* Kinetic studies using bulk solutions have provided
estimates of the epoxide reaction rate constants for a variety of acid-catalyzed ring-opening

reactions.”* ¥ Several regional/global models have implemented the ygpox resistor-based
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model for aqueous IEPOX-SOA formation and found improved model predictions of SOA

mass yield when compared to field observations.?”> 4648

Previous studies (e.g., Gaston et al.*?) have measured the loss rate of IEPOX gas due to its
reactive uptake on acidic sulfate particles in a flow tube at short timescales (~10-20 seconds),
and shown that the resistor-based model can explain the IEPOX gas loss kinetics. However, to
the best of our knowledge, the resistor model formulation has not been tested against direct
measurements of particle size evolution due to IEPOX-SOA formation, especially at longer
timescales on the order of hours in environmental chambers. Recently, such single-particle
measurements have been conducted characterizing how IEPOX uptake on acidic sulfate
particles in a Teflon chamber affects particle size, composition and density evolution,?’
providing a unique opportunity to understand IEPOX-SOA processes through application of

this modeling framework.

In this study, we integrated and applied new IEPOX-SOA modeling capabilities in a box model
to understand kinetic processes governing evolution of particle size, chemical composition, and
overall particle density due to reactive uptake of IEPOX, as measured by Riva et al.*® The
capability of a chemistry-aerosol inorganic box model, Model for Simulating Aerosols
Interaction and Chemistry (MOSAIC) developed by Zaveri et al.*, was extended to include
key processes of IEPOX-SOA formation on polydisperse aerosols. The MOSAIC model is also
widely used in regional and global chemical transport models, i.e., the Weather, Research and

)7%-3! and the Community Earth System Model

Forecasting model with Chemistry (WRF-Chem
(CESM)*%2. We then applied the model to predict the particle size evolution and SOA

composition upon [EPOX uptake by pure ammonium bisulfate particles from the chamber
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experiments reported in Riva et al.*> This work focuses on a single aerosol system, ammonium

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

Methods

MOSAIC model

In this study, we added IEPOX reactive uptake parameterizations on ammonium bisulfate
(ABS) seed aerosols to the sectional aerosol box model MOSAIC (Model for Simulating
Aerosol Interactions and Chemistry)*” 3. The model treats gas and aerosol chemistry, aerosol
thermodynamics and phase state, aerosol microphysical processes such as coagulation and
condensation, and particle wall loss. At every time step, it dynamically partitions nonvolatile
and semi-volatile organic and inorganic gases to size-resolved particles and predicts particle-
phase water and pH (acidity) in each size bin. Gas-particle mass transfer calculation takes into
account compound volatility, gas-phase diffusion, interfacial accommodation, and particle-
phase bulk diffusion in semisolid organic phase. For this study, particle size distribution was
represented using the moving bin approach wherein coagulation was ignored, since effects of
coagulation were found to be insignificant. MOSAIC was updated as described in Sections
2.3-2.6 to simulate the multi-phase chemistry, formation and time evolution of IEPOX-SOA
and the resulting changes in particle size distributions and compositions within an

environmental Teflon chamber.

Chamber measurements

We used the results from the experimental chamber study described by Riva et al.* to initialize
the model with measured IEPOX gas, particle size distributions, and seed composition, and to
evaluate model parameters related to IEPOX-SOA formation. Briefly, their experiments were

