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ABSTRACT: Isoprene has the highest atmospheric emissions of [ Woresu Aerosol Acidity

any nonmethane hydrocarbon, and isoprene epoxydiols (IEPOX) - - Controlling
XIMu H

are well-established oxidation products and the primary contrib- - Secondary Organic
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utors forming isoprene-derived secondary organic aerosol (SOA). erosol BOA) Formation
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Highly acidic particles (pH 0—3) widespread across the lower pH<pfﬁ(H35;) O P (HSO)
troposphere enable acid-driven multiphase chemistry of IEPOX, ¢ | =~ O O )&/ QMA
such as epoxide ring-opening reactions forming methyltetrol 5 o O O
sulfates through nucleophilic attack of sulfate (SO,*”). Herein, 8o ’ L O VSO:OOX eter Nuceophie
we systematically demonstrate an unexpected decrease in SOA g )\&/—»%\(\ O o
formation from IEPOX on highly acidic particles (pH < 1). While @ |« Ve
IEPOX-SOA formation is commonly assumed to increase at low Poor Nucleophile . . UI ©

pH when more [H*] is available to protonate epoxides, we observe 0.0 05 10 oH'® 20 25
maximum SOA formation at pH 1 and less SOA formation at pH

0.0 and 0.4. This is attributed to limited availability of SO,>~ at pH values below the acid dissociation constant (pK,) of SO,*~ and
bisulfate (HSO,”). The nucleophilicity of HSO,™ is 100X lower than SO,*”, decreasing SOA formation and shifting particulate
products from low-volatility organosulfates to higher-volatility polyols. Current model parameterizations predicting SOA yields for
IEPOX-SOA do not properly account for the SO,*"/HSO,” equilibrium, leading to overpredictions of SOA formation at low pH.
Accounting for this underexplored acidity-dependent behavior is critical for accurately predicting SOA concentrations and resolving

SOA impacts on air quality.
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Bl INTRODUCTION

Atmospheric aerosols impact both climate, through altering
radiative forcing,"” and public health, by increasing the risk for
cardiovascular and respiratory diseases.” The impact of
aerosols on climate and health is dependent on key chemical
and physical properties, including particle acidity."* Aerosol
particle acidity has been shown to impact reactivity through
pH-dependent condensed-phase reactions,””” as well as
through effects on gas—particle partitioning,”*~'% with many
reactions enhanced under highly acidic conditions.””" "' Fine
aerosol particles are expected to be acidic across the
troposphere, with the most common pH range of pH 0—
3. 0813 Highly acidic aerosols (pH < 1) have been observed 1n
areas across the globe, 1nclud1ng the Eastern United States,'*
Hong Kong,' and Singapore,'® and are predicted over a large
fraction of the Earth’s surface by global modeling.*

Secondary organic aerosol (SOA) is an abundant class of
atmospheric fine particulate matter (PM,, particles with an
aerodynamic diameter <2.5 ym), accounting for over 50% of
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organic aerosol mass globally.'” A dominant SOA formation
pathway results from the reaction of volatile organic
compounds (VOCs) with atmospheric oxidants to produce
lower volatility products that either nucleate or condense to
the particle phase or undergo multiphase chemical reactions.'”
Isoprene (CsHg) has the highest emissions of any nonmethane
VOC to the atmosphere,'® and is estimated to be one of the
largest contributors to atmospheric SOA formation due to its
high reactivity (i.e, containing two double bonds)."”*°
Through multiple oxidation steps with the atmospheric
hydroxyl radical (eOH) under low-nitric oxide (NO)
conditions, isoprene forms lower volatility species that
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Figure 1. a) AAerosol volume at maximum for SOA formed at each seed pH solution value. Error represents 95% confidence interval in the

sigmoid fit of raw SEMS volume data. b) Mass concentration of Sulf;

inorg

in seed particles as sulfate (red) and bisulfate (yellow). Mass fraction is

predicted based on pK, of species under high ionic strength conditions comparable to that in aerosol particles. ¢) Mole fraction of sulfate and
bisulfate at ionic strength I = S mol/kg (see details in the Supporting Information). Shaded regions represent the SO,> -limited regime (blue) and
the H* limited regime (red). Region without shading represents maximum SOA growth. (d—f) Schematic depicting reactants that contribute to the
formation of SOA in the two regimes: “H*-limited and sulfate-rich” and “sulfate-limited and H*-rich”.

. . . . 2122
partition to the particle phase, increasing aerosol mass.””

