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ABSTRACT: Secondary organic aerosol (SOA) from acid-driven
reactive uptake of isoprene epoxydiols (IEPOX) contributes up to
40% of organic aerosol (OA) mass in fine particulate matter.
Previous work showed that IEPOX substantially converts
particulate inorganic sulfates to surface-active organosulfates
(OSs). This decreases aerosol acidity and creates a viscous
organic-rich shell that poses as a diffusion barrier, inhibiting
additional reactive uptake of IEPOX. To account for this “self-
limiting” effect, we developed a phase-separation box model to
evaluate parametrizations of IEPOX reactive uptake against time-
resolved chamber measurements of IEPOX SOA tracers, including
2-methyltetrols (2-MT) and methyltetrol sulfates (MTS), at ∼50%
relative humidity. The phase-separation model was most sensitive
to the mass accommodation coefficient, IEPOX diffusivity in the organic shell, and ratio of the third-order reaction rate constants
forming 2-MT and MTS (kMT/kMTS). In particular, kMT/kMTS had to be lower than 0.1 to bring model predictions of 2-MT and MTS
into closer agreement with chamber measurements; prior studies reported values larger than 0.71. The model-derived rate constants
favor more particulate MTS formation due to 2-MT likely off-gassing at ambient-relevant OA loadings. Incorporating this
parametrization into chemical transport models is expected to predict lower IEPOX SOA mass and volatility due to the
predominance of OSs.
KEYWORDS: multiphase chemistry, box modeling, core−shell morphology, rate constants, diffusion limitation

■ INTRODUCTION
Isoprene (2-methyl-1,3-butadiene, C5H8) is the most abundant
reactive non-methane volatile organic compound (VOC) and
mainly emitted from vegetation1 into the atmosphere, with
annual emissions estimated from 500 to 750 Tg.2,3 Atmospheric
oxidation of isoprene by hydroxyl radicals (•OH) is its dominant
sink (∼85% on average globally).4,5 The initial attack of •OH on
isoprene occurs predominantly at either C1 (0.63) or C4 (0.37)
due to the formation of resonance-stabilized allylic radicals.6
Molecular oxygen (O2) quickly adds to the allylic radicals,
forming isoprene hydroperoxyl radicals (ISOPOO•). The
atmospheric fate of ISOPOO• determines the subsequent
reaction pathways and secondary organic aerosol (SOA)
formation potential.7−9 When nitric oxide (NO) levels are low
(i.e., <1 ppb), ISOPOO• primarily reacts with hydroperoxyl
radicals (HO2

•), which yields predominantly (∼90%) isoprene
hydroxyhydroperoxides (ISOPOOH).4,10,11
Major products following •OH addition to ISOPOOH are

isomeric isoprene epoxydiols (IEPOX) with a yield of ∼70−

80%.11−13 IEPOX has also been identified from the •OH-
initiated oxidation of isoprene under high-NO conditions,
although the yield is much lower (i.e., 13% from parent
hydroxynitrates) than that from ISOPOOH under high-NO
conditions.14 When gaseous IEPOX is taken up by inorganic
sulfate (Sulfinorg, which is composed of both HSO4

− and SO4
2−)

aerosol, it can undergo acid-enhanced reactions and yield a wide
array of compounds including polyols, low-volatility organo-
sulfates (OSs), and oligomers that contribute to SOAmass.15−18

This process is termed IEPOX heterogeneous or multiphase
chemistry. The most abundant SOA constituents resulting from
IEPOX multiphase chemistry are 2-methyltetrols (2-MT) and
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methyltetrol sulfates (MTS or IEPOX OS).16,17,19 2-Methylte-
trol sulfate (2-MTS) diastereomers have been recently
demonstrated to be the dominant isomers of MTS.19 MTS
have been recently measured to contribute up to 13% of the
organic carbon (OC) in fine particulatematter (PM2.5) collected
from downtown Atlanta20 and Look Rock, Tennessee, U.S.,19 up
to 10% of the total organic matter (OM)mass in PM2.5 collected
downwind of Manaus, Brazil,21 and up to 15% of the total OM
mass in PM2.5 collected during the 2017 Lake Michigan Ozone
Study (LMOS).22 MTS and their corresponding oligomers may
help explain the low-volatility nature of IEPOX SOA23,24 and the
substantial contribution of IEPOX SOA (30−40%) toward the
fine OA mass measured in many isoprene-rich loca-
tions.18,23,25,26 Due to high abundance of IEPOX SOA within
ambient PM2.5, it is critical to understand the formation
mechanisms, physicochemical properties, and potential atmos-
pheric fates of its low-volatility OSs.
Key components required for SOA formation from IEPOX

include aerosol liquid water, proton donors (e.g., H+ or NH4
+)

for ring-opening reactions of IEPOX, and nucleophiles (e.g.,
H2O, SO4

2−, NO3
−, and preexisting 2-MT and MTS) to

promote further condensed-phase reactions leading to the
formation of IEPOX SOA components. The kinetics of IEPOX
reactive uptake are different from the equilibrium partitioning
theory that is based on Raoult’s law. Instead, the reactive uptake
of IEPOX depends on the solubility of IEPOX (determined by
an effective Henry’s law coefficient), aerosol-phase acidity, and
condensed-phase nucleophilic reactivity.27−30 Taking these
factors into account, both regional- and global-scale chemical
transport models represent the multiphase chemistry of IEPOX,
assuming a homogeneous aerosol phase through a reactive
uptake coefficient (γIEPOX) derived using a resistor model.31−37

Using a semi-explicit treatment of IEPOX reactive uptake,
improvements have been made in closing the gap between
simulations and observations.31,38−41 However, large errors in
model performance, as well as high sensitivity towards and
uncertainty in key parameters associated with such an approach,
still persist, suggesting a need for constraining parameters such
as the Henry’s law constants of IEPOX and aerosol-phase
reaction rate constants.38,41,42
2-MT and MTS together contribute a major mass fraction

(>90% at Look Rock, Tennessee, U.S.) of IEPOX-derived
SOA.19 In regulatory models, the third-order reaction rate
constants forming these two monomer species (see reactions R2
and R3, described in the next section) were typically obtained
from kinetic measurements in bulk solution.27,28 Given the
differences in pKa values between Sulfinorg and OSs, rapid
inorganic-to-organic sulfate conversion by IEPOX, as shown in
our recent chamber studies, reduces the acidity of the aqueous
phase.18,34,43,44 In addition, the substantial formation of surface-
active OSs results in an aerosol morphology that has a viscous
organic-rich shell surrounding an aqueous inorganic core with
decreasing acidity.18,34,43,44 The viscous organic shell increases
the diffusional barrier that IEPOX must overcome to reach the
aqueous core, slowing down the overall reaction.18,34 Con-
sequently, acid-driven reactive uptake of IEPOX is inhibited by
the changes in aerosol acidity and phase state induced by this
multiphase chemistry over time.18,34
The preexisting organic coating has been considered in

modeling IEPOX multiphase chemistry previously,36,37,45 and
recently, this so-called “self-limiting” effect was considered in
modeling chamber experiments (e.g., Octaviani et al.46 under
dry conditions and Zhang et al.47 under humid conditions).

