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ABSTRACT: Isoprene-derived secondary organic aerosol (SOA) is mainly
formed through acid-catalyzed reactive uptake of isoprene-derived epoxydiols
(IEPOX) onto sulfate aerosol particles. The effect of IEPOX-derived SOA on the
physicochemical properties of existing aerosols and resulting capacity for further
SOA formation remains unclear. This study systematically examined the
influences of IEPOX-derived SOA on the phase state, morphology, and acidity
of pre-existing sulfate aerosol particles, as well as their implications on the
reactivity and evolution of these particles. By combining aerosol thermodynamic
and viscosity modeling, our predictions show that aerosol viscosity and acidity
change drastically after IEPOX reactive uptake, with the aerosol becoming less
acidic (increasing by up to 1.5 pH units) and more viscous by 7 orders of
magnitude, thereby significantly reducing the diffusion time scale of the
molecules inside the particles. Decreased aerosol acidity and increased viscosity
co-contribute to a self-limiting effect where newly formed IEPOX-derived SOA inhibits additional multiphase chemical
reactions of IEPOX. The relative contribution to the inhibitory effect of pH versus viscosity depends on the initial ratio of the
IEPOX-to-inorganic sulfate aerosol, which differs between geographic regions. Moreover, reduced aerosol acidity and increased
kinetic limitation to diffusion leading to lower hydronium ions and slower mixing times may impede other multiphase chemical
processes after the formation of IEPOX-derived SOA. This study highlights important interconnections between physical and
chemical properties of aerosol particles that come from interactions of inorganic and organic components, which jointly
influence the evolution of atmospheric aerosols.
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1. INTRODUCTION

Fine particulate matter (PM2.5) is known to have significant
effects on air quality, climate, and human health.1 Secondary
organic aerosol (SOA) formed through the oxidation of
volatile organic compounds (VOCs) comprises a large
percentage of PM2.5 mass in both field measurements and
laboratory experiments.2−5 As the non-methane VOC with the
highest global emission rate, isoprene is also oxidized in the

atmosphere to form significant amounts of SOA,6,7 including
through acid-catalyzed reactive uptake (or multiphase
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chemistry) of isoprene epoxydiols (IEPOX) onto sulfate
aerosol particles.8,9 The uptake coefficient of this reaction
can be calculated by dividing the number of molecules lost to
the surface with the total number of molecules striking the
surface. Due to the relatively high reactive uptake coefficient of
IEPOX onto existing sulfate particles, this process has been
found to lead to substantial amounts of PM2.5, especially in
forested areas with broadleaf trees such as the Southeastern
United States and the Amazon rainforest.10−12 Due to
relatively large mass loadings of IEPOX-derived SOA in
these areas, the physicochemical properties of IEPOX-derived
SOA particles may have a significant influence on the
subsequent formation and evolution of organic PM2.5.

13,14

Despite recent studies revealing the detailed reaction
mechanisms of these multiphase chemical processes, few
have explored whether IEPOX-derived SOA will alter the
physicochemical properties of PM2.5.

15,16

As one of the important physicochemical properties, the
phase state of aerosol particles can change from liquid to
semisolid and even solid states, which can be quantified by the
viscosity.17,18 Depending on the environment that the aerosol
particles are in, the viscosity of the PM2.5 can change over 12
orders of magnitude, from aqueous to glassy-like.19,20 Changes
in viscosity can increase the diffusion time scales of molecules
within the particles from microseconds to days or even weeks,
with the implications of slowing down acid-catalyzed
heterogeneous reactions,14,15 particle growth,21 and particle
aging processes.22−24 Sometimes the viscous organic compo-
nents of an aerosol may undergo phase separation from
inorganic species, forming a layer (i.e., shell) at the edge of the
inorganic components, referred to as core−shell morphol-
ogy.25−28 This shell can reduce the reactive uptake of
molecules into the aqueous inorganic core,14,29,30 and even
creating a potential self-limiting effect during the reactive
uptake process.15,28,31 The viscosity of the core can also
increase after multiphase or particle phase reactions, further
limiting multiphase chemistry.16 The combination of aerosol
phase state, morphology, and interactions between organic and
inorganic phases influences the lifecycle of the aerosols,32

including the heterogeneous uptake of IEPOX,14,15,33 HO2,
34

OH,35 and N2O5
29,36,37 and thus needs to be carefully

investigated.
Aerosol pH also governs the partitioning and reactions of

semivolatile species between the gas and particle phases, as
well as within the particle phase. Many atmospheric processes,
including the gas−particle equilibrium of NH3 and
HONO,38,39 the hydrolysis of organic nitrates,40 and the
reactive uptake of IEPOX to form SOA, such as the formation
of organosulfates (OSs), all depend on aerosol pH values.41,42