The observation that epoxides are high yield products from
oxidation of isoprene under low-NO conditions, particularly
isoprene epoxydiols (IEPOX),””** means that the acidity of
atmospheric aerosols is critical due to pH-dependent epoxide
ring-opening reactions with nucleophilic species, including
sulfate (SO,>7) and water (H,O) in the particle phase, forming
low-volatility particle phase reaction products such as organo-
sulfates and polyols,>'>***>*® respectively. Field and labo-
ratory measurements have demonstrated that IEPOX under-
goes acid-driven reactive uptake onto existing inorganic sulfate
particles, leading to substantial formation of methyltetrol
sulfates (MTSs) and 2-methyltetrols (2-MTs), up to 15% and
5% of ambient SOA, respectively.”” —>° The formation of MTSs
in aerosols has been previously shown to depend on both
aerosol acidity’~”*° and sulfate concentration,® with MTS
formation higher at low pH and at higher sulfate concen-
tration.

Both inorganic sulfate species (Sulfi,o,, = SO,*~ + HSO,”)
can act as nucleophiles, but recent laboratory studies by Aoki
et al.’” found that the nucleophilicity of sulfate is 100X greater
than that of bisulfate (HSO,™) for epoxides representative of
SOA. As pH decreases below the pK, of sulfate/bisulfate (i.e.,
pK,, of sulfuric acid), bisulfate becomes the dominant form of
Sulf,or, While models currently in use predict that MTS
formation will increase as pH decreases, it has been unclear
how the equilibrium shift from sulfate to bisulfate under low
pH conditions will impact the formation of SOA and product
distribution of organosulfates versus polyols. In this study, we
investigated the formation of IEPOX-derived SOA on acidic
aqueous particles (H,SO, + (NH,),SO,) with initial pH values

10676

ranging from 0 to 3 using chamber studies. Atmospheric
aerosol particles are highly nonideal and consist of very high
ionic strengths,4’33_36 influencing physical properties including
the dissociation constant of sulfate/bisulfate.>’~>° We use the
Dickson equations® to predict the fraction of sulfate and
bisulfate under nonideal conditions relevant to SOA particles
and show that at low aerosol pH values (pH < 1) the
concentration of bisulfate greatly exceeds sulfate after
accounting for ionic strength. Aerosol volume growth due to
SOA formation is greatest at pH 1, the most acidic pH where
appreciable sulfate is still present. The conversion of Sulf;,,, to
organic sulfate (Sulforg), as sulfate ions are incorporated into
organosulfate molecules, also had a maximum at pH 1, as
determined independently via ion chromatography (IC).

The shifting product distribution (MTSs and 2-MTs) was
determined using hydrophilic interaction liquid chromatog-
raphy coupled with electrospray ionization high-resolution
quadrupole time-of-flight mass spectrometry (HILIC/ESI-HR-
QTOFMS) operated in the negative ion mode. We find that
the branching ratio of MTSs to 2-MTs decreases with
increased acidity, indicating a shift from nonvolatile MTS
species that do not partition to the gas phase to the
semivolatile, nonsulfate-containing 2-MT species, which
could help explain a missing source of 2-MTs in models.*>*!
A decreased branching ratio is predicted to occur as water, the
necessary nucleophile for 2-MT formation,* is still present in
abundance and not impacted by the sulfate/bisulfate
equilibrium. Our results indicate that maximal SOA growth
will occur on particles at pH 1, and that particles with very high
acidity (pH < 1) will result in less SOA mass. Modeling of
SOA formation and speciation based on the widely used
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parameterization from Eddingsaas et al.** indicates that this
underappreciated sulfate-limitation could lead to overpredic-
tions of SOA mass resulting from the formation of organo-
sulfates in regions with high aerosol acidity (pH < 1).

B MATERIALS AND METHODS

No unexpected or unusually high safety hazards were
encountered.