conducted in a 1-m® Teflon chamber under dry (<5% RH) conditions at room temperature
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(24£2°C) and atmospheric pressure (1 atm). Acidified ammonium sulfate (ammonium bisulfate,
ABS) seed aerosols were generated by nebulizing aqueous solutions of 0.06 M (NH4)2SO4 (aq)
+ 0.06 M H>SOs4 (aq). The ABS seed particles were then introduced into the chamber before
the injection of 500 ppb trans-B-IEPOX, the proposed dominant IEPOX isomer mixture."”
Trans-B-IEPOX was synthesized in high purity (>99%) by the UNC group following published
procedures.>* 2.5 mg of trans-B-IEPOX was introduced into the chamber and mixed with the
ABS seed particles by passing high purity N2 gas at 2 L min~! through a heated manifold
(60—70 °C) for 30 min.>> A scanning mobility particle sizer (SMPS), which consists of a
differential mobility analyzer (DMA) and a condensation particle counter (CPC), was used to
periodically measure the size distributions of particle number, surface area, and volume
concentrations during the IEPOX uptake into the ABS seed aerosols. The single particle mass
spectrometer (miniSPLAT)?> was used to perform online in-situ measurements of size, density,
shape, and chemical composition of individual particles inside the chamber at a time resolution
of few minutes. A schematic of the chamber employed is shown in Fig. S1. At the end of each
experiment, particles were collected onto Teflon membrane filters for offline analysis of
IEPOX-derived SOA bulk chemical composition wusing ultra-performance liquid
chromatography/electrospray ionization, high-resolution quadrupole time-of-flight mass
spectrometry (UPLC/ESI-QTOFMS), and gas chromatography/electron ionization-mass
spectrometry (GC/EI-MS). The experiments were also performed using deliquesced
ammonium sulfate seed particles and ABS coated with SOA produced from a-pinene
ozonolysis to investigate the effect of acidity and organic coating on IEPOX uptake. Further

1'35

experimental details are provided in Riva et al.”” The present study focuses on modeling [EPOX

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

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

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

terms of first-order kinetics:

d[IEPOX
dIEPOX,| _ _ PO 4, (c)[IEPOX, 1)

dt

where A, is the particle surface area (cm? cm?), [IEPOXg] is the gas-phase TEPOX
concentration (mol m™), and {(c) is the mean molecular speed (cm s!). The reactive uptake
coefficient of IEPOX (y1gpox) is calculated following a resistor model described in Anttila et

al.*! that includes possible mass transfer limitations caused by organic coatings:

1 (),

YIEPOX Bl 4Dgas

(o)
4RTHorgDorg(qorgF — 1)

1
a

(2)

2

where Dg,q is the gas-phase diffusion coefficient (cm s) which is estimated as Dgas =

1.9MW~2/3 with MW being the molecular weight of IEPOX (118 g mol), @ is the mass
accommodation coefficient of IEPOX (0.02 or 0.1 used here based on previous studies®> *%7),
R is the ideal gas constant (L atm K™ mol™?), and T is the temperature (K). Horg and Dypg are

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

in the gas phase) in the organic coating, respectively. The terms H,rg and D,g Were assumed

to be independent of particle size. The HyrgDorg value was determined based on SOA viscosity
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measurements generated from a flow tube reactor conducted under a RH range of 40-99% with

an extrapolation for RH<40% (Fig. S2).* We selected the HorgDorg value at 35% RH for the
current study (i.e., 6.34x10® M atm™! cm? s™), as opposed to the value at the simulated dry
condition of <5% RH. Using extrapolated HyrgDorgvalues below 35% RH completely shut off

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

1.35

measurements in Riva et al.”® and other experiments at low RH.>>** H,, was set to 2.0x10°

1.34

M atm', as used in Zhang et al.*, resulting in 3.16x10™* cm? s for Dyyg.

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

between two bulk phases, and is expressed as:

— COth(qorg) + h’(CIaq' q;rg)

= 3)
1+ COth(Qorg)h(qaq: qgrg)
h(qaq' qérg)
H.,D
H anaq (qaq COth(qaq) - 1) - (qgrg COth(qgrg) - 1)
« orglorg
= — tanh(CIorg) Hanaq (4-)
HorgDong (92 €0th(daq) = 1) = (drg tanh(org) — 1)
T,
q;rg = r_CCIorg (5)

p
’ kaq korg
= -, = 6
qaq 7,‘C Daq qorg rp Dorg ( )

Here, Hyq and D,q are the Henry’s laws constant (3.0x10” M atm™") and diffusion coefficient

(1.0x107° cm? s7) of the reactant in the inorganic aqueous core, respectively. The parameters

daq and qorg are diffuso-reactive parameters that describe the competition between diffusion