However, direct measurement of aerosol pH in the particle
phase is challenging and thus rare. At present, such
measurement can only be obtained for simple super-
micrometer or submicrometer particles exposed to high
relative humidity rather than complex submicrometer SOA
particles.43−45 Highly parametrized thermodynamic and phase-
partitioning models for estimating the pH of submicrometer
particles are useful, but limited by the species contained (e.g.,
limited organic species) and reliance on the gas-particle system
being at thermodynamic equilibrium without considering the
kinetic limitations such as coating effects.46,47 It has been
shown that pH changes can drive phase separation and the pH
values between the two phases at equilibrium are less than one-
unit difference when there is liquid−liquid phase separa-

tion.48,49 However, few studies have provided a method for
estimating the particle pH when organic−inorganic inter-
actions happened during the course of reactions, especially
when the organic phase is viscous.50 Thus, measurements are
needed for the evolution of such interactions within particles
to determine effects on physiochemical properties and
chemical reactivities.
To provide detailed insights into the implications of aerosol

phase state and pH during the multiphase formation of
isoprene-derived SOA, experimental data combined with in-
house models that consider the interactions between the
organic and inorganic components, as well as the implications
of such interactions on the aerosol phase, pH, and reactivity,
are presented. These customized models used data from a
series of laboratory experiments with IEPOX-to-inorganic
sulfate ratios that mimic conditions in the Southeastern United
States and Amazon rainforest regions, which characterize the
self-limiting effects during IEPOX-derived SOA formation.
Our model results demonstrate that the multiphase reactions
between gas−particle and subsequent interactions between the
organic and inorganic phases have significant impacts on the
predicted aerosol viscosity and pH, leading to suppressions of
further acid-catalyzed multiphase chemical reactions with
IEPOX and likely explaining the experimentally observed
self-limiting effect of IEPOX on SOA formation.

2. METHODS
2.1. Chamber Experiments. Experiments were performed

in the indoor environmental chambers at the University of
North Carolina at Chapel Hill (UNC) and Massachusetts
Institute of Technology (MIT). The experimental setup and
analytical techniques used in this work have been described in
detail previously13,51−53 as well as in the Supporting
Information (SI) and Figure S1. The operating conditions
for the UNC and MIT chambers were identical except that the
UNC chamber was operated at 50% RH whereas the MIT
chamber was operated at <5% RH. Briefly, acidic sulfate
particles were atomized into the chamber using mixed aqueous
solutions of 0.06 mol L−1 of ammonium sulfate and 0.06 mol
L−1 sulfuric acid. Gas phase IEPOX was injected in through a
heated manifold after the seed particle concentrations were
stabilized and the chamber was dark with no strong oxidants.
The trans-β-IEPOX was synthesized in house with detailed
procedures described elsewhere.54 Experimental conditions
that simulate the ratio of gas phase IEPOX (μg m−3)-to-
inorganic sulfate aerosol (μg m−3) (or IEPOX:SO4

2− ratio) in
the Southeastern United States and the Amazon rainforest
were employed, noted as the ratios representing the South-
eastern United States and Amazon regions, respectively, with
detailed experimental procedures described by Riva et al.15

The Southeastern United States experiment has a lower
IEPOX:SO4

2− ratio of 1.5 while the Amazon experiment has a
higher IEPOX:SO4

2− ratio of 10.5. These ratios were achieved
by adjusting both the mass concentrations of inorganic sulfate
seed particles and gas-phase IEPOX.15

During the course of the experiments, IEPOX-derived SOA
was collected using a Particle into Liquid Sampler system
(PILS; BMI model 4001). The inorganic sulfate from the PILS
vials were analyzed by ion chromatography (IC). The organic
components of IEPOX-derived SOA, such as the 2-
methyltetrols (2-MTs), 2-methyltetrol sulfates (or 2-methylte-
trol organosulfates, 2-MT-OS), and 2-methyltetrol sulfate
dimers (2-MT-OS dimer),9,55,56 in each PILS vial were also
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analyzed by ultraperformance liquid chromatography inter-
faced to electrospray ionization high-resolution quadrupole
time-of-flight mass spectrometry (UPLC/ESI-HR-QTOFMS)
to obtain the concentration of each compound in the particle
phase. Herein, IEPOX-OS is used as an abbreviation to
represent the 2-methyltetrol sulfates as well as the 2-
methyltetrol sulfate dimers, trimers, and oligomers thereof.
The time series values of the particle constituents at the above
two conditions were reported by Riva et al. and were used as
constraints for the modeling section of this research article.15

2.2. Microscopy Imaging. Aerosol particle samples were
collected before, during, and after IEPOX reactive uptake to
confirm the mixing states and phase states (i.e., homogeneous
or core−shell structure morphologies) using a three-stage
microanalysis particle sampler (MPS-3, California Measure-
ments, Inc.) with d50 size cuts of 5.0, 2.8, and 0.4 μm that was
operated at 2.1 LPM. Particles were impacted onto silicon
wafer substrates (Ted Pella, Inc.) and carbon-type-b Formvar-
coated copper transmission electron microscopy (TEM) grids.
Only samples from the third stage (<0.40 μm) of the impactor
were analyzed because the size range of this stage included the
sizes of the aerosol particles generated in the chamber. Samples
were stored in the dark in sealed plastic vials at room
temperature prior to analysis.57 Particles on silicon substrates
were imaged in 5 × 5 μm2 regions by atomic force microscopy
(AFM; PicoPlus 5500 atomic force microscope; Agilent, Santa
Clara, CA) that operated at a 40 N/m spring constant and 300
kHz resonant frequency. The height images were obtained by
performing tapping mode utilizing Aspire CT300R probes
(NanoScience, AZ). The original images collected were at 512
pixels per line and acquired as 5 × 5 μm2 or 10 × 10 μm2 areas
with line scans of 0.75 Hz and then cropped. Raw data was
processed using SPIP 6.2.6 software (Image Metrology,
Hørsholm, Denmark) to measure particle height and radius.58