Aerosol Generation. SOA was generated from the reactive
uptake of trans-B-IEPOX, which is the most atmospherically
abundant isomer of IEPOX.”* The synthesized trans-B-IEPOX
standard was prepared using previously described proce-
dures.”* The atmospheric chamber experiments were
conducted following the previously published meth-
ods™'>*7* at the University of North Carolina at Chapel
Hill (UNC) 10-m® indoor chamber facility operated under
dark conditions. All of the chamber experiments were
conducted at the same relative humidity (RH) (ie., 50%
RH). Aerosol particles were generated from solutions of
ammonium sulfate (Sigma-Aldrich, >99% purity), sulfuric acid
(Sigma-Aldrich, >98% purity), and Milli-Q water (17.8 MQ
cm™'). The solutions were acidified with sulfuric acid to the
target pH and measured with a pH probe (Hanna Instru-
ments). The seed solution conditions for each experiment are
described in Tables S1 and S2. The total Sulfy,, which
includes both SO,*~ and HSO,”, in the seed aerosol was
maintained constant at 0.12 M for the pH 1—3 experiments,
based on prior work,”* and the Sulf, . value was increased to
achieve lower pH conditions (0.5 M, pH 0.4; 1 M, pH 0). The
seed solutions were aerosolized into the chamber using a
custom-built atomizer at a flow rate of 5 L min™" to reach a
volume concentration of 160—200 ym®/cm?.*® Note that slight
differences in the starting volume concentration of the seed
particles is reflected in the initial [Sulf,,] reported in Figure
1b. After the seed concentration stabilized, gaseous trans-f-
IEPOX was introduced into the chamber through a heated
manifold (~60 °C) with high-purity nitrogen gas and injected
at 2 L min~! for 10 min, and then 5 L min™! for 50 min,
totaling 60 min of IEPOX injection, based on previous
studies.”'»*®  Afterward, aerosol particles reacted in the
chamber for 60 min without any additional IEPOX being
added. The aerosol size distributions for the experiments listed
in Table S1 are shown in Figure S1 for the seed particles and
SOA particles generated after 1 h of reaction in the chamber,
which represents the time point at which IEPOX injection was
stopped. The size distributions confirm that increasing sulfate
concentration for the experiments at pH 0 and 0.4 does not
significantly increase the size mode of the seed particles.

Aerosol pH. It should be noted that the aerosol pH values
noted herein represent bulk pH value measurements of the
seed solution. We recognize that there are likely differences
between the bulk solution and aerosol pH values based on
previous measurements,”’ but we were unable to obtain
measurements of the aerosol pH in the chamber due to
insufficient aerosol liquid water content, the range of the pH
paper, and the potential for pH to change during the
experiment. The listed bulk pH for the experiments included
herein should be considered as an upper bound of aerosol pH
(i.e., the aerosol pH is likely lower than the bulk values
reported in this manuscript).

Additionally, we would like to note that it is likely that the
aerosol pH changes over the course of the experiment as water
is consumed in the nucleophilic addition to IEPOX to form

methyltrols and as the more hygroscopic inorganic sulfate
fraction is converted into a less hygroscopic organic fraction
(i.e., organosulfates like MTSs). In addition, it is possible that
the change in aerosol pH is influenced by a number of factors
(ie, starting [Sulf]; seed composition, IEPOX injected,
aerosol morphology, and aerosol fraction of organosulfates).
Future studies are needed to comprehensively characterize
changes in aerosol pH over the course of a chamber
experiment.

Aerosol Measurements. It should be noted that the
measurements reported in this study are not wall-loss
corrected. Based on previous experiments conducted using
this chamber,>** we do not expect a significant difference in
wall loss between the experiments conducted in this study and
do not expect that the rate of wall loss will change the
conclusions discussed herein.

The aerosol particle volume was measured with a scanning
electron mobility spectrometer (SEMS, BMI Inc, Model
2100)," which consists of a differential mobility analyzer
(DMA, BMI model 2002) and a mixing condensation particle
counter (MCPC, BMI model 1710) that measures aerosol at a
time resolution of 80 s. After entering the SEMS, the sample
air flow was combined with a sheath flow with a RH lower than
that in the chamber, which results in a decrease in the RH
compared to that of the chamber (range of ~25—35% at
bottom of column). The SEMS system monitors aerosol
number concentrations, dry bulk aerosol size distribution, and
dry volume concentration. The change in aerosol volume was
calculated by comparing the maximum aerosol volume formed
in each experiment to the initial aerosol volume before IEPOX
injection eq 1.

AAerosol Volume = Volume at Maximum

— Initial Aerosol Volume (1)

It should be noted that SOA growth is reported herein as
Avolume and is not converted to SOA mass formation. This is
due to the uncertainties associated with the density of the
particles, which likely changes significantly over the course of
the experiment as inorganic sulfate is converted to organo-
sulfate species. Future studies should conduct in situ density
measurements of SOA formed from the reactive uptake of
IEPOX onto inorganic sulfate seed particles.