However, these studies lack direct and real-time measurements
of critical IEPOX SOA tracers, including 2-MT andMTS, which
are needed to constrain the models.
In this work, we investigate IEPOX reactive uptake under

humid conditions (relative humidity (RH) ∼ 50%) using a zero-
dimensional box model that considers the self-limiting effect of
IEPOX SOA formation and is constrained by key tracers. The
time-resolved chemical measurements of IEPOX SOA molec-
ular tracers from the UNC chamber experiments provide a
unique opportunity to evaluate and refine the phase-separation
model and parameters so that they reproduce the key chemical
features of IEPOX SOA evolution. We provide insights into
parameters that have the largest impact on the time evolution of
the IEPOX SOA tracers in the chamber through sensitivity
analysis. We then apply the model to simulate hypothetical
atmospherically relevant scenarios to show the importance of
considering phase separation in the atmospheric formation of
IEPOX SOA.

■ EXPERIMENTAL SECTION
Smog Chamber Experiments. Measurements for model

evaluation are obtained from IEPOX reactive uptake experi-
ments conducted in the UNC indoor environmental chamber
facility with trans-β-IEPOX and acidified ammonium sulfate
seed aerosol (AAS) under humid conditions (RH ∼ 50%).
These include published experiments18,43 and new experiments
(Table S1). While the seed type and initial acidity were kept
constant, the relative amounts of injected trans-β-IEPOX and
Sulfinorg concentration were varied between experiments to
represent a range of atmospherically relevant IEPOX:Sulfinorg
ratios.18 The time-resolved Sulfinorg (HSO4

− + SO4
2−) and

organic tracers, including 2-MT and 2-MTS, were obtained by
measurements coupling online collection using a particle-into-
liquid sampler (PILS) to offline chemical analyses by ion
chromatography (IC) and ultra performance liquid chromatog-
raphy interfaced to electrospray ionization high-resolution
quadrupole-time-of-flight mass spectrometry (UPLC/ESI-HR-
QTOFMS). The total dry aerosol volume concentration and
size distribution were constantly monitored in real time by a
scanning electrical mobility sizer (SEMS, Brechtel, Inc.) and
used to derive total dry SOA volume concentrations (Section
S2.1). The experimental setup, online sample collection, and
offline chemical analyses have been detailed previously18,43 (also
see Section S1). Note that the IEPOX SOA tracer measurements
using these methods have an uncertainty of 14−17% (RSD), as
determined in our previous work.18,19,43,48 Therefore, a
deviation within ±25% of the measurements is considered a
reasonable model performance in the current study.

Box Model Setup. We investigated the reaction kinetics of
IEPOX SOA formation using a zero-dimensional time-depend-
ent chemical reaction kinetics box model. Like our prior work,29
the box model simulates gas-phase IEPOX uptake by Sulfinorg
aerosol and includes semi-explicit aerosol-phase tracer for-
mation (reactions R1−R5, described below). Updates were
made in line with the latest understanding of the reaction
products, resulting aerosol physicochemical properties, and
feedback on IEPOX uptake. Specifically, recent studies have
demonstrated that C5-alkene triols and 3-methyltetrahydrofur-
an-3,4-diols (3-MeTHF-3,4-diols) are not thermodynamically
feasible products from IEPOX isomerization49 and are likely
degradation products of IEPOX-derived OSs and oligomers
formed because of heated vaporization/ionization methods
and/or trimethylsilylation for sample pretreament.19,49−51
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Therefore, reactions forming the diols and triols were removed
in the model, but reactions leading to the formation of 2-MT,
MTS, and their respective dimers were kept, as shown in
reactions R2−R5. The reaction rate constants we used, along
with literature values, are summarized in Table S2. We assumed
that reaction product monomers only form in the aqueous core
(reactions R2 and R3) and immediately salt-out to the aerosol
particle surface (shell), as demonstrated by recent measure-
ments.18,34 Oligomers are assumed to form only in the organic
shell from monomers (reactions R4 and R5). 2-MT is treated as
semivolatile with a saturation vapor pressure (C*) of 8.31 μg
m−3.52 The particle-phase fraction of 2-MT was calculated as
shown in eq 1, where COA is the mass concentration of total
SOA.

IEPOX(g) IEPOX(aq)
k
het

(R1)

+ + ++ ++
IEPOX(aq) H H O 2 MT H

k
2

H ,H2O
(R2)

+ ++ +
IEPOX(aq) H SO MTS

k
4
2 H ,SO4

2

(R3)

+ + ++ ++
IEPOX(aq) H 2 MT 2 MT dimer H

kH ,2 MT

(R4)

+ + ++ ++
IEPOX(aq) H MTS MTS dimer H

kH ,MTS

(R5)

=
+

= +
*ikjjjjj y{zzzzzF C

C
particle

gas particle
1

P

OA

1

(1)

The time-dependent pseudo-first-order heterogeneous reaction
rate constant (khet(t), s−1) of IEPOX with Sulfinorg aerosol is
calculated by eq 2:

=k t
t S t

( )

( ) ( )

4
het

IEPOX a

(2)

where γIEPOX(t) is the IEPOX(g)−aerosol reaction probability
or reactive uptake coefficient, ω (cm s−1) is the mean molecular
speed of IEPOX vapor, and Sa(t) is the total aerosol surface area
concentration (cm2 cm−3).
Themain difference between themodeling approach here and

that of our previous work is the treatment of γIEPOX, where the
self-limiting effect is embedded. Instead of using a constant value
derived from flow tube measurements,32 γIEPOX(t) is treated as a
time-dependent parameter and calculated using a resistor model
(eq 3):46,53

= + +
t

r t

D

r t

RTH D q F

1

( )

( )

4

1 ( )

4 ( 1)
IEPOX

p

g

p

org org org

(3)
where rp(t) is the aerosol particle radius, Dg (cm2 s−1) is the
diffusion coefficient of IEPOX in the gas phase, α is the mass
accommodation coefficient, R is the ideal gas constant (L atm
K−1 mol−1), andT is the temperature (K).Horg is theHenry’s law
constant of IEPOX in the organic shell, set to 2.0 × 106 M atm−1

based on prior studies.46,54 Dorg (cm2 s−1) is the diffusivity of
IEPOX in the phase-separated organic shell. WhileDorg is tied to
the chemical composition of the organic shell, it was set to a
constant value in the current model and evaluated in sensitivity
runs (see the Sensitivity Analysis Results section). The functions
F(t) and qorg(t) are calculated as eqs 4−8:

=
+ *

+ *F t
q t h q t q t

q t h q t q t
( )

coth( ( )) ( ( ), ( ))

1 coth( ( )) ( ( ), ( ))
org aq org

org aq org (4)