Scanning electron microscopy (SEM) images were also
obtained by examining particles using a FEI Helios 650
Nanolab-Dualbeam electron microscope equipped with a high
angle annular dark field (HAADF) detector operated at an
accelerating voltage of 10.0 kV, a current of 0.80 nA, and
pressures ranging from 10−3 to 10−5 Pa.
2.3. Modeling Viscosities of IEPOX-Derived SOA

Mixed with Inorganic Aerosol Constituents. The

viscosities of the SOA mixture with inorganic aerosol
constituents were first calculated by obtaining the glass
transition temperatures of individual organic and inorganic
species based on the molecular composition method of
DeRieux et al.,59 which is described in the SI and Table S3.
The glass transition temperatures of the inorganic core and
organic shell were calculated separately, based on AFM and
SEM images shown in Figure 1. The average glass transition
temperatures were calculated by adding the components
together based on the core−shell morphology and mass
fractions of each component.60,61 By assuming that water
transported freely between the organic shell and the inorganic
core, the model then calculated the glass transition temper-
atures of the organic shell and the inorganic core mixed with
water individually by considering the hygroscopicity (κ) of the
two phases. The water-included glass transition temperatures
were then converted to viscosities of organic and inorganic
phases based on the Vogel−Tammann−Fulcher (VTF)
equation, the fragilities of the organic compound, and the
ambient temperature, as shown in the SI. The above procedure
was applied to the laboratory data to calculate the time-series
viscosities of the inorganic and organic layers that consisted of
sulfates and the IEPOX-derived SOA generated at the two
different IEPOX:SO4

2− ratios, as shown in Riva et al.15 The
glass transition temperature calculation results of each IEPOX-
derived SOA constituent, including 2-MTs, 2-MT-OS, and 2-
MT-OS dimers, are shown in Table S1. The viscosity
estimation of the aerosols was based on all the above species
combined. The mass percentages of 2-MT and 2-MT-OS
(including oligomers) in the IEPOX-derived SOA were
assumed to be 33.4% and 66.6%, respectively, based on a
previous study.56 A sensitivity study of various modeling
scenarios, including the homogeneous mixture of the inorganic
and organic components, were summarized in Table S2.
Gordon−Taylor parameters between all IEPOX-derived SOA
and water, IEPOX-derived SOA constituents, and IEPOX-
derived SOA with inorganic sulfate were assumed to be 2.5, 1,
and 1.4, respectively, based on previous studies.59,62−64 The
viscosity values calculated were based on the 50% RH
experiment performed at the UNC chamber, with an
uncertainty range up to 1.5−2 orders of magnitude.15

Figure 1. Schematic of the model framework for pH and viscosity estimation. The left panel shows that the acidified ammonium sulfate particles
before IEPOX injection are homogeneously mixed. The middle panel shows that the model assumes organic−inorganic phase separation, with
inorganic species in the core and organic species in the shell. The right panel shows the actual microscopic images of the aerosol particles collected
during the experiments, confirming that these particles were indeed phase separated as indicated in the middle panel of the figure. All simulations
were run at a 50% RH condition where the particles contain a certain amount of water (especially the aqueous core) based on the hygroscopicity of
each phase.
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2.4. Modeling of the pH of IEPOX-Derived SOA
(Thermodynamic Model Considering Organosulfates).
The pH of aerosol particles during the reaction processes was
calculated using an in-house thermodynamic model with four
modeling scenarios (I−IV), with details described in Figures 1
and S2, and Table S3. Each model scenario used measured
time-series inorganic sulfate concentrations from the PILS-IC,
total sulfate concentrations and the NH4

+ concentrations from
the Aerosol Chemical Speciation Monitor (ACSM, Aerodyne
Research Inc.) as well as the size of the particles from Scanning
Electrical Mobility Spectrometer (SEMS, Brechtel Inc.) as
input values, as shown in Figure S1.65 The proton balance
equation together with the mass balance equations for H+,
NH4

+, SO4
2−, and HSO4

− as well as the IEPOX-OS (including
2-MT-OSs, 2-MT-OS dimers, and 2-MT-OS oligomers) were
built into this model as multivariable equations to solve the H+

ion activity, as shown in eq S1−S7. The activity coefficients of
the inorganic and the organic phases used in the model were
derived from ammonium bisulfate and organic mixtures
measured from the midpoint of experiments, respectively.
We found the activity coefficients mostly changed within 1
order of magnitude when considering the variations of the
inorganic and organic species during the course of the
experiments, resulting in the pH values changing within 1
unit. Therefore, we used constant activity coefficients to
calculate the pH values with the associated uncertainty range
less than 1 unit. The output of the model was the activity of
each ion, where pH was calculated as the negative logarithm of
the hydrogen ion activity (aH+). Scenario I was used as the
main framework of this model, which assumed IEPOX-derived
SOA particles underwent phase separation, as shown by the
microscopic images in the Results and Discussion, with the
inorganic sulfate in the core and the organic compounds
(including organic sulfates) in the shell. Due to the energy
barrier, differences in mass concentrations, and possible
nonequilibrium state between the aqueous inorganic core
and the semisolid organic shell as IEPOX continued to react
with the inorganic sulfate, the activities of NH4

+ and H+ in the
core and in the shell were likely to have gradients.49 Thus, a
gradient Q between the activities of NH4