Throughout the chamber experiments, aerosol particles were
collected using a particle-into-liquid sampler (PILS, BMI
model 4001) for quantification of inorganic sulfate using IC,
and quantification of MTSs and 2-MTs using HILIC/ESI-HR-
QTOFMS operated in the negative ion mode.”” While we
recognize that additional products may form within IEPOX-
SOA (e.g, oligomers, including sulfated oligomers, as well as
IEPOX isomerization products),'® our analysis focuses on the
quantification of MTSs and 2-MTs based on the availability of
authentic standards. Additionally, the PILS samples were
unfortunately too dilute for HILIC/ESI-HR-QTOFMS anal-
ysis to investigate organosulfate oligomers that would be
formed in much lower concentrations.

IC was used to determine the conversion of inorganic sulfate
in the initial particles to organosulfates in the particles after the
IEPOX reaction throughout the chamber experiment. Darer et
al.*” previously reported that the lifetime of MTS species
against acid-catalyzed hydrolysis is ~60 h, even under pH 0
conditions. Thus, IC analysis was completed within 10 h of
completion of the chamber experiment to prevent sample
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degradation, particularly hydrolysis of MTS species. A 25-uL
aliquot of the PILS sample was analyzed using an anion
exchange IC (ICS 3000, ThermoFisher) with a conductivity
detector (Dionex, run at 35 °C). The instrument contains an
IonPac AS11-HC guard column (2 X 50 mm ThermoFisher)
and an anion-exchange column (2 X 250 mm ThermoFisher)
run at a flow rate of 0.4 L min~". The elution gradient and
product ass_ignment of chromatographic peaks are as described
previously.”’ The technique was applied to quantify the mass
of inorganic sulfate within the PILS samples, and the %
inorganic sulfate conversion was calculated by comparing the
mass of inorganic sulfate in the SOA to that of the sulfate seed
particles eq 2.

% Inorganic Sulfate Conversion at time
= x(t,)

= Mass sulfinorg(fx) -

Mass Sulfinorg(fo) X

HILIC/ESI-HR-QTOFMS was used to quantify the MTS
and 2-MT products in the SOA particles. Shortly after
collection, a 50-uL aliquot of each PILS aqueous sample was
diluted in 950 uL of acetonitrile (ACN, HPLC grade, Fischer
Scientific) in order to achieve the solvent composition of the
HILIC mobile phase (i.e., 95:5 ACN:H,0). The diluted PILS
samples were stored in the dark at —20 °C prior to analysis. All
samples were analyzed within 2 weeks and most analyzed
within a week or less to prevent any sample degradation from
occurring (i.e., hydrolysis of MTS species). HILIC/ESI-HR-
QTFOMS was conducted as described previously””** with an
Agilent 6520 Series Accurate Mass Q-TOFMS with an ESI
source operated in negative ion mode coupled to an Agilent
6500 Series UPLC equipped with a Waters ACQUITY UPLC
BEH Amide column. The HILIC/ESI-QTOFMS operating
conditions, including the elution gradient program, mass
calibration, tuning, and voltages, were as previously
described.’® Error for MTS and 2-MT quantification was
represented as % relative standard error for the HILIC/ESI-
HR-QTOFMS method as described by Cui et al.”’

IEPOX Injection Control Experiments. It has previously
been established that the mass of IEPOX injected during an
experiment influences the amount of SOA formation, with
increased IEPOX:SO,*” ratios resulting in greater organo-
sulfate formation.”® We compare the formation of SOA as a
function of IEPOX mass injected. We find that the greatest
amount of aerosol volume formation occurs at pH 1 over a
wide range of IEPOX mass injected (1.9—11.6 mg).
Specifically, we compare SOA volume formation (Figure S2),
inorganic sulfate consumption, and MTS/2-MT mass formed
(Figure S3), as well as the branching ratio (Figure S6), as a
function of IEPOX mass injected for experiments conducted at
pH 0-—35. These results confirm that the shift from sulfate to
bisulfate with decreasing pH is a key factor to predict the
amount of SOA formation.

Aerosol Modeling. The extended aerosol inorganics
model III (E-AIM) was used to predict the chemical
composition and ionic strength of the aerosol particles.”' >
The bulk solution conditions (Table S1) for the ammonium
sulfate seed solution were used as the starting ionic
composition, and a fixed RH of 50% was assumed. Based on
the RH conditions of the chamber, all solids were prevented
from forming in the thermodynamic model. The input and
output for each experiment are provided (Tables S4—S10).
The Eddingsaas equations® were used to predict the SOA

yield that formed based on the bulk solution composition. A
detailed description of the application of the Eddingsaas
parameterization is discussed in the Supporting Information.