* =q t
r t
r t

q t( )
( )
( )

( )org
c

p
org

(6)

=q t r t
k t
D

( ) ( )
( )

aq c
aq

aq (7)

=q t r t
k t

D
( ) ( )

( )
org p

org

org (8)

where Haq (1.7 × 108 M atm−1)31 and Daq (1 × 10−5 cm2 s−1)55
are the Henry’s law constant and diffusion coefficient for IEPOX
dissolution into the inorganic aqueous core, respectively, rc(t) is
the radius of the inorganic aqueous core, and kaq(t) and korg(t)
are the sum of first-order reaction rates (s−1) in the aqueous core
and the organic shell, expressed as eqs 9 and 10, respectively:

= [ ][ ]
=

+k t k t a( ) nuc ( ) H

i

N

i iaq

1

aq

(9)

= [ ][ ]
=

+k t k t a( ) nuc ( ) H

i

M

i iorg

1

shell

(10)

Here, [aHaq
+] is the hydrogen ion activity in the aqueous core,

calculated as the product of the H+ activity coefficient (γH+) and
the H+ concentration in the aqueous core ([Haq

+]). Initial
[Haq

+] is output from E-AIM. [aHshell
+] is the hydrogen ion

activity in the organic shell. [aHshell
+] is set to 1/100[aHaq

+] to
reflect the relative lower acidity in the shell based on our
previous modeling.34 [nuci] is the time-dependent concen-
tration of the ith nucleophile, and ki is its corresponding third-
order reaction rate constant in each phase. Note that the acidity
at aerosol interfaces, including the aerosol−gas interface and
internal interface (core−shell), is uncertain and has suggested
results ranging from more56 to less acidic.57 Experimental data
are needed to confidently relate the pH in the core to the shell
and surface/interface enhancements.
The time-dependent total surface area concentration (Sa(t)),

inorganic core radius (rc(t)), and aerosol radius (rp(t)) are
derived from the net volume (V(t)) change calculated using
simulated dry SOA mass and Sulfinorg with proper conversion
using hygroscopic growth parameters and densities associated
with the organic and inorganic fractions, respectively. It is
important to note that themodel treats the aerosol population as
monodisperse, initiated from the measured mode diameter of
the seed aerosol. The detailed calculations regarding the aerosol
size dynamics are described in Section S2.1.
The model is initialized with the amount of trans-β-IEPOX

added to the injection manifold, initial seed aerosol volume
concentration, surface area concentration, and ionic chemical
composition. The initial molar concentrations of inorganic seed
aerosol species ([NH4

+], [H+], [H2O], [HSO4
−], and [SO4

2−])
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and total aqueous aerosol-phase volume are obtained from the
Extended AIM Aerosol Thermodynamic Model II (E-AIM,
http://www.aim.env.uea.ac.uk/aim/aim.php)58,59 by inputting
the initial moles of SO4

2−, NH4
+, and H+ in the chamber. The

molarities of the ions were calculated from Sulfinorg obtained by
IC, assuming a 1:1:1 ratio since equal molarities of ammonium
sulfate ((NH4)2SO4) and sulfuric acid (H2SO4) were combined
to make the atomizer solution. Measured temperature (K) and
RH (%) were averaged over the 1 h IEPOX injection time and
input into E-AIM as well (Table S1). The rate at which IEPOX
was injected into the chamber was assumed a first-order decay of
IEPOX in the injection manifold. The decay rate constant
derived was varied between 1.2 × 10−4 and 2.4 × 10−4 s−1 as a
fitting parameter to match the injection efficiency calculated
from the manifold weight determined gravimetrically before and
after injection for each experiment. First-order gas wall-loss rates
estimated from published experiments29,32 are applied to gas-
phase IEPOX (kwall‑IEPOX = 9.45× 10−5 s−1). Experiment-specific
first-order aerosol wall-loss rates were estimated from the seed
only period of each experiment and applied to all aerosol-phase
species (kwall‑aerosol = 1 × 10−5 − 1 × 10−4 s−1). The coupled
ordinary differential equations (ODEs) corresponding to the
production and/or loss of all gas- and aerosol-phase species were
solved and integrated over the 1 h duration of IEPOX injection
in MATLAB (R2019a). Key differences between the current
phase-separation model and previous studies are summarized in
Section S3.
Model Evaluation.Model parameters and their values used

in the base case simulation are summarized in Table 1. Note that
the core−shell model holds parameters constant throughout the
course of the 1 h reactive uptake experiment. These parameters
include the following: [H+], γH+, HSO4

−/SO4
2− ratio, Dorg, and

Ha. We used normalized mean bias (NMB) to describe the
model performance for concentrations of the three key aerosol-
phase species that have time-resolved measurements: 2-MT,
MTS, and Sulfinorg. The equation to calculate NMB is as follows:

= =

=

M O

O
NMB

( )
i

m

n

i m i m

m

n

i m

1 , ,

1 , (11)

where Mi,m and Oi,m are the mth modeled and observed
concentrations, respectively, of the ith SOA species.
To identify the model parameters to which outputs are most

sensitive, an analysis was performed that included α, γH+, Ha,
Dorg, and the ratio of the third-order rate constants of reactions
forming 2-MT and MTS (kMT/kMTS ∼ 0.1). The parameter
values for the sensitivity analysis are summarized in Table 1.

■ RESULTS AND DISCUSSION
Core−Shell Model Base Case Performance.NMB values

for the base case are reported in Table 2 and include all model

runs with timestamps up to ∼1 h for all nine experiments (Table
S1). The best “base case” prediction is for Sulfinorg, which had a
near-zero NMB (0.04). 2-MT is extensively overpredicted in the
base case (NMB of 0.58). MTS is slightly overpredicted (NMB
of 0.14). The NMB for individual experiments (Table S3),
however, reveals that model performance varied depending on
the initial IEPOX:Sulfinorg. As IEPOX:Sulfinorg increases, the base
case parameterization leads to a greater overprediction of
Sulfinorg and MTS (Figure 1 and Table S3). Overall, 2-MT is the
most poorly predicted IEPOX SOA tracer with the base case
parameterization.
Compared to prior studies that obtained chemical speciation

data only from filter samples at the SOA growth end
point,29,46,47 the PILS-IC and PILS-UPLC/ESI-HR-QTOFMS
measurements in the present work are advantageous in
providing time-resolved chemical speciation. This allows
model performance assessment of not only the total SOA
formed but also the dynamic evolution of individual inorganic
and organic aerosol species. For a time series evaluation, we
selected two experiments with IEPOX:Sulfinorg values at the
extreme ends of the atmospherically relevant range,18 which
included experiment 5 (Expt. 5) (IEPOX:Sulfinorg = 1.0) and
Expt. 3 (IEPOX:Sulfinorg = 10.2). We observed that the base case
parameterization wasmarginally better at reproducing 2-MT but
worse at reproducing particulate sulfur containing species
(Sulfinorg and MTS) in high IEPOX:Sulfinorg conditions (Expt.
3) than in low IEPOX:Sulfinorg conditions (Expt. 5) (Table S3).
Measured data show that in Figure 2A (Expt. 3 (high
IEPOX:Sulfinorg)), comparable particulate mass concentrations