+ and H+ in the core
and in the shell was defined, with details and calculated Q
values at different stages of the experiment shown in eq S8 and
Table S4. Scenarios II and III were used as typical scenarios for
models that assumed that the inorganic and organic aerosol
components were homogeneously mixed, with Scenario II
considering the first-order proton dissociation of all IEPOX-
OS and Scenario III not considering any IEPOX-OSs. The
difference between Scenarios II and III was that Scenario III
only considered inorganic species when calculating the pH
values and did not take the disassociation of IEPOX-OS into
account. Scenario IV assumed that the particles only consisted
of either the organic compounds or the inorganic compounds,
which served as a reference point for the acidity and viscosity
calculations. A schematic diagram and detailed assumptions of
each model scenario are listed in Figure S2, and Tables S2 and
S3, respectively. The gas-particle balance of NH3 and NH4

+

was calculated using a Henry’s law constant of 0.0161 atm
M−1.66 Growth factors of 1.2 and 1.02 at 50% RH were used to
calculate the liquid water content of the inorganic and organic
aerosol components, respectively.67,68 The assumed growth
factors matched the experimental SEMS data. The mean
activity coefficients for the ammonium bisulfate inorganic core
and 2-methyltetrol (representing the organic shell) were

calculated based on Aerosol Inorganic−Organic Mixtures
Functional groups Activity Coefficient (AIOMFAC, version
2.31, https://aiomfac.lab.mcgill.ca/index.html) and Extended-
Aerosol Inorganics Model (E-AIM, June 2017 version, http://
www.aim.env.uea.ac.uk/aim/model2/model2a.php),69−72 in
agreement with the activity coefficients of ammonium bisulfate
and organic components reported in previous studies.70,73 It is
worth noting that, due to limited knowledge on the activity
coefficients of organosulfate species, 2-methyltetrol was used as
a surrogate to estimate the activity coefficients of IEPOX-OS
(2-methyltetrol sulfates as well as their dimers and trimers).
The uncertainties associated with the activity coefficients of
IEPOX-OS may change the calculated pH values of the
aerosols by 1−2 units due to the constant activity coefficients
used in the model and the unavailability of the interactions
between the organosulfates and the inorganic salts. Therefore,
future studies incorporating real-time activity coefficients based
on the composition at each time step of the experiment is
needed; however, it will likely not change the general trend of
the pH during the course of the reaction nor the conclusions of
this research.

3. RESULTS AND DISCUSSION

3.1. Self-Limiting Effects of IEPOX-Derived SOA
Formation. As shown in Figure 2, an initial experiment of
gaseous IEPOX reacting with ammonium bisulfate (ABS)
aerosols simulating the ratio of IEPOX:SO4

2− in the

Figure 2. Laboratory data generated at the MIT environmental
chamber shows the self-limiting effect of IEPOX to form SOA under
an IEPOX:SO4

2− ratio mimicking the conditions of the Amazon. The
mass concentrations of each group of species were measured by using
the aerosol mass spectrometer (AMS, Aerodyne Research Inc.). The
times of each IEPOX aliquot injected into the chamber to react with
acidic sulfate aerosol particles are indicated in the plot by a single-
headed arrow, with the first injection at t = 0.5 h. The dashed vertical
lines indicate when the injections of the IEPOX started. The
approximate equilibration mass concentration of IEPOX-derived SOA
formed from each injection of IEPOX is also indicated in the plot with
green dashed lines and double-headed arrows, assuming the reaction
was pseudo-first order. The IEPOX-derived SOA formed from the
second and third injections are significantly lower than the first
injection, indicating a self-limiting effect of IEPOX-derived SOA on
additional multiphase chemical processing of gaseous IEPOX. The
mass concentrations reported above have been corrected with wall
loss and dilution.
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Amazonian rainforest was performed in the MIT environ-
mental chamber at <5% RH under dark conditions. After
injecting ∼90 μg m−3 ABS into the chamber and waiting for
the concentration of ABS to stabilize, 2 mg of IEPOX
(equivalent to 55 ppb of IEPOX) was injected into the
chamber to react with the ABS particles. At 1.75 and 5.75 h
after the initial injection, an additional two aliquots (each is ∼2
mg) of IEPOX were injected into the environmental chamber
to study the effects of pre-existing IEPOX-SOA on the reactive
uptake of additional IEPOX. As reported previously,55 IEPOX
reacts with acidic sulfate particles through acid-catalyzed
multiphase reactions to form SOA and the consecutive
IEPOX-derived SOA. However, as shown in Figure 2, the
amount of additional IEPOX-derived SOA formed from the
subsequent injections of IEPOX decreased drastically after the
initial injection, suggesting a self-limiting effect of IEPOX-
derived SOA on additional multiphase chemistry. Morphology,
viscosity, and the pH of aerosol particles are three factors
thought to influence the acid-catalyzed multiphase chemical
process leading to IEPOX-derived SOA and thus manifest as a
self-limiting effect. Similar experiments were also conducted in
the UNC chamber with two IEPOX:ABS ratios (1.5 for
Southeastern United States and 17.1 for Amazon) at 50% RH.
The experimental data obtained from the UNC Chamber were

then used as constraints in the models to examine the self-
limiting effect of IEPOX in forming SOA.