10
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and reaction in the aqueous core and organic coating, respectively. The parameters are defined

as a function of their diffusion coefficients (D,q and D), radius of inorganic aqueous core
(.) and overall particle radius (7, = 7. + organic coating thickness) in cm, and the first-order
reaction rate constants (k,q and ko) in s”!. We performed a sensitivity study on model results
to Haq as this parameter is known to vary by several orders of magnitudes.** *”-*" Fig. S4 shows
that increasing H,q directly contributes to an increase in SOA mass and aerosol growth, but the
rate starts to slow down and the model becomes less sensitive to H,q when it is higher than our

default value, which is derived from measurements* and has been applied in past modeling

studies.?® 75

The above set of equations (1-6) simulate IEPOX wuptake into internally mixed
organic/inorganic particles using ABS as the inorganic core and IEPOX-SOA as the organic
shell. Measurements show that ABS is a highly hygroscopic substance that does not eftloresce
even around 0% RH and exists in a deeply metastable phase®. Consistent with these
measurements, we assumed that ABS particles remain in a metastable liquid state at 5% RH in
our MOSAIC model formulation, and its water content and acidity were approximated by not

allowing the particles to effloresce.

A recent laboratory study by Zhang et al.*® examined the implications of IEPOX-SOA on the
reactivity of pre-existing sulfate particles. They found that aerosol acidity decreases, and
viscosity increases after IEPOX reactive uptake, leading to a self-limiting effect where newly
formed IEPOX-derived SOA inhibits additional multiphase chemical reactions of IEPOX. To

account for this finding, we impose a molar balance between inorganic sulfate and

11
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organosulfates (part of IEPOX-SOA), i.e., as organosulfate forms, an equimolar amount is lost

from inorganic sulfate at each model time step.

We applied a one-second timestep to simulate the two-hour chamber experiment. The number
of size bins was set to 205, with the diameters of upper and lower boundaries being 1.08 nm
and 1715.45 nm, respectively. The model was initialized with gaseous IEPOX of 500 ppb and
the SMPS-measured seed aerosol size distribution before the IEPOX injection. In the study,
the density of 1.5 g cm™ was assumed for each SOA tracer (2-methyltetrols, OSs, and
oligomers), which follows an estimate applied in Cui et al.*®° It is noted that based on the
miniSPLAT measurements, the density of ABS particles under dry conditions is 1.77 g cm™,
while the final aerosol density after reaction with IEPOX is 1.48 g cm™. Molecular weights
(MW) of 136, 216, and 250 g mol! were assigned for 2-methyltetrols, OSs, and oligomers,
respectively. Oligomers of tetrols were assumed to be similar to a hemiacetal dimer of 2 [EPOX
molecules, which has a MW of ~254 g mole™!.!% 14 The aerosol mass and number concentrations
were assumed to be continuously and irreversibly lost to the walls of the Teflon chamber with
a first order rate determined by fitting the measured loss in total particle number concentrations
over the entire experiment (see Section S1d in the Supplement). Gas-phase wall-losses were
neglected, implicitly assuming that gases deposited on the chamber walls were available to
interact with particles suspended in the chamber. A sensitivity simulation where gas-phase
absorption and desorption from the chamber walls was included, produced similar particle size

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

Aqueous-phase reaction rate constant

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

The aqueous-phase reaction rate constant (k,q) for [EPOX is calculated assuming protonation

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

thus implemented the following definition of kaq:43’ 46,47

M
kag = Z Z k; ;[acid;] [nuc]-] (8)

N
i=1j=1
This expression implies that the overall rate of reaction is determined by the third-order rate

constants (k; ;, in M s™!) multiplied by the concentrations (mol L! within particle-phase) of

Jo
acids (H", HSO4", NH4") and nucleophiles (H2O and SO4?) in the model. IEPOX uptake by
aerosols forms two major SOA products, namely 2-methyltetrols (tetrols) and IEPOX-
organosulfates (i.e., methyltetrol sulfates or OSs), based on a previous study.®! The fraction of
IEPOX-SOA attributed to OS (f) was determined based on the relative contribution of the OS
formation rate to the effective first-order rate constant. The experimental values of k; ; were

1'46

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

the Supplement (Sect. S1b and Table S1).