B RESULTS AND DISCUSSION

Impact of Acidity on Aerosol Growth. To determine the
effect of initial particle acidity on SOA formation, particles
were generated by nebulizing seed solutions of different pH
values into a dark 10-m® atmospheric simulation chamber.
Seed particles were mixtures of ammonium sulfate and sulfuric
acid nebulized from solutions with pH values ranging from 0 to
3, representative of common fine atmospheric aerosol
acidities.”'* Synthesized trans-f-IEPOX,* the predominant
atmospheric IEPOX isomer,** was injected into the chamber
where it reacted with the acidic particles. The amount of SOA
formed was determined by the increase in aerosol volume after
IEPOX injection (Figure la). While maintaining Sulf;or
concentrations constant (0.12 M) and decreasing the pH
from ~3 to 1 (2.95, 1.96, 1.43, and 1.10), the amount of SOA
formed increased, showing pH-dependent SOA formation
independent of total Sulf;,,,. For more acidic solutions (pH
0.42 and 0.0), greater Sulf;,., concentrations were necessary to
reach these pH values (Sulfim)rg = 0.5 and 1.0 M, respectively).
Notably, maximum SOA formation was observed at pH 1.10,
and less SOA formed for more acidic solutions (pH values of
0.0 and 0.42) despite the presence of greater [H'] and
[Sulf,,,g]. The SOA formation maximum at pH ~ 1 was
confirmed with replicate experiments across the pH range
(Figure S2 and Tables S1 and 2). These results show that SOA
formation does not monotonically increase for epoxides with
decreasing pH (increasing acidity) or increasing Sulf;,,,.

Maximal aerosol volume growth from IEPOX reactive
uptake (Figure 1a) is dependent upon nucleophilic attack by
$O,>~ and H,0 under acidic conditions. The aerosol
concentration of [H*] to protonate the epoxide depends on
the aerosol pH, as does the concentration of $0,*, one of two
key nucleophiles. At pH values below the pK, for sulfate/
bisulfate (pK, = 2 under dilute conditions), bisulfate, the
weaker nucleophile, is the dominant form of Sulf,,, thus
reducing the amount of particulate MTS formation. Further
complicating matters, aerosol particles can reach very high
ionic strengths (I) in the atmosphere due to low water
contents.>® Thus, the dissociation constant of sulfate/bisulfate
shifts to lower values approaching pK, = 1 under the high ionic
strength (I = 12—46 mol/kg) conditions of the aerosol
particles in these experiments (Table $3).>’~*° For experi-
ments with pH values below this shifted pK, value (pH < 1),
most Sulf,,,, is bisulfate (77% at pH 0.4 and 90% at pH 0,
Figures 1b,c). Thus, the moles of SO,*” available for
nucleophilic addition decrease as the sulfate equilibrium shifts
to predominantly bisulfate (Figure 1c), despite moles of H*
dramatically increasing at lower pH (pH < 1). In contrast, at
higher pH ranges (pH > 1), Sulf;;org is dominated by SO,
(minimal HSO,”), but H" is limited. Thus, pH 1 represents
the optimal concentration of both reactants (H* and SO,*”) to
form low-volatility particulate organosulfates, which matches
with the maximum SOA volume formed as shown in Figure la.
The details of the seed solution composition and pH, as well as
ionic strength calculations and the dissociation constant shift
are discussed in the Tables S1—S3, respectively. Hereafter, we
refer to three different pH ranges as “H*-limited and sulfate-
rich” regime at pH values above the shifted pK, of sulfate/
bisulfate (i.e., pH > 1.5), “maximum SOA formation” regime
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at ~pH 1—1.5, and “sulfate-limited and H*-rich” regime at pH
values below the shifted pK, of sulfate/bisulfate (i.e, pH < 1)
(Figure 1d—f). Overall, aerosol pH at ~1 produces maximal
SOA growth (across more than 20 experiments shown in
Tables SI and S2), as it is the most acidic condition with
sufficient SO, present to form low-volatility organosulfates in
the particles.