3.2. Morphology of SOA-Coated Acidic Sulfate
Particles. SEM and AFM images demonstrate core−shell
particle morphology after acidic sulfate particles were exposed
to IEPOX at 50% RH. Figures 1 and S3 show SEM and AFM
images, respectively, of acidic sulfate particles after exposure to
gaseous IEPOX. Particles with volume equivalent diameters of
∼75−300 nm (based on projected area diameters of 300−
1000 nm and typical spreading ratios)74,75 exhibit phase
separation after exposure to IEPOX for all samples analyzed.
The morphological information obtained by SEM confirms
that the uptake of IEPOX onto the acidic sulfate particles leads
predominantly to core−shell morphology. In addition, height
traces and amplitude AFM images of particles with core−shell
morphologies are included in Figure S3. Particles generated
from higher IEPOX:SO4

2− ratios (i.e., mimicking the
Amazonian conditions) lead to thicker organic coatings
compared with low IEPOX:SO4

2− ratios (i.e., mimicking
Southeastern United States conditions). Because the particles
were collected following the same impaction procedures, the
particle heights analyzed by the AFM also indicate the average
aerosol viscosity: a taller height profile is likely associated with
a more viscous particle while a shorter height profile is likely
associated with a less viscous particle, agreeing with those

Figure 3. Time-series plot of the aerosol pH values modeled by the thermodynamic model Scenario I (assuming phase separation) during the
course of (a) a low IEPOX:SO4

2− ratio experiment that mimics conditions in the Southeastern United States and (b) a high IEPOX:SO4
2− ratio

experiment that mimics conditions in the Amazon that were performed in the UNC environmental chamber. The acidity and viscosity were
modeled based on an environmental temperature of 298 K. Pink diamonds and blue dots represent the estimated pH of the inorganic core and the
IEPOX-derived SOA shell, respectively. Orange squares and green dots represent the estimated viscosity of the inorganic core and the IEPOX-
derived SOA shell, respectively. The pH and the viscosity values at t = 0 were only calculated for the pure ammonium bisulfate seed particles, as the
IEPOX-SOA only formed starting from the second data point. The trend lines (both solid and dashed) are also shown in the plot. Panels (c) and
(d) are the aerosol composition data to illustrate the composition-induced pH and viscosity changes. Red, green, and cyan dots represent inorganic
sulfate, total OSs, and 2-MT-OSs (or IEPOX-OS monomer), respectively. Panels (c) and (d) were reproduced with permission from ref 15.
Copyright 2019 American Chemical Society.
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findings in Riva et al.15 Figure S3 shows that the AFM particle
heights formed from the Amazonian ratio experiments were
more than 50% taller than those produced in the Southeastern
United States ratio experiments, likely due to a more rapid
conversion of aqueous inorganic sulfate to organic compo-
nents. The results above demonstrate that the aerosol
generated under both the Amazon and Southeastern United
States ratios have core−shell morphology, suggesting that
Scenario I can be used to model the pH values of these phase
separated aerosol particles.
3.3. Effects of Aerosol Composition and Mixing State

on Aerosol Phase State and pH. Based on the core−shell
morphologies determined by microscopy and the molecular
composition of IEPOX-derived SOA obtained by chemical
characterization, a core−shell viscosity and thermodynamic
model were constructed to estimate the values and trends of
viscosity and pH as IEPOX heterogeneously reacted with ABS
particles throughout the course of each experiment. The
atmospheric implications of such transitions were analyzed by
a kinetic model that was used in previous research.14

3.3.1. Effects of Aerosol Composition on Model
Predictions of Aerosol pH. By converting inorganic sulfate
to organosulfur forms (OS), acid-catalyzed multiphase
chemistry of IEPOX also alters the chemical composition of
inorganic and organic species in the aerosols. This conversion
potentially alters the acidity of the aerosol particles. IEPOX-
derived OSs have been characterized recently by hydrophilic
interaction liquid chromatography interfaced to ESI-HR-MS
(HILIC/ESI-HR-MS) methods56,76 and were demonstrated to
be the dominant mass fraction of IEPOX SOA during
laboratory and field studies.56,77 Commonly utilized aerosol
thermodynamic models assume sulfate only as inorganic
sulfur;65,78 hence, exclusion of particulate OSs from
thermodynamic predictions may lead to issues with pH
estimations. When calculating the pH derived from data
obtained from field or laboratory studies, such models may
incorrectly reduce the H+ concentration by only considering
the charge balance and acid dissociation constants (pKa) of
inorganic species, especially when substantial amounts of OSs
are mischaracterized as inorganic sulfate. Hence, the response
of condensed-phase acidity to the reactive uptake of IEPOX
was investigated by applying the aerosol composition time
series data from the UNC chamber experiments described
above to the model framework of Scenario I, which takes OSs
into consideration.
Figure 3a and b shows pH and viscosity changes of the

particle core and shell under the Southeastern United States
and Amazon conditions when considering the effects of phase
separation between the organic sulfate and inorganic sulfate
phase under Scenario I, respectively. Figure 3c and d shows the
reprinted chemical composition trend of each species reported
by Riva et al. under the Southeastern United States ratio and
the Amazon ratio, respectively.15 The model reveals that the
initial pH value of the inorganic core is ∼2 pH units lower than
that of the organic shell, as a consequence of the core
consisting of more acidic bisulfate ions as well as the core and
shell possibly not reaching equilibrium yet because IEPOX-
SOA is still forming rapidly during the first 30 min of the
experiments. The estimated pH of the ammonium bisulfate
particles at the beginning of the experiment from this
thermodynamic model agrees well with the result obtained
from either the AIOMFAC and E-AIM models,69,70 suggesting
the validity of the in-house model. The inorganic sulfate

aerosols were also collected onto pH paper based on the
method by Craig et al.,43 and the measured pH agrees with the
thermodynamic model results as well. As the reactive uptake of
the IEPOX to the acidic sulfate particles continues, pH values
of the inorganic core and organic shell both increase but with
different magnitudes. In addition, pH values of aerosols
generated using IEPOX:SO4