Tetrol phase partitioning and oligomerization

While OSs were assumed to be fully nonvolatile (consistent with the measurements of
evaporation kinetics of OS standards), tetrols were treated as semivolatile which means some
fraction of tetrols will partition out of the aerosols depending on the organic mass loadings.
However, particle-phase tetrols were also assumed to form non-volatile oligomers at a first
order timescale of ~2 hours, which reduces their evaporation/partitioning to the gas-phase, as

discussed later. We assumed the saturation vapor concentration (C*) of 10 ug m™ for tetrols

13
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based on the range of C* estimates of 5-15 pg m™ reported in an environmental chamber
study.%! The mass accommodation coefficient (&) of 0.1 for tetrols was applied. Diffusion
limitations to the partitioning was treated based on Zaveri et al.>®, with the particle bulk

diffusivity of 3.16x10™'* cm* s (to be consistent with Dy parameter in Eq. 2). We also

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

oligomers (hereinafter, referred to as oligomers) with a first order e-folding timescale (7,)ig) Of

2 hours based on measurements reported in D’ Ambro et al.*! that the low-volatility mode of
CsH1204 desorption (similar in structure to 2-methyltetrols) was formed quickly via acid-

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

. . . . 1
timescale of 2 hours (7200 s), korz in equation 6 was assumed to be a constant, i.e., =500 st We

found that the reactive uptake coefficient of IEPOX (y1gpox, Eq. 2) is not as sensitive to the
korg value except when korg is very fast (10 s ) i.e. a timescale of 0.1 s (instead of 2 hours) or

faster.

IEPOX-SOA processes

Fig. 1 schematically illustrates the key multiphase chemical processes during reactive uptake
of IEPOX gas on aqueous acidic sulfate seed aerosols, dynamic gas-particle partitioning of
tetrols and their oligomerization. After IEPOX gas dissolves in aqueous sulfate seed particles
due to its high-water solubility, it undergoes acid-catalyzed particle-phase to form tetrols and
OSs. Tetrols are semi-volatile and can partition back to the gas-phase, but our simulations
indicate that ~50% of the tetrols are converted to non-volatile oligomers at an e-folding time
scale of 2 hours. Formation of OSs consumes inorganic sulfate, decreasing particle acidity,

11, 35, 39

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

and as more IEPOX-SOA forms it limits further uptake of IEPOX gases.!! We simulated these

14
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complex processes in a box model and evaluated how these processes affect size distribution,
chemical composition and density of the particles with respect to single-particle measurements.
This multi-parameter model evaluation provides unique insights and significant advances in

our understanding of IEPOX-SOA formation.

We further performed two sensitivity tests to examine how mass accommodation coefficient
and inorganic-to-organic sulfate conversion affect model performance compared to our default

(base case) scenario (Table 1).

Results and discussion

Base case scenario

Following IEPOX uptake and SOA formation, measurements show that the particle number
mean diameter increases by 52% and total suspended particle volume increases by a factor of
two over 2 hours, reaching final values of 127.5 nm and 42.3 um?® cm™, respectively (black
solid markers in Fig. 2). Note that actual increase in particle volume due to IEPOX-SOA
formation is larger if we account for particles lost to the walls of the chamber. In the base case
scenario, the model is able to reproduce the observed mean diameter and volume evolution,
but moderately underestimates their magnitudes by an average 5% and 25%, respectively (red
solid markers in Fig. 2). At the end of simulation, the model predicted mean diameter is 118.8

nm and the total volume is 32.5 um? cm™ (Table 1).

Fig. 3 shows evolution of particle number size distributions (dN/dlogD;). The observed particle
size distributions are unimodal and dominated by particles in the range of 50-90 nm after 10
minutes and ~80-150 nm after 2 hours. The base case model well reproduces the observed

characteristics of unimodal structure with a shift to larger sizes as particles grow with IEPOX-

15
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SOA formation. The model overestimates the initial growth of particles during the first 10
minutes as compared to the observations. These differences most likely relate to the fact that the
model was initialized “instantaneously” with gaseous IEPOX of 500 ppb and the SMPS-
measured seed aerosol size distribution before the IEPOX injection”, whereas in the experiment,
it took a few minutes to inject IEPOX into 1-m? chamber and mix it with the ABS seed
particles. Fig. 2a indicates that the model reaches half of its maximum growth only within ~10
minutes, opposed to ~15 minutes as seen in observations® but reproduces the final size