Table 1. Values of Model Parameters for Base Simulation and Sensitivity Analysis Cases

name parameter base equation low high

IEPOX gas-phase diffusion coefficient Dg (cm2 s−1) eq =D 1.9(MW )
g IEPOX

2/3
36 - -

IEPOX mean molecular speed ω (cm s−1) eq = RT8
MW 36 - -

Sensitivity
mass accommodation coefficient α 0.0238,39 - 0.00147 0.131

activity coefficient of H+ γH+ 1 - - 8
Henry’s law constant of the aqueous phase (core) Haq (M atm−1) 1.7 × 10831 - 3 × 10776 4 × 10831

Henry’s law constant of the organic phase (shell) Horg (M atm−1) 2 × 10633 - - -
IEPOX organic-phase diffusion coefficient Dorg (cm2 s−1) 2 × 10−12 - 2 × 10−13 2 × 10−11

ratio of third-order reaction rate constant of IEPOX with water and
SO4

2−
kMT/kMTS 0.11 - 0.05 0.2

Table 2. Normalized Mean Bias (NMB) of Simulated Key
Aerosol-Phase Species in All Sensitivity Scenarios

case Sulfinorg 2-MT MTS 2-MT/MTS
base 0.04 0.58 0.14 0.16
low accom 0.15 −0.31 −0.46 0.07
high accom 0.03 0.66 0.19 0.16
high γH+ 0.03 0.64 0.18 0.16
low Ha 0.07 0.28 −0.06 0.13
high Ha 0.03 0.62 0.16 0.16
low Dorg 0.08 0.23 −0.08 0.12
high Dorg 0.03 0.66 0.18 0.17
low kMT/MTS 0.01 −0.12 0.27 0.01
high kMT/MTS 0.07 1.55 −0.04 0.38
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of 2-MT and MTS were formed rapidly during the first 30 min,
but the formation rates leveled off during the second 30 min.
The base case parameterization overpredicts the rates of
production of both particulate 2-MT and MTS after 20 min.

MTS was more reasonably predicted than 2-MT. In Expt. 5
(Figure 2B, low IEPOX:Sulfinorg), measured particulate-phase
formation of the two monomers did not significantly slow until
∼50 min. The low IEPOX:Sulfinorg value explains the increased
formation of MTS relative to 2-MT (Figure 2B). The base case
parameterization produced similar amounts of both tracers,
leading to an overprediction of particulate 2-MT throughout the
entire hour. Overall, these differences in the evolution of
particulate 2-MT and MTS that are dependent on IEPOX:Sul-
finorg were not reproduced well by the base case parameter-
ization.

Sensitivity Analysis Results.The NMB for each sensitivity
case for each particulate species was calculated, and the values
are summarized in Table 2. When compared to the base case
parametrization, the model performance (NMBs and the
normalized biases for individual data points) barely changed
in the LowHa and HighHa cases even though theHa values span
over an order of magnitude (Table 2 and Figure 3). The same
conclusion can be drawn from a close inspection of the NMBs
shown in Table S4 and Figures S2−S4. This confirms that the
dissolution of IEPOX in the aqueous core is not the limiting
factor in the core−shell treatment. Higher γH+ (8) resulted in
small increases in the production of all SOA, leading to a slightly
worse agreement for the two IEPOX SOA tracers (Table 2 and
Figures 3 and S2B). More distinguishable differences in the
model outputs were found for the Mass Accom, Dorg, and
kMT/MTS sensitivity cases, which we discuss in detail in the
following sections. It should be noted that the NMB for each
sensitivity run is intended to resolve the magnitude of change in
response to varying values of model parameters. Since only one
parameter was varied at a time with the others held constant (at
base case values), the value that resulted in the best model
performance in the sensitivity run does not necessarily lead to
the same model performance if other parameters were also
changed.

Mass Accommodation Coefficient (α). α is commonly
defined as the probability of a gas molecule entering the aerosol
per collision with the aerosol surface.60 It should be noted that α
here is more of a traditional definition of mass accommodation.
It does not clearly distinguish gas−surface and surface−bulk
mass transport like later developed multilayer kinetic model
frameworks61−63 and molecular dynamics simulations.64,65
Therefore, it should not be confused with the surface
accommodation coefficient (αs) under these frameworks. It
should also not be confused with the effective mass
accommodation coefficient (αeff) recently proposed by Shiraiwa
and Pöschl, which accounts for diffusivity and reactivity within
the penetration depth in representing αs.66 Furthermore, Kolb et
al. summarized the terminologies used in gas uptake studies and
different definitions for the mass accommodation coefficient
used in different experimental and simulation approaches that
could lead to discrepancies when comparing values.67
In the resistor representation, the mass accommodation

coefficient sets the baseline resistance (1/α) (eq 3). The base
case value (α = 0.02) was commonly used in several modeling
studies.29,35,38,39,46 We chose 0.02 here, as it best reproduces the
initial γ for IEPOX uptake onto acidified sulfate seed determined
from our previous flow tube measurement.32 A higher value (α =
0.1) suggested by Gaston et al.31 was selected for the High
Accom case. The Low Accom case value (α = 0.001) was
suggested by Zhang et al.,47 as it better captures the IEPOX SOA
growth at the beginning of their experiments. In our simulations,
the higher mass accommodation coefficient (α = 0.1) slightly

Figure 1. Calculated normalized mean bias (NMB) values of modeled
particulate species, including inorganic sulfate (Sulfinorg), 2-methylte-
trols (2-MT), and methyltetrol sulfates (MTS), as a function of the
IEPOX:Sulfinorg ratio. The three lines whose colors correspond to the
three particulate species are logarithmic fits of the observations to
visualize the trends. The numbers next to the MTS data points
correspond to the experiment index in Table S1. Each vertical dashed
line connects the data points for Sulfinorg, 2-MT, and MTS from the
same experiment.

Figure 2. Base simulation of IEPOX SOA tracers and total SOA for (A)
high IEPOX:Sulfinorg ratio experiment (Expt. 3, Table S1) and (B) low
IEPOX:Sulfinorg ratio experiment (Expt. 5, Table S1). Observations are
shown as shaded circles with error bars (1σ), and simulations are shown
as solid lines. Color codes are displayed in the legend.
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increases the NMB of the IEPOX SOA tracers compared to the
base case (Table 2). On the contrary, the lower mass

accommodation coefficient (α = 0.001) leads to larger positive
NMB values for Sulfinorg and pronounced decreases in NMB

Figure 3. Box plots of NMBs of individual modeled Sulfinorg (orange), 2-MT (blue), and MTS (burgundy) for all five model sensitivity scenarios. In
each box, the central mark indicates the median, and the bottom and top edges of the box indicate q1 (25th percentile) and q3 (75th percentile),
respectively. The whiskers extend to the most extreme data points not assigned as outliers. The data points are considered outliers if they are greater
than q3 + 1.5(q3 − q1) or less than q1 − 1.5(q3 − q1). The outliers are shown individually with open circles.