2− ratios mimicking Amazon
conditions change much more dramatically than those
mimicking the Southeastern United States conditions. This
difference between these two sets of pH values is caused by a
higher conversion rate of inorganic sulfate to organic sulfate
under Amazonian conditions. As a reference, the results of
Scenarios II and III modeling homogeneously mixed aerosols,
which are similar to traditional models, are also shown in
Figure S4. The modeling results demonstrate that the pH
values of the phase-separated particle scenario have higher core
acidities and lower shell acidities when compared with the
homogeneously mixed particle scenario. It is worth noting that
there is likely some exchange of the inorganic and organic
species between the core and the shell, so the actual pH of the
aerosols may lie between Scenarios I and II, but lean more
toward Scenario I as the phase separation was still observed.
The comparison between Scenarios II and III also demon-
strates that large and likely unrealistic increases of aerosol pH
occur when OS disassociation reactions are not taken into
account in the model, especially under conditions that mimic
the Amazon where inorganic sulfate was largely converted to
OS species. Finally, a sensitivity analysis on the acidity
estimation was conducted by varying the pKa values of the
IEPOX-derived OSs, and this is shown in Figure S5. The
results show that the core acidity remains stable for the
Southeastern U.S. condition while the shell acidity changes by
2−4 pH units, suggesting the importance of further research
on the role of these IEPOX-derived SOA components in
governing aerosol shell acidity, and thus, reactivity on the
aerosol surface.

3.3.2. Effect of Aerosol Composition on Its Phase State.
The modeling procedure was applied to the laboratory data to
calculate the time-series viscosity of the organic layer that
consisted of the IEPOX-derived SOA generated at the two
different IEPOX:SO4

2− ratios, as shown in Riva et al.15 and
illustrated in Figure 3.
Figure 3a and b shows viscosity changes of the particle core

and shell under the Southeastern United States and Amazon
conditions, respectively. As the acid-catalyzed multiphase
chemistry of IEPOX continues, the organic layer appears and
its viscosity increases from 105 Pa s to nearly 106 Pa s,
suggesting more viscous species forming by the end of each
experiment. Such increases in viscosity are driven by the
formation of highly viscous species, especially the large mass
fractions of IEPOX-derived OSs and oligomers produced in
these aerosols. As previously reported, IEPOX-derived SOA
can be treated as effectively nonvolatile under most relevant
atmospheric conditions.79,80 A recent study by Zhang et al.
shows that the uptake of IEPOX by acidic sulfate cores is
mainly controlled by the viscosity of the organic shell of the
SOA, with the most sensitive viscosity region with respect to
reactive uptake lying between 102 and 105 Pa s.14 When the
viscosity of the organic shell is less than 102 Pa s, the reactive
uptake of IEPOX through the organic coating is not impeded
due to fast diffusion times. However, as the viscosity of the
organic shell becomes larger than 105 Pa s, the reactive uptake
is strongly limited by the IEPOX diffusion process within the
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IEPOX-derived SOA based on similar viscosities values in a
previous study.14 Hence, the viscosity modeling results shown
in Figure 3 suggest that as the IEPOX-derived SOA forms, it
will impede the subsequent acid-catalyzed reactive uptake of
IEPOX to existing aerosol, explaining (in part) the self-
limitation of IEPOX yielding more SOA. The latter is
especially true for aerosols formed under experimental
conditions that mimic the Amazon, where daytime RH is
between 50 and 60% during the dry season.15 Figure 3 also
shows that the viscosity increases over the time scale of the
experiments, and it is directly linked to the increased
percentage of the total IEPOX-derived OSs in the particle
phase, suggesting the importance of these low-volatility organic
species in governing aerosol particle viscosity.96 The viscosity
values for particles that are homogeneously mixed are also
estimated and presented in Figure S6. In cases where the
particles are homogeneously mixed, the model results show
that viscosity of the particle is much lower than that of the
phase-separated organic shell due to the high hygroscopicity of
the ABS particles. The extensive conversion of inorganic sulfate
to OSs shown in Figures 3 and S3 also contributes to a higher
viscosity value both in the core and in the shell, agreeing with
similar measurements performed by Olson et al.16 as well as
Raman measurements using markers that distinguish inorganic
and organic sulfate from Bondy et al.81 The increase of the
viscosity in the core was likely due to loss of water in the
particles as the inorganic sulfate is converted to organic
sulfate;68,82 while the increase of the viscosity in the shell could
be attributed to the combined effects of less hygroscopic and
more viscous organic components formed during the multi-
phase chemical process.
3.4. Atmospheric Implications of IEPOX-Derived SOA

Phase State on Partitioning and Chemical Reactivity.
The above model analyses show that the net effect of
increasing viscosity for the organic coating of the IEPOX-
derived SOA, together with the increasing pH of the aerosol
core, reduces the reactive uptake of IEPOX. To quantify the
contribution of each factor, a resistor model that contains these

three parameters as variables is used to describe the reactive
uptake coefficient of IEPOX, γIEPOX, onto organic-coated
inorganic aerosols:29,83
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In eq 1, rc is the particle core radius, lorg is the thickness of the
organic coating, ω is the mean velocity of IEPOX in the air
(281 m s−1 at 298 K based on Riedel et al.),84 Sa is the total
surface area of the particles, and Dgas is the gas−particle
diffusion coefficient and is 0.1 cm2 s−1 based on a previous
study.36 The constant α is the mass accommodation coefficient
of the sulfate core (0.1 based on Gaston et al.).36