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

Fig. 4 shows that OSs are predicted to heavily dominate IEPOX-SOA constituents (87.4%),
followed by tetrols (6.0%) and tetrol oligomers (6.6%). Filter analysis by GC/EI-MS and
UPLC/ESI-QTOFMS reports that 2-methyltetrols and IEPOX-derived OSs contribute to
approximately 10% and 50-60% of IEPOX-SOA tracers, respectively (as shown in Fig. 2 of
Riva et al.*>). The observations show that these species have important contributions to total
SOA mass (~40%), consistent with previous studies that analyzed ambient PM, s samples.?> %’
C5-alkene triols are not explicitly predicted from the model, but some studies reported that
these could be thermal decomposition products of 2-methyltetrol-sulfates.’” ®! As demonstrated
in Cui et al.%°, during GC-MS measurements, IEPOX-derived OSs can decompose into C5-
alkene triols (analytical GC-MS measurement artifacts) and to a smaller extent to 2-
methyltetrols. Therefore, the sum of measured IEPOX-OS (and their dimers/trimers) and C5-
alkene triols accounting for ~90% of IEPOX-SOA in Figure 2 of Riva et al. can be compared
to our predictions of OS. Since simulated OS represents 87% of IEPOX-SOA, these are in good
agreement with the sum of [EPOX-OS and C5-alkene triols in Riva et al. Given the analytical

artifacts involved in characterizations of IEPOX-SOA components especially through

techniques involving thermal decomposition, evaluating the simulated total non-volatile
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content of IEPOX-SOA with observations is a key part of this puzzle. Our simulations show
that the non-volatile content of IEPOX-SOA is 94% (sum of OSs and tetrol oligomers; Table 1).
Complementary measurements of [IEPOX-SOA evaporation kinetics at room temperature show
that ~90% of IEPOX-SOA is non-volatile (Table 1). Thus, the simulated IEPOX-SOA non-
volatile content agrees with measurements, which is encouraging given that particle volatility

drives its lifetimes in the atmosphere.

Another important evaluation metric is total particle density, since overall density depends on
particle chemical composition. The overall density of particles (organic + inorganic) measured
by miniSPLAT is reported to be 1.48+0.02 g cm™.3°> Our model-predicted final particle density
achieves acceptable agreement with these measurements and predicts aerosol density slightly
increasing with particle size ranging between 1.50-1.65 g cm™ (Fig. S6), indicating less than
12% difference between model and observations. The higher density of larger particles is due

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

Fig. 5 shows the simulated aerosol pH, calculated as the negative logarithm of H' activity
coefficient multiplied by H* mole fraction in particle liquid water. H+ activity coefficient and
its mole fraction within the inorganic core are both calculated in the MOSAIC model at each
timestep. The model reveals that aerosol acidity changes by more than 2 pH units from its initial
value (pH =-3.43), as illustrated in Fig. 5 for a selected size bin. The rapid change in aerosol
acidity after a few minutes is consistent with the declining total inorganic sulfate species (SO4*"
and HSOy") resulting from conversion into OSs. It has been well demonstrated that the
conversion of inorganic-to-organic sulfate is driven primarily by the IEPOX to inorganic
sulfate ratio (IEPOX:Sulfinorg), with IEPOX:Sulfinore>10 leading to more rapid conversion of

aqueous inorganic sulfate to organic components and corresponding large increase in particle
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pH (lower acidity).!" ** Measurements in Riva et al. were conducted at an initial
IEPOX:Sulfinorg of >20. Our simulations show that for these conditions ~80% of inorganic
sulfate are converted to organo-sulfates resulting in a rapid decrease in aerosol acidity.
Furthermore, OS formation also decreases aerosol hygroscopicity and diffusivity, thus limiting

further IEPOX uptake.

Effect of mass accommodation coefficient

Particle growth is found to be sensitive to the mass accommodation coefficient (o) of IEPOX,
a quantity describing the interfacial limitations to gaseous uptake by seed particles. It is notable
that changing a from 0.02, as applied in Base scenario, to 0.1, as applied in HighAccom scenario,
can increase the growth in particle number mean diameter and suspended particle volume
concentration by ~8% and ~15%, respectively (Fig. 2). These results are expected, as larger
values of a indicate increased gas uptake into the particle bulk. However, since « is less than
unity (a=1), there still exists some barrier to mass transfer, which could be either in the
condensed phase or at the particle-vapor interface. Higher o improves the model performance
of predicted aerosol growth (Table 1 and Fig. 2), but the number size distribution tends to get
narrower, and the peak is higher than observations (Fig. 3). Changing the o value has no
discernible effect on SOA composition as shown in Fig. 4, with differences between the two

scenarios are less than 3%.