Figure 4. Simulated resistance for (A, B) the high IEPOX:Sulfinorg ratio experiment (Expt. 3, Table S1) and (C, D) the low IEPOX:Sulfinorg ratio
experiment (Expt. 5, Table S1). Dark gray curves are resistance from gas-phase diffusion (first term in eq 3). Blue curves are resistance from mass
accommodation (second term in eq 3). Pink curves are resistance from the bulk phase (third term in eq 3). Green curves are the overall resistance,
summing up all three resistor terms (1/γIEPOX). (A) and (C) are results from the Mass Accom runs, while (B) and (D) are results from the Dorg runs.
Solid curves are calculated with the base case parameterization; dashed curves and dashed-dotted curves are calculated with the low and high sensitivity
case parameterizations, respectively.
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values for 2-MT and MTS (going from positive to negative
values). A similar scaling effect is observed for model runs on
individual experiments (Table S4). More importantly, the
choice of α significantly affects the reactive uptake rate or SOA
formation rate, as this term determines the baseline resistance to
the mass transfer of IEPOX into the aerosol phase. As shown in
the time series plots (Figure S4), the low α value significantly
delayed the onset of SOA production. Although this improved
the agreement for 2-MT, it worsened the agreement for Sulfinorg
and MTS in low IEPOX:Sulfinorg experiments (Figures S2 and
S4). For high IEPOX:Sulfinorg, the decay of Sulfinorg and the
production of IEPOX SOA tracers were severely underpredicted
throughout the entire reaction time (Figure S4). Although the
modeled IEPOX SOA tracer curves crossed the measured SOA
at around 1 h, the predicted curve would continue to increase
beyond the duration of the experiment due to the excessive
unreacted IEPOX remaining in the gas phase. Unlike Zhang et
al.,47 our result shows that the initial reactive uptake is better
simulated with an α value of 0.02 when considering overall
agreement of the three particulate tracers (i.e., Sulfinorg, 2-MT,
and MTS).
Figure 4A,C shows the modeled resistance in theMass Accom

sensitivity runs for the high IEPOX:Sulfinorg experiment (Expt.
3) and the low IEPOX:Sulfinorg experiment (Expt. 5). In the base
and High Accom cases, α (blue curves in Figure 4, associated
with the second term on the right-hand side of eq 3) governed
the reactive uptake only in the beginning, and the crossover with
the diffuso-reactive resistance (pink curves in Figure 4,
associated with the third term on the right-hand side of eq 3)
occurs near 20 and 10 min with regard to the base and High
Accom cases for the high IEPOX:Sulfinorg experiment,
respectively. After the crossover, the diffuso-reactive term
gains dominance in regulating the reactive uptake. In the Low
Accom case, the diffuso-reactive resistance evolves much slower
and is at least an order of magnitude smaller than the α resistance
throughout. It is also worth noting that the diffuso-reactive term
evolves slower in the low IEPOX:Sulfinorg experiment than in the
high IEPOX:Sulfinorg experiment. This indicates that the self-
limiting effect would be less pronounced in low IEPOX:Sulfinorg
conditions. In all cases, the resistance associated with the gas-
phase diffusion (gray curves in Figure 4, associated with the first
term on the right-hand side of eq 3) was negligible and barely
changed. The resistance analysis suggests that a constant low
mass accommodation coefficient (α = 0.001) would leave the
model insensitive to diffuso-reactive resistance evolution (i.e.,
self-limiting effect), which negates the effects of core−shell
parameterization. The higher the value of α, the more reactive
uptake will be controlled by the resistance induced by the
organic shell.
Diffusivity of IEPOX in the Organic Shell. The Dorg (2 ×

10−12 cm2 s−1) selected as our base case was based on the work of
Zhang et al.47 since the RH condition of their experiments (50−
60%)were close to ours (∼50%). Two orders of magnitude were
chosen as the uncertainty range, given that the measured
viscosity also typically has an uncertainty range of at least 2
orders of magnitude.68 In reality, at a given RH, Dorg is
dependent on the organic shell composition and subject to
change over time as the composition evolves, particularly in the
presence of OSs. Therefore, we estimated the range ofDorg from
viscosity, calculated using the Vogel−Tammann−Fulcher
(VTF) equation based on the glass transition temperature of
the organic−water mixture with the observed chemical
speciation, as detailed in Section S2.2 and in our previous

work.34 A different selection of values for model parameters can
lead to a viscosity prediction with an uncertainty of 4 orders of
magnitude, as demonstrated in previous studies.18,68 The base
case Dorg (2 × 10−12 cm2 s−1) falls within the uncertainty range
from our estimation (Figure S5). As shown in Figure S5, Dorg
decreased dramatically into the semisolid phase regime in the
initial 10min of themodel run, once the organic coating formed;
Dorg remained relatively stable for the remainder of the run
under both high and low IEPOX:Sulfinorg conditions. We do not
expect that neglectingDorg changes in our model will have a large
impact on IEPOX reactive uptake. The calculation above
justified the prescription of a constant Dorg in our model runs.
Similar to Mass Accom, Dorg also has pronounced effects on

IEPOX SOA formation (Figures 3 and S2). A higherDorg results
in faster diffusion of IEPOX within the organic shell and,
therefore, faster production of both 2-MT and MTS.
Conversely, a lower Dorg would slow down the diffusion and
reaction of IEPOX. As mentioned earlier, 2-MT was the most
poorly predicted IEPOX SOA tracer in the base case
parameterization (NMB = 0.58). The Low Dorg case resulted
in the best model performance (Tables 2 and S7). It greatly
reduced the NMB of 2-MT from 0.58 to 0.08 and that of MTS
from 0.14 to −0.16. The Sulfinorg performance was not
significantly affected by the Dorg range probed in our study.
However, a dependence of the model performance on
IEPOX:Sulfinorg is evident. Model performances of Sulfinorg and
MTS were more sensitive to the variation in Dorg for high
IEPOX:Sulfinorg experiments (Figure S2 and Table S6). The
overall model performance for the High Dorg case and the High
Accom case is similar (Tables 2, S4, and S7). As shown in Figure
4A,C, the initial smaller resistance for theHigh Accom case leads
to slightly faster SOA growth in the beginning (Figure S4).
Faster SOA growth, in turn, caused steeper increase in the
diffuso-reactive resistance (pink dashed-dotted lines in Figure
4A,C). For the High Dorg case with the base case mass
accommodation (α = 0.02), the initial resistance (green curve)
was already high, which led to slower initial SOA growth (slower
thickening of the organic coating) and, therefore, a more gradual
increase in the diffuso-reactive resistance (Figure 4B,D).
Overall, the impact of Dorg is evolving over time since it is
within the diffuso-reactive term, which adds additional
resistance to the baseline resistance (1/α). Therefore, the
extent of this time-dependent self-limiting effect will be
dependent on the relative magnitude of the selected α value.
Use Figure 4 for visual assistance. For the base case mass
accommodation coefficient (α = 0.02), the model would be
insensitive to a Dorg ≥2 × 10−11 cm2 s−1, as shown in Figure
4B,D, even at high IEPOX:Sulfinorg conditions. Similarly in the
case of Low Mass Accom, the model would be insensitive to a
Dorg ≥2 × 10−12 cm2 s−1, and the SOA growth will be slow from
the beginning to the end. On the other hand, if we pair a lowDorg
(Dorg = 2× 10−13 cm2 s−1) with a high α (0.1),Dorg would start to
dominate the resistance after the first few minutes. However, its
development takes time and only catches up with the resistance
of the low α later. Thus, the initial growth would be faster than in
the case of pairing a high Dorg with a low α.