Impact of Acidity on Organosulfate Formation. To
confirm the impact of seed solution pH on organosulfate
formation, we used IC to quantify the amount of inorganic
sulfate consumed during organosulfate formation in the
atmospheric simulation chamber after 60 min of reaction
(Figures 2a and S3a); it is noted that these conversions are
much faster than aerosol loss to chamber walls can explain, and
is consistent with prior studies.*>>* Sulf;,ry to organosulfate
conversion increased as a function of decreasing pH for less
acidic conditions (2.95, 1.96, 1.43, and 1.10), indicating that

10679

particle acidity increased the formation of organosulfate
species. However, the greatest Sulf,,, to organosulfate
conversion occurred in particles at seed solution pH 1
(~60%), which provides independent confirmation of the
maximum SOA volume growth as shown in Figure la. For the
more acidic experiments (below pH of 1), Sulf;,r, conversion
decreased (~50% at pH of 0.42 and only 40% at pH of 0.0),
despite higher initial [Sulfmorg] needed to achieve these lower
pH conditions. These results show that incorporation of
Sulf;,;y into organosulfate molecules does not continue to
increase as the sulfate-bisulfate equilibrium shifts to bisulfate
below the pK..

The mass concentration of the key organosulfate product
(MTS) was quantified with HILIC/ESI-HR-QTOFMS, as well
as 2-MTs (formed from H,O as the nucleophile), as a function
of pH (Figure 2b,c and Figure S3b,c). MTS formation
increased as seed solution pH decreased from 2.95 to 1.95
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to 1.4 to 1, agreeing with previous research indicating that
MTS formation increases with increased particle acidity.*®
However, below pH 1, greater MTS formation was not
observed at pH 0.4 or 0.0, which agrees with less SOA volume
formed and less Sulf,,,, consumed. It is notable that MTS
formation no longer increases for the seed solutions at pH 0.0
and 0.4, as we had to use higher initial [Sulf,,,,] to reach the
lower pH values, which hypothetically could have facilitated
greater MTS formation.*® In contrast, 2-MT formation peaked
for the lowest pH used (pH 0.0). Unlike sulfate, which is
limited below the pH of the dissociation constant, H,O
availability for nucleophilic addition is not limited with
decreasing pH and will not change under these highly acidic
conditions. In addition, 2-MTs are much more volatile than
MTSs,>>® which means that a substantial fraction of 2-MTs
may have partitioned to the gas phase after formation. The
evaporation rate of semivolatile species increases under more
acidic conditions,”” which could mean that 2-MTs formed
under these highly acidic conditions could volatilize from the
particles, subsequently decreasing the aerosol volume. Our
measurements quantified particulate 2-MTs, and future work
should quantify the overall 2-MT yield (gas + particle) as a
function of pH to investigate whether a greater amount of 2-
MTs is formed and subsequently volatilizing under these
highly acidic conditions. Additionally, it is possible that the
formation of additional species beyond MTSs and 2-MTs,
particularly those that can partition to the gas-phase after in-
particle formation such as Cs-alkene triols,"’ could further
explain the decreased SOA formation below pH 1, and future
experiments should probe the composition of gas-phase species
as a function of seed aerosol pH. Taken together, the three
independent measures of SOA production (i.e., aerosol volume
growth from SEMS, inorganic sulfate consumption from IC,
and MTS/2-MT formation from HILIC-ESI-HR-QTOFMS)
all point to a maximum in SOA production and organosulfate
formation at pH ~1, with less SOA and organosulfate
formation at pH 0 and 0.4, which demonstrates that under
the most acidic conditions IEPOX-derived SOA formation
depends on more than acidity and [Sulfinorg].
Time-Resolved SOA Formation. To gain insight into the
time-dependent dynamics of SOA formation, we compared the
aerosol volume growth, Sulf;,,,, consumption, and MTS/2-MT
formation for the three regimes studied (i.e., maximum SOA
formation at pH 1, SO, -limited regime at pH 0, and H'-
limited regime at pH 3) in Figures 2d—f, respectively
(experiments at other pH values in Figure S4). The greatest
increase in Sulf;,,,, consumption occurred at pH 1, which
stopped increasing at 60 min once IEPOX injection ceased,
indicating rapid kinetics of IEPOX conversion to organo-
sulfates. Under both pH 0 and 3 conditions, sulfate
consumption continued after IEPOX injection ended,
indicating that equilibrium was not reached during the first
60 min of reaction due to slower kinetics for SOA formation.
The time-resolved formation of particulate MTSs and 2-MTs
each reached a maximum at ~60 min of reaction time in each
regime: pH 0, 1, 3 (Figure 2e,f). It is possible that aerosol pH
changes over the course of the chamber experiment, which
could result in the SOA conditions shifting from the
“maximum SOA formation” to a “limited” regime, or vice
versa. The dynamics of aerosol pH throughout a chamber
experiment is currently unknown, and future studies should be
conducted focusing on characterizing changes in aerosol pH
after the reactive uptake of IEPOX to sulfate aerosol particles.