Effect of accounting for molar balance between organic and inorganic sulfates
Most modeling studies do not account for sulfate balance in IEPOX-OS formation.*® 472 In
our simulations above we subtracted the molar concentration of OS from inorganic sulfate at

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

effect of this molar sulfate balance, we conducted a sensitivity study, wherein we turned off the
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removal of equimolar inorganic sulfate concentrations as OS forms (KeepSO4). This KeepSO4
scenario predicts a large increase in the particle number mean diameter and total volume growth,
particularly after 40 mins, and overpredicts observations by ~45% and ~85%, respectively, at
the end of experiment (Fig. 2). The final mean particle diameter and total volume concentration
in this scenario are 189.6 nm and 79.8 um® cm, respectively (Table 1). Compared to the base
case, predicted OS contribution to IEPOX-SOA within KeepSO4 decreases by ~12% although
it still dominates the SOA composition (Fig. 4). On the other hand, contribution of tetrols and

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

The major change in KeepSO4 compared to the base scenario is reflected in changes of particle
acidity. While in the base case pH increases by more than 2 pH units due to consumption of
inorganic sulfate during OS formation, the KeepSO4 formulation predicts a constant pH

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

(Fig. 5).

Conclusions

We derive unique insights into IEPOX-SOA processes by integrating our newly developed
IEPOX-SOA formulations in a box model and unique single-particle measurements of IEPOX-
derived SOA formation. While previous studies have either focused on measuring bulk kinetics,
or short-timescale (~seconds) flow tube measurements of gas-phase IEPOX loss during
IEPOX-SOA formation, we find that single-particle measurements within a chamber at longer
timescales (~hours) and modeling of IEPOX-SOA processes provide key and valuable
additional insights. We evaluate several measured parameters of [IEPOX-SOA simultaneously:

particle size evolution, chemical composition, density and volatility.
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We find that including diffusion limitations in IEPOX-SOA organic phase and imposing an
organic and inorganic sulfate molar balance are critical to explaining measured IEPOX-SOA
multiphase chemistry and kinetics. Our model can simulate [IEPOX-SOA formation leading to
the growth of particle mean diameter and total suspended particle volume concentrations. The
model also well reproduces the observed shape of the number-size distributions although it
underpredicts observed aerosol mean diameter by 7% and total suspended particle volume by
~24% at the end of the experiment. However, the model overpredicts the initial growth (at t=10
min) likely because the model was initialized “instantaneously” with gaseous IEPOX of 500
ppb and the SMPS-measured seed aerosol size distribution before the IEPOX injection”,
whereas in the experiment, it took a few minutes to inject IEPOX into the 1-m? chamber and
mix it with the ABS seed particles. The model reproduces the observed uniform aerosol density

across particle sizes with bias of less than 12%.

The present work supports the application of IEPOX reactive uptake as an acidity-dependent
SOA formation process in models and the potential impact of IEPOX-derived SOA coatings to
inhibit further SOA formation. It should be noted that the model is sensitive to the mass
accommodation coefficient of [EPOX, wherein a higher value of this parameter would lead to
improved particle growth evolution, but the aerosol size distribution tends to be narrower, and
the peak is taller than the observed data. The result entails that this parameter needs to be well
constrained for accurate modeling of IEPOX-SOA. Our sensitivity study also reveals that the
predicted evolution of aerosol size and volume are overestimated when inorganic sulfate is not
removed during OS formation, thus highlighting the importance of accounting for the

consumption of inorganic sulfate during the production of particulate OSs.
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The Supporting information is available free of charge at http://pubs.acs.org.

Additional information on the schematic of the chamber experimental setup, particle-phase
reaction rate constant (kaq), selecting HorgDorg and Haq parameters, aerosol wall loss, comparison
between simulated results and observations for the size distribution of final aerosol density, and
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Tables

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

Final Final total

. Inorganic IEPOX IEPOX-SOA

Observations/ . mean volume .
. . sulfate accommodation . . non-volatile
Simulation . diameter concentration .
removal coefficient 3 3 fraction (%)
(mm)  (um® cm)

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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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 (um® cm™) 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-m? chamber.
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(0S), 2-methyltetrols (Tetrols), and tetrol oligomers.
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