Branching Ratios between 2-MT and MTS. The two
sensitivity parameters discussed above change the 2-MT and
MTS model performance in the same direction. On the other
hand, the relative reaction rate constants forming 2-MT and
MTS are expected to change the branching ratios of these two
products. The literature values reported for nucleophilic
reactions of IEPOX are summarized in Table S2. The third-
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order nucleophilic reaction rate constants of IEPOX with H2O
and SO4

2− in the literature are typically on the order of
10−4,27−29 except for those reported by Piletic et al.,30 whose
predictions are 2 and 3 orders of magnitude higher than the
others for 2-MT and MTS, respectively. In our calculations, the
heterogeneous reaction rate (khet) was still the rate-limiting
reaction step compared to the condensed-phase reaction rate
(kaq), even when all of the condensed-phase reaction rate
constants were lowered by at least 2 orders of magnitude (Figure
S6). Thus, the relative rates between 2-MT and MTS are more
important than the absolute rates in our case. The rate constants
reported by Piletic et al. favor MTS formation over 2-MT
formation (kMT/kMTS = 0.1).30 This means MTS would form 10
times faster than 2-MT given equivalent nucleophile concen-
trations ([SO4

2−] = [H2O]). In contrast, bulk solution
measurements made by Eddingsaas et al.27 reported the largest
ratio (kMT/kMTS = 5), followed by previous work29 that
suggested a value of ∼0.7, favoring 2-MT formation over MTS.
As expected, changing the kMT/kMTS ratio drastically changed

the branching ratios between 2-MT and MTS in the kMT/kMTS
sensitivity runs. A low ratio (kMT/kMTS = 0.05) shifted the
modeled branching towards MTS (Tables 2 and S8). A high
ratio (kMT/kMTS = 0.2) favored the production of 2-MT relative
to MTS, increasing the overprediction of 2-MT, resulting in the
worst model performance for 2-MT of all sensitivity scenarios.
However, MTS prediction improved with a very low NMB
(−0.04). The predicted Sulfinorg varied inversely with kMT/kMTS,
and NMB variations (0.01−0.07) between different scenarios
were smaller compared to the two IEPOX SOA tracers.
Our analysis demonstrated that kMT/kMTS between 0.05 and

0.1 results in a reasonable prediction of particulate 2-MT-to-
MTS branching, while kMT/kMTS = 0.2 produces a significant
overprediction of particulate 2-MT. All literature-reported third-
order reaction rate constants, except for those predicted by
Piletic et al., lead to an even greater overprediction of particulate
2-MT. As mentioned above in the base case performance, a
lower OS branching ratio was observed in runs with higher
IEPOX:Sulfinorg, which the base case kMT/kMTS tended to
reproduce better than the Low kMT/kMTS case. On the other
hand, the Low kMT/kMTS case tended to reproduce higher OS
branching better in runs with lower IEPOX:Sulfinorg. There are
several explanations for this result. First, the current model
assumes a constant acidity for the inorganic core. However, in
reality, the core may become less acidic due to inorganic-to-OS
conversion, as our previous work has shown.34 Assuming
constant acidity will likely overpredict the reactions in the core
that involve H+. Second, [SO4

2−]/[HSO4
−] will increase as the

inorganic core becomes less acidic. Since SO4
2− is the major

nucleophile responsible for the formation of MTS, the shift in
the equilibrium between SO4

2− and HSO4
− inevitably affects the

MTS formation rate. Third, the non-ideality manifested as the
deviation of ion activity coefficients from 1 may also change as
the composition evolves over time. This complex interplay
between the kinetic and thermodynamic effects on the
condensed-phase reactions warrants future investigation.
Extreme Time-Dependent Self-Limiting Effect in the

High IEPOX:Sulfinorg Condition. From the sensitivity analysis,
it appears that the model with the base mass accommodation
coefficient (α = 0.02), low diffusion coefficient (Dorg = 2 × 10−13

cm2 s−1), and a higher OS branching ratio (kMT/kMTS = 0.05−
0.1) best predicts the evolution of the particulate tracers Sulfinorg,
2-MT, and MTS. The modeling assumption of constant
sensitivity parameters, however, still fails to capture the initial

faster growth and sudden plateau of SOA growth in the high
IEPOX:Sulfinorg experiments (Figures 2A and S4). This could be
attributed partially, if not completely, to the rapidly changing
aerosol acidity under this condition. As shown in Figure S6, the
calculated condensed-phase reaction rate (kaq) was decreasing
faster than the heterogeneous reaction rate (khet) and becoming
the limiting step in the second half of the run if [H+] were treated
as time-dependent, based on our thermodynamic calculation
(Section S2.2). Note that all condensed-phase third-order
reaction rate constants were scaled down by 100-fold in Figure
S6, showing that the self-limiting acidity effect will be sensitive to
the absolute third-order reaction rate constants chosen.
For a test, we replaced the constant acidity assumed in the

base case parameterization with a time-dependent [H+] trend
estimated from the thermodynamicmodel described in Zhang et
al.,34 using measured tracer concentrations as input while
keeping other model parameters the same as the base case
parameterization. The estimated [H+] trend was then
interpolated inline at each time step during the simulation.
The resulting time series of simulated IEPOX SOA tracers and
the [H+] evolution for the high (Expt. 3) and low (Expt. 5)
IEPOX:Sulfinorg experiments are shown in Figure S7. For the
high IEPOX:Sulfinorg experiment, the prediction of 2-MT and
MTS was improved, especially for the second half of the
experiment. The decay of Sulfinorg is slightly slower than the base
case parameterization (Figure S7A,C). The MTS dimer,
however, is greatly enhanced due to the slower formation of
MTS and leads to an overestimation of SOA in the second half of
the experiment. For the low IEPOX:Sulfinorg experiment, the
model performance was marginally the same as the base case
owing to smaller changes in the core and shell acidity (Figure
S7B,D). The production of dimers in this case was comparable
to that in the high IEPOX:Sulfinorg experiment.
The sensitivity test above highlights the importance of