The reaction for the conversion of MTS products into
oligomers is pH-dependent and is enhanced under acidic
conditions.’ Given that the % inorganic sulfate consumption at
pH 1 exceeds that of the pH 0 particles while the MTS
formation appears comparable, it is possible that the MTS
products in the pH 1 experiment are converted into other
organosulfate products, such as higher mass oligomeric species.
Future studies should characterize the formation of oligomers
under highly acidic conditions, especially once authentic
standards are available for these compounds, to determine
the impact of decreased MTS formation on the formation of
higher mass products.

Sulfate-Limited vs H*-limited Regimes. To further
investigate the time-dependent formation of IEPOX-derived
SOA, we compare time-resolved aerosol volume formation for
experiments with pH 0—3 (Figure 3). We observed that at pH
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Figure 3. Time-resolved aerosol volume (um®/cm®) for each
experiment. IEPOX was injected continuously from 0 to 60 min,
and the vertical dashed line represents the point at which IEPOX
injection ended. The reaction was monitored from 60 to 120 min with
no additional IEPOX added. Black diamonds indicate the time point
at which the maximum aerosol volume occurred during the chamber
experiment.

1 the aerosol volume quickly increased and reached a
maximum at ~60 min. After 60 min, the aerosol volume
stabilized until slightly decreasing due to aerosol loss to
chamber walls. For a seed solution with a pH <1, the aerosol
volume also peaked when IEPOX injection ended. At pH <1,
bisulfate is much greater than sulfate, so the reaction will be
sulfate-limited, and any sulfate ion present will be quickly
depleted. This suggests that [SO,*"] is a limiting factor in the
nucleophilic addition of IEPOX to form MTSs (and potentially
other organosulfates) at low pH, consistent with the findings of
Xu et al.’’!

Under less acidic conditions (pH 2 and 3), the maximum for
aerosol volume was reached later in the reaction at ~86 min
and ~64 min, respectively, agreeing with the slower kinetics of
sulfate consumption observed in Figure 2d and consistent with
prior kinetic studies.”® This can be explained by the fact that
some of the available [H*] is initially consumed as IEPOX
undergoes reactive uptake. However, more [H*] can form from
Le Chatelier’s principle pushing the autoionization of water
(H,0 < H* + OH") equilibrium toward H" and OH™. The
newly formed H' then protonates any remaining IEPOX
allowing the remaining [SO,>"] to nucleophilically attack and
form organosulfates, even after IEPOX injection ended.
Overall, pH 1 represents the optimum balance of [H*] and
[SO,>7], which results in maximal SOA formation.
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Modeling SOA Formation as a Function of Aerosol
Acidity. To predict SOA yield, many current atmospheric
models, including GAMMA (Gas-Aerosol Model for Mecha-
nism Analysis),” GEOS-Chem (Goddard Earth Observing
System-Chemistry),”” and the CMAQ_(Community Multiscale
Air Quality) model,®" use rate constants determined from a
study conducted in 2010 by Eddingsaas et al.** in which
beaker-scale experiments (bulk) were conducted using epoxy-
butanol and epoxy-butanediol as proxies for IEPOX. We
generate the predicted SOA yield from our atmospheric
chamber experiments based on the Eddingsaas equations, the
details of which are described in the Supporting Information.
Comparing our experimental results to the output (Figure 4a)
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Figure 4. a) Maximum volume growth after 60 min reaction
normalized to the initial volume at ¢ = 0 in the chamber experiments
using SEMS compared to SOA yield predicted using the Eddingsaas
rate equations b) organosulfate fraction or “branching ratio” (f8) for
MTSs and 2-MTs after ~50 min reaction with IEPOX based on time-
resolved f including in Figure S6. The dashed line indicates the S
determined by Eddingsaas et al. (§ = 0.4) that is commonly used as a
model input. The inset is the formula used to calculate the
organosulfate fraction. For ref”’, the branching ratio was calculated
comparing the fraction of sulfate esters to tetrols.