In eq 2, V is the total particle core volume calculated from
the particle core size, R is the universal gas constant (0.08205
L atm mol−1 K−1), Haq is the Henry’s law coefficient in the
aqueous phase (1 × 106 M atm−1 based on Budisulistiorini et
al. and Gaston et al.),36,85 and kaq is the first-order reaction rate
constant in the aqueous phase, and can be calculated from
Gaston et al. and Eddingsaas et al., as shown in the SI.36,86 In
eq 3, lorg is the coating thickness (a variable depending on the
reaction time during the experiment), Horg is the Henry’s law
coefficient in the organic layer (6 × 105 M atm−1 based on

Figure 4. Effects of aerosol acidity (pH), IEPOX-derived SOA coating (shell) thickness, and SOA shell viscosity on the formation of IEPOX-
derived SOA. Panel (a) shows that the IEPOX-derived SOA shell thickness and inorganic core acidity alters the reactive uptake coefficient of
IEPOX (γIEPOX) onto the aerosols, assuming an average viscosity of 5 × 105 Pa s. The blue triangles and red dots represent the measurements
performed during experimental conditions mimicking the Southeastern United States and Amazon, respectively. The trend line (simple spline fit to
guide the eye) suggests that, as the reaction proceeds, the SOA shell thickens with an increase of the core pH, thereby reducing the reactive uptake
of IEPOX onto the aerosols and thus self-limiting any further SOA formation. Panel (b) shows the effects of SOA shell viscosity and inorganic core
acidity on γIEPOX, assuming an average SOA shell thickness of ∼15 nm (on each side) based on field measurements in the Southeastern United
States14 The black arrows correspond to the elapsed time since the start of the IEPOX injection under each condition. The relatively large
uncertainties in pH estimation shown in panel (b) toward the end of the experiment were due to extremely low inorganic sulfate concentrations
from IEPOX reactive uptake. The color bar in panel (a) and (b) represents γIEPOX values from 1 × 10−4 to 8 × 10−2.
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Zhang et al.),14 Dorg is the diffusion coefficient of IEPOX in the
organic layer, and rc is the radius of the acidic sulfate core.
Equation 1 shows that γIEPOX (aH+, lorg, Dorg) is a nonlinear

function of the aerosol core acidity, aH+, the IEPOX-derived
SOA coating thickness, lorg, and the diffusion coefficient of
IEPOX within the organic shell, Dorg, calculated from the
viscosity value and the Stokes−Einstein equation.87 Figure 4a
shows the influence of organic shell (coating) thickness and
core acidity on γIEPOX with respect to laboratory conditions
mimicking Southeastern United States and the Amazon,
assuming an average viscosity of 5 × 105 Pa s based on the
viscosity values of the organic coating at 2 h reaction time.
Modeled aerosols began with a pH value of −1.33 with no
IEPOX-derived SOA coating, and SOA coating thickness and
pH value of the core gradually increasing. The increase of both
parameters leads to a decrease in γIEPOX, suggesting a self-
limited SOA growth rate. At lower pH values (pH < 1.5), the
organic coating thickness dominates the change of the γIEPOX,
while the influence of acidity on γIEPOX becomes stronger at
higher pH values (pH > 1.5). Figure 4b shows the
interrelationship between organic shell viscosity and core
acidity on γIEPOX when the IEPOX-derived SOA has a coating
thickness of 15 nm, similar to the value estimated from field
measurement14 (equivalent to ∼50 and ∼20 min of the
Southeast United States and Amazon ratio experiments). The
estimated aerosol viscosity and pH both contribute to the
reduction of γIEPOX as the SOA forms.
The contribution of three factors, acidity, organic coating

viscosity, and organic shell thickness, on γIEPOX during the
course of the experiments is shown in Figure 5. Due to the
nonlinear relationship between the above variables and γIEPOX,
an univariate approach by comparing γIEPOX at each time stamp
of the experiment with the γIEPOX at t = 0 with and without any
of the three factors88 is used to derive Figure 5. The
contribution from each factor can be expressed in eqs 4−6:

p
a l D a l D

a l D t a l D t

( , , ) ( , , )

( , , ), ( , , ),a
t t t t t tIEPOX H , org, org, IEPOX H , org, org,

IEPOX H org org 0 IEPOX H org orgH

0
γ γ

γ γ
=

−
−+

+ +

+ +

(4)

p
a l D a l D

a l D t a l D t

( , , ) ( , , )

( , , ), ( , , ),l
t t t t t tIEPOX H , org, org, IEPOX H , org, org,

IEPOX H org org 0 IEPOX H org org
org

0
γ γ

γ γ
=

−
−

+ +

+ +

(5)

p
a l D a l D

a l D t a l D t

( , , ) ( , , )