considering the thermodynamic effect, especially when IEPOX
is in great excess compared to the Sulfinorg aerosol. Notably, the
current thermodynamic calculation adapted from Zhang et al.
assumes constant activity coefficients for all ionic species and a
pKa of 2 for OSs.34 Our pKa assumption for OSs was supported
by Raman spectroscopy determination using authentic 2-MTS
standards, suggesting a pKa between 2 and 3.69 Another recent
bulk solution measurement shows that the dominant tertiary
MTS has a pKa of 2.9−3.1 and depends on the stereo-
chemistry.70 We tested a pKa of 3 for OSs using the
thermodynamic model from Zhang et al. and found no change
in the predicted shell and core acidities compared to using a pKa
of 2 for OSs.70 Another observation is the unrealistic production
of oligomeric OSs. Although the oligomers were not quantified
in the current study due to the lack of authentic standards and
low intensities detected in the PILS-HILIC/ESI-HR-QTOFMS
samples, the mass balance between the sum of monomers (2-
MT + MTS) and the total SOA mass estimated from the SEMS
shows a marginal difference. This is consistent with our previous
work reporting that 2-MT and MTS together contribute >90%
of the trans-β-IEPOX SOA mass.19 A hypothetical loss of
oligomeric OSs to volatile species with a τ ∼ 0.3 h would lower
the production of oligomers and result in better total SOA
agreement (Figure S8). The stability of IEPOX-derived
oligomers and potential decomposition to volatile species are
unknown and warrant future studies.

Other Uncertainties. Recent work by Frauenheim et al.
combining chamber experiments and synthesis of standards
sheds new insights into the debate over the reactive uptake
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products of IEPOX (C5H10O3) resulting from acid-driven
isomerization in the condensed phase.71 In that study,
Frauenheim et al. synthesized C5H10O3 candidates (3-
methyltetrahydrofuran-2,4-diols and 3-methylenebutane-1,2,4-
triols) and confirmed that they are indeed IEPOX reactive
products found in the aerosol particle filters (as well as in the gas
phase) of chamber-generated trans-β-IEPOX SOA. Including
this pathway that competes with nucleophilic reactions in the
model may impact the formation of other IEPOX SOA tracers.
Meanwhile, it may not be manifested in the aerosol phase if its
volatility is high. Future studies should focus on constraining the
condensed-phase reaction kinetics, leading to these more
recently characterized C5H10O3 reactive uptake products and
their volatilities. Such areas of focus could also benefit if
simultaneous real-time gas-phase measurements were made for
C5H10O3 products as well as 2-MT. This will help to further
constrain the semivolatile partitioning of 2-MT between the gas
and viscous phase-separated aerosol particles.
Real-time IEPOX quantification is lacking in the current

study. As described in the Experimental Section, the IEPOX
first-order injection rate was varied to match the 1 h injection
mass determined by weighing the manifold before and after the
injection. In our previous work, the IEPOX injection rate was
tuned to match the time scales of SOA growth.29 The analytical
balance reading is sensitive to the temperature of the manifold,
which creates some possible uncertainty. The injection function
also does not account for insufficient heating due to bad contact
of the heating tape. These experimental procedures are
translated into the uncertainty of the fitted IEPOX injection
rate. Taking Expt. 9 as an example, the time series of the base
case shows that the onset of growth (∼20 min) was delayed
compared to normal onset (∼10 min) (Figure S4). We suspect
that the actual IEPOX injection was not as efficient as usual due
to the experimental procedures discussed above. Therefore, the
injection rate fitted for this experimentmight be faster than usual
and, thus, predicted faster consumption of sulfate and formation
of SOA. Consistently, the NMBs of 2-MT and MTS increase
while the NMB of Sulfinorg moves in the opposite direction
(Figure 1). The uncertainty in the model treatment of IEPOX
injection can potentially play an important role and partially
explain the large NMB variability even for experiments with
similar IEPOX:Sulfinorg. Accurate online quantification of
IEPOX vapors in future studies could provide further constraints
on the model parametrization of IEPOX injection rates.
Resistor model representations of IEPOX reactive uptake

typically assumes the same mass accommodation coefficient (α)
with and without organic coating.33,34,36,37 As mentioned above,
a base value of 0.02 for α best reproduces the measured γ of (1.9
± 0.1) × 10−2 reported for the acidified ammonium sulfate seed
aerosol in our previous flow tube experiments.32 It may be
reasonable to use this value for initial IEPOX uptake onto
acidified ammonium sulfate aerosol given the short time scales
of the flow tube experiments (20−100 s). However, this value
may not be suitable for phase-separated particles with semisolid
shell and requires further constraint. It is also unknown what the
surface structure of the organic coating is like and how surface
processes can impact mass accommodation and IEPOX uptake.
These remaining uncertainties can be examined in future studies
by using different modeling frameworks that are capable of
representing the processes in gas-to-surface and surface-to-bulk
interfacial regions.61−66,72,73

Application of the Phase-Separation Model to a
Typical Ambient Condition. Ambient concentrations of

IEPOX and Sulfinorg aerosol are much lower than those in the
chamber studies. To put our results into context, we applied our
phase-separation model to a hypothetical atmospheric con-
dition: 50% RH, ∼0.5 ppbv of gas-phase IEPOX, 250 μm2 cm−3

of ammonium bisulfate aerosol surface area, corresponding to an
aerosol mass loading of ∼10 μg m−3, and an average particle
diameter of 100 nm. The rate of gas-phase loss of IEPOX to
reaction with •OH was estimated to be 1.8 × 10−11 cm3

molecules−1 s−113,74 and [•OH] = 1.5 × 106 molecules cm−3.75
Figure 5 shows the model output using the base case model

parameters with third-order reaction rate constants scaled down
by 100-fold. As discussed in the previous section, this is
necessary for high IEPOX:Sulfinorg chamber experiments to
show sensitivity to the self-limiting parameterization. Unlike
modeling of the chamber experiments, vapor and particle wall
loss for the hypothetical atmospheric aerosol model run was set
to zero, and [IEPOX] was set to 0.5 ppbv at t = 0. The phase-
separation model predicted 0.93 μg m−3 of total SOA, with the
bulk (87%) being MTS, a minor amount (12%) of 2-MT, and
negligible amounts of MTS and 2-MT dimers (<1%). For
comparison, we simulated this atmospherically relevant case
with our previous model that assumes a homogeneous particle
phase and neglects the self-limiting effect.29 We did, however,
allow for 2-MT off-gassing, which was not included in the