demonstrates that atmospheric models likely overpredict the
amount of SOA and MTSs forming at pH values below 1. The
SOA yield based on the Eddingsaas equations predicts that
SOA production will increase significantly as pH decreases,
particularly below pH 1, reaching yields up to 90% at pH 0.
Our results indicate that the pH-dependent formation of
IEPOX-derived SOA needs to be updated in models in order
to accurately predict the amount of SOA formation through
this reaction pathway. Our experimental measurements of the
mass concentration of particulate MTSs and 2-MTs formed
based on aerosol pH are compared with modeled MTS and 2-
MT formation (Figure S5), which shows less formation than
the model parametrization predicts in the sulfate-limited
regime (pH < 1). The HILIC/ESI-HR-QTOFMS mass
concentrations also show greater MTSs and 2-MTs at pH >
1 compared to the model, including formation at pH values of
2 and 3 even though the model predicts minimal SOA

formation at those pH’s. These findings can help improve
predictions of IEPOX-derived SOA and organosulfate
formation over a broader pH range representative of more
locations.”

To determine the relative fractions of MTSs and 2-MTs
formed, many current models use a branching ratio () that
parameterizes the SOA yield into the MTS and 2-MT
products.” The branching ratio is typically prescribed from
the Eddingsaas aqueous IEPOX chemistry parameters from
beaker-scale experiments (bulk) conducted using proxies for
IEPOX.** These bulk studies showed the § of sulfate esters
and tetrols ranges from 0.09 to 0.4 as a function of acidity (pH
~0—3) and sulfate concentration (0.1—-3.1 M). Currently,
models apply f from the bulk value with the highest sulfate
concentration (f = 0.4) to predict the relative amounts of
particulate organosulfates versus tetrols in SOA.>” We compare
the f from aerosol particles (this study) to the bulk solution
experiments and find that f is greater in the aerosol phase
across the entire pH range (Figure 4b). Additionally, the
relative amounts of organosulfates versus tetrols increase
substantially with pH, reaching 77% at pH 3. This higher
organosulfate formation in relation to polyols in suspended
particles, in contrast to beaker-based experiments, is important
to consider for future predictions of IEPOX-derived SOA
formation, given the much lower volatility of organosulfates
versus polyols (e.g, 2-MTs).>>*® Additionally, the increase in
2-MTs at lower pH and subsequent volatilization could help
explain the missing pathway for 2-MTs identified in recent
studies where 20—40% of 2-MT's could not be explained using
current models,** particularly if the 2-MT partitions back to
the condensed phase in the free troposphere at lower
temperatures.

Overall, we show that accurately predicting isoprene-derived
SOA mass requires accounting for aerosol acidity, acid
dissociation constants, and ionic strength. The experiments
above show that SOA formation does not increase monotoni-
cally as aerosol pH decreases (acidity increases), instead
observing the highest SOA formation at pH = 1. Below pH =1
(ionic strength-shifted pK,), when bisulfate is the dominant
species of [Sulf,,,], the aerosol volume of IEPOX-SOA
decreases. This lower SOA formation under the lowest pH
conditions in our experimental results is not captured by
current models, leading to overpredictions of SOA formation
under the most acidic conditions. This previously unaccounted
for maximum in SOA vyield shows the importance of
considering acid—base equilibria, specifically the sulfate-
bisulfate equilibrium, when predicting acid-driven heteroge-
neous chemistry leading to IEPOX-SOA. As atmospheric
aerosols are typically very acidic,” particularly in the submicron
size range where most SOA formation occurs (pH = —0.5—
3.0),*" accounting for pH-dependent behavior is essential.
Accounting for the acid—base equilibrium is important for
other acids and their conjugate bases within ambient aerosols
(nitric acid, nitrate, and carboxylic acids) and accounting for
this equilibrium behavior will improve predictions of PM, g
concentrations and guide mitigation actions to improve human

health.
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tions (Figure S1); aerosol volume growth as a function
of [IEPOX] and starting pH (Figure S2); experimental
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(Table S2) figures; ionic strength calculation (eq S1);
model predictions of bulk and single particle ionic
strength (Table S3); input values for E-AIM model III
(Table S4); results from E-AIM model for bulk pH 3
(Table SS), pH 2 (Table S6), pH 1.5 (Table S7), pH 1
(Table S8), pH 0.5 (Table S9), and pH 0 (Table S10);
summary of chamber experiment results (Table S11);
inorganic sulfate consumption, MTS formation, and 2-
MT formation as a function of [IEPOX] and starting pH
(Figure S3); time-resolved volume formation, inorganic
sulfate consumption, MTS formation, and 2-MT
formation (Figure S4); speciated product yield vs
model (Figure SS); branching ratio calculation (eq
S2); pH-dependent branching ratio (Figure S6); and
SOA yield calculations (eqs S3—S6) (PDF)
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