( , , ), ( , , ),D
t t t t t tIEPOX H , org, org, IEPOX H , org, org,

IEPOX H org org 0 IEPOX H org org
org

0 0
γ γ

γ γ
=

−
−

+ +

+ +

(6)

f
p

p p pa
a

a l D
H

H

H org org

=
+ ++

+

+ (7)

f
p

p p pa

l

a l D
H

org

H org org

=
+ ++

+ (8)

f
p

p p pa

D

a l D
H

org

H org org

=
+ ++

+ (9)

where faH+, f lorg, and f Dorg
represent the normalized contributions

of aerosol core acidity, organic shell thickness, and organic
viscosity, respectively, to γIEPOX at any given time during the
IEPOX reactive uptake process. And paH+

, plorg, and pDorg

represent the ratio of the contribution from aerosol core
acidity, organic shell thickness, and organic viscosity,
respectively, to γIEPOX at any given time during the IEPOX
reactive uptake process. The terms t = 0 and t = t0 represent
the time right before IEPOX injection and the time stamp of
interest, respectively, as shown in panels (c) and (d) in Figure
3. The reason why normalized contributions faH+, f lorg, and f Dorg

are introduced is because the relationship between these
variables and γIEPOX is nonlinear, making paH+ + plorg + pDorg

not
necessarily equal to 100%. The results above demonstrate the
contribution of each factor to the reduction of γIEPOX at each
time stamp of the experiment. To obtain the contribution of
the rate of changing acidity, organic shell thickness, and
diffusion coefficient on the change of γIEPOX during the course
of the experiments, the partial derivative of γIEPOX (aH+, lorg,
Dorg) with respect of each variable can be calculated to

Figure 5. Relative contribution of each factor in changing the γIEPOX throughout the course of the IEPOX reactive uptake experiments, with the
same time resolution as the experimental data in Figure 3. The red color shows the relative contribution from aerosol acidity, while the blue color
shows the relative contribution from aerosol phase state, which is a combination of two factors (thickness and viscosity of the organic shell). The
blue line separates the contribution of viscosity. Panel (a) shows the contributions of each factor during experimental conditions mimicking the
Southeastern United States. Panel (b) shows the contributions of each factor during experimental conditions mimicking the Amazon.
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represent the influences of the changing rate of each factor on
γIEPOX, with results shown in eqs S11−S13 and Figure S7. The
relationship between consumed inorganic sulfate and the pH
of the inorganic sulfate core is described in Figure S8 and eq
S14.
Figure 5 shows the contribution of each factor to the change

of γIEPOX for laboratory conditions mimicking both the
Southeastern United States and Amazon. We attribute faH+ to

acidity-induced contributions and the combination of f lorg and

f Dorg
to phase state-induced contributions because the coating

thickness and aerosol viscosity co-contribute to the phase state
induced changes of aerosol production. During the experi-
ments mimicking the Southeastern United States, the
reduction of γIEPOX can be mainly attributed to the change of
aerosol phase state, as the pH value of the inorganic core does
not change much during the course of the experiments. In
contrast, experimental conditions mimicking the Amazon
reveal that aerosol acidity is responsible for more than 70%
of the change of γIEPOX during most of the reaction times. The
phase state of the organic shell has greater influence on γIEPOX
for the first 10 min and after 1.5 h of the initial IEPOX
injection, because the acidity did not change too much for the
first 10 min and when the concentration of OSs (and their
corresponding oligomers) is enhanced and pH is stable after
1.5 h, respectively. The results indicate that, at low
IEPOX:SO4

2− ratios, the self-limiting reactions of IEPOX-
derived SOA are mainly caused by the change of aerosol phase
state; however, as IEPOX concentration increases, the acidity
of the aerosol core influences γIEPOX as the pH undergoes more
drastic changes initially, followed by the phase state change
due to the formation of OS monomers and oligomers thereof.
Given that atmospheric aerosols have a residence time of about
1−2 weeks and often are mixed with both organic and
inorganic components,89,90 the acidity and phase state may
play important roles in the self-limiting process of IEPOX
multiphase chemistry at different life stages of the aerosol
particles. The results above assumed that the particles in the
Southeastern United States and the Amazon forest have similar
composition and initial pH values while the composition in the
actual two locations may be different, and thus, affecting the
initial pH of the inorganic particles.91,92 The uncertainty range
of the Henry’s law constant of IEPOX may also alter the
contributions of the three factors above, warranting further
study;14,36,85,93,94 however, the general trend should remain the
same. It is worth noting that the viscous IEPOX-derived SOA
and the reduced acidity of the aerosol core could also reduce
the diffusion and reactive uptake of O3, OH, and N2O5
species,29,35,95 thereby reducing other heterogeneous reactions
and possibly prolonging the atmospheric lifetime of IEPOX-
derived SOA. In addition, the rapid conversion from inorganic
sulfate to organic sulfate also reduces the hygroscopicity of the
aerosols, leading to a potential improvement in visibility under
the same ambient humidity.
Our results indicate that the inorganic and organic

components of aerosol particles jointly impact their physical
and chemical properties, influencing the formation, evolution,
and fate of ambient SOA. As described in this study, the
formation of IEPOX-derived SOA significantly alters aerosol
viscosity and acidity, affecting subsequent multiphase chem-
istry and composition of particles. The phase state and acidity
changes due to the formation of IEPOX-derived SOA are the
dominant parameters for the self-limiting effect of IEPOX

reactive uptake, depending on the initial IEPOX:SO4
2− ratio.

All in all, the strong effect of IEPOX on aerosol physical and
chemical properties could also have substantial impacts on how
other SOA types form in isoprene-rich regions.
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