Figure 5. Simulation results for IEPOX reactive uptake under
atmospheric relevant conditions (low IEPOX:Sulfinorg). (A) Phase-
separation model with base case model parameters except that all third-
order reaction rate constants are scaled down by 100-fold. (B)
Homogeneous model (Riedel Model) with the same third-order
reaction rate constants used in (A).
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original model. The homogeneous-phase model (Riedel Model)
with the same third-order reaction rate constants predicted 38%
more total SOA formation (1.28 μg m−3) than the phase-
separation model. The MTS dimer contribution was greatly
enhanced (22%) and, in turn, the MTS monomer contribution
to total SOA was reduced (64%). 2-MT remained a minor
branching reaction (13%) in this case. We also tested the Riedel
Model with the third-order reaction rate constants reported in
the original publication (Table S2). The reactions forming C5-
alkene triols and 3-MeTHF-3,4-diols were turned off.
Consistent with the results of Riedel et al., the rate constants
favored the formation of 2-MT over MTS (Figure S9). By
treating 2-MT as semivolatile (C* = 8.31 μg m−3), it resulted in
more 2-MT partitioning to the gas phase at such a low SOAmass
loading (∼1 μg m−3), leading to an overall lower total SOAmass
loading (0.81 μg m−3). The modeling exercises confirm the
importance of considering the self-limiting effect (otherwise,
overprediction of SOA is expected) in modeling atmospherically
relevant IEPOX SOA formation conditions and the relative rate
constants of formation of the two major products (2-MT and
MTS).
With the phase-separationmodel, IEPOX SOA formation was

predicted to reach a growth peak within minutes for ammonium
bisulfate under the mimic ambient conditions described above
(Figure 5A). The salient factors that control the model
performance for the chamber conditions, such as α and Dorg
values, have no impact in the final SOA mass and composition
formed but delayed the attainment of growth peak by up to 1 h
(Figure S10). In contrast, a much longer processing time (∼3 h)
is required for a hypothetical high IEPOX:Sulfinorg ambient case
(∼1 ppbv IEPOX and ∼0.1 μg m−3 ammonium bisulfate) to
reach a growth peak (Figure S11A). The predicted total SOA
was dominated by MTS (81%) as even more 2-MT would be
present in the gas phase, given the lower SOA mass loading
(∼0.3 μg m−3). The MTS dimer contribution increased from
<1% to 8% in this case. Accurately representing the
oligomerization kinetics relies on better constraints on both
the shell acidity prediction and the reaction rate constants of
oligomer formation. The monomer contribution will be affected
by changes in the oligomerization rates. It remains challenging,
as authentic standards for IEPOX-derived oligomers are lacking.
Lowering α and Dorg significantly slows the reactive uptake
processing despite producing similar SOA mass (Figure
S11C,D). Nonetheless, MTS should make up the bulk of the
IEPOX-derived SOA in high IEPOX:Sulfinorg atmospheric cases.
Note that the 2-MT/MTS branching predicted by our phase-
separation model for the atmospheric cases is consistent with
measurements in the southeastern U.S. and Amazon region. An
analysis of ambient PM2.5 samples for IEPOX SOA tracers shows
that particulate MTS dominates over particulate 2-MT at Look
Rock, Tennessee, U.S., in summer 2013 (2.33 versus 0.86 μg
m−3) and atManaus, Brazil in the transition of dry-to-wet season
in 2016 (0.390 versus 0.137 μg m−3).19
In summary, a phase-separation model is suited to reflecting

the self-limiting IEPOX reactive uptake. Recommended values
for key parameters using the phase-separation representation are
summarized in Table 3. Our analysis shows that a kMT/kMTS
lower than 0.1 is necessary to reflect the ratio of key products.
The absolute order of magnitude of the rate constants is
important when we apply the phase-separation parametrization
to conditions with high IEPOX:Sulfinorg values. Therefore, we
recommend Piletic rate constants scaled down by 100-fold for 2-
MT and MTS (5.3 × 10−4 and 5.2 × 10−3 M−2 s−1). The

sensitivity parameters α andDorg are important to predicting the
time that it takes for IEPOX reactive uptake to plateau. The time
it takes to reach the growth peak is an important consideration,
particularly for high IEPOX:Sulfinorg conditions, where the
model predicts it takes several hours to reach the growth peak.
Several hours are not negligible when the regional and climate
models are dealing with a time scale of minutes to hours. A value
of 0.02 is recommended for α according to the sensitivity
analysis of the results from chamber experiments. For Dorg, a
constant value of 2× 10−13 cm2 s−1, an order of magnitude lower
than that derived from measured composition, results in better
observation−model agreement at ∼50% RH. This parametric
value does not necessarily represent the actual diffusivity. Note
that the resistor equations (eqs 3 and 5) contain the product
HorgDorg, and based on our sensitivity simulations, 4 × 10−7 M
atm−1 cm2 s−1 is recommended for HorgDorg at ∼50% RH.
Extending the result to other RH values is possible given the
dependence of viscosity on RH, although caution needs to be
taken. Octaviani et al. has shown that HorgDorg derived via such
an approach would completely halt the uptake under dry
conditions (<5% RH), contrary to the observation.46 This
suggests a need to validate the assumption of a constant Horg
with different chemical composition and RH. Future experi-
ments targeting low levels of pollutant concentrations under a
range of atmospherically relevant RH levels will be beneficial to
evaluate the phase-separation model and constrain the
sensitivity parameters, including Horg and Dorg.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestair.4c00002.

Table 3. Recommendations on Key Core−Shell
Parameterizations

name parameter
values for

consideration
mass accommodation coefficient α 0.02−0.1a

IEPOX organic-phase diffusion coefficient
(cm2 s−1)

Dorg 2 × 10−13 at
RH ∼ 50%b

third-order reaction rate constant of IEPOX
with SO4

2− (M−2 s−1)
kSOd4

2−,IEPOX,H+ 5.2 × 10−3

ratio of third-order reaction rate constant of
IEPOX with water and SO4

2−
kMT/kMTS 0.05−0.1c,d

aModel was less sensitive to the mass accommodation coefficient in
this range, which is needed to reproduce initially fast reactive uptake
on inorganic seeds. Caution should be made in using low values. The
extremely low number of 0.001 reported by Zhang et al.47 was likely
due to the model treatment of IEPOX injection (see Section S3).
bThis Dorg results in better model performance in the sensitivity runs
and falls in the middle of the estimated Dorg uncertainty range.
However, picking a value an order of magnitude higher or lower than
this is not unreasonable, considering that even the measured viscosity
has an uncertainty of at least 2 orders of magnitude.68 Please note that
the model sensitivity to Dorg will be dependent on α. Avoid picking
the lower or higher end of the range for α and Dorg at the same time.
Consider using a dry Tg,org of 255 °C to calculate Dorg if extended to
other RH conditions. cIf acidity is held constant, using the Piletic et al.
rate constants or other lower rate constants will not matter too much.
If acidity is treated as time-dependent, we recommended tuning down
the Piletic et al. rate constants by an order of magnitude (table value).
A lower rate constant will make the model more sensitive to time-
dependent acidity. dPick a lower ratio (strongly favoring MTS) for
low IEPOX:Sulfinorg conditions and a higher ratio (intermediately
favoring MTS) for high IEPOX:Sulfinorg.
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