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ABSTRACT: Aerosol acidity increases secondary organic aerosol (SOA) formed
from the reactive uptake of isoprene-derived epoxydiols (IEPOX) by enhancing
condensed-phase reactions within sulfate-containing submicron particles, leading
to low-volatility organic products. However, the link between the initial aerosol
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acidity and the resulting physicochemical properties of IEPOX-derived SOA HO
remains uncertain. Herein, we show distinct differences in the morphology, phase IEPOX 0
after IEPOX uptake to ammonium sulfate particles with different initial
atmospherically relevant acidities (pH = 1, 3, and S). Physicochemical properties
were characterized via atomic force microscopy coupled with photothermal
infrared spectroscopy (AFM-PTIR) and Raman microspectroscopy. Compared to
particles (pH 1) resulted in 50% more organosulfate formation, clearer phase separation (core—shell), and more irregularly shaped
morphologies, suggesting that the organic phase transitioned to semisolid or solid. This study highlights that initial aerosol acidity
may govern the subsequent aerosol physicochemical properties, such as viscosity and morphology, following the multiphase chemical
reactions of IEPOX. These results can be used in future studies to improve model parameterizations of SOA formation from IEPOX

state, and chemical composition of individual organic—inorganic mixed particles *
less acidic particles (pH 3 and ), reactive uptake of IEPOX to the most acidic
and its properties, toward the goal of bridging predictions and atmospheric observations.
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1. INTRODUCTION

Atmospheric aerosols significantly affect air quality, human
health, and climate; particularly submicron particles, which
have long atmospheric lifetimes, determine cloud nucleating
properties, and penetrate deeply into the lungs after
inhalation." Secondary organic aerosol (SOA) is a component
of atmospheric aerosols formed by the oxidation of volatile
organic compounds (VOCs) followed by nucleation, con-
densation, or multiphase chemical reactions of the resulting
low-volatility oxidation products.”> SOA is ubiquitous,
accountmg for a large mass fraction of submicron aerosol
particles.*”® Recent studies have shown that SOA frequently
represents a greater fraction of fine particulate matter (PM, s,
particles with a diameter <2.5 pm) than primary organic
aerosol (POA).”® SOA being more abundant than POA is true
globally across both urban and rural settings.”'’ SOA has
recently been shown to be associated with a 6.5X increase in
mortality versus overall PM,s."" Recent studies have shown
that SOA is possibly linked to adverse human health outcomes
upon inhalation exposure, including early biological changes
within lung cells that are associated with inflammation and
oxidative stress.">”'

Isoprene has the highest emissions of any nonmethane VOC
with global emission rates of ~500 Tg/y'”'® and undergoes

© 2022 American Chemical Society

7 ACS Publications

oxidation to form lower volatility gaseous species, such as
isoprene epoxydiols (IEPOX)."”*° When the oxidation of
isoprene to IEPOX occurs, the increasing molecular function-
ality and decreasing vapor pressure (3 X 107 atm)*" facilitate
reactive uptake to existing aerosol particles,””**~** particularly
under low pH conditions when the epoxide can be opened via
acid-driven reaction pathways.”>*® Previous studies have
shown that high IEPOX reactive uptake to inorganic sulfate
particles leads to the formation of substantial amounts of
aerosol mass, especially in the Southeastern United States.””
Due to the large mass loadings of IEPOX-derived SOA, which
can contribute up to 40% of the submicron organic aerosol
mass in isoprene-rich environments,”””" the physicochemical
properties (i.e., phase state and morphology) of these aerosol
particle types can affect further SOA formation and the
evolution of existing SOA.>*~**
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Table 1. Solutions Used for Seed Aerosol, Labels Used in Text, Measured Solution pH with Uncertainty Prior to
Aerosolization, and Concentrations of Sulfuric Acid and Ammonium Sulfate”

seed acidic aerosol solution label

pH = 1 without ammonium pH 1 w/o NH,*
pH = 1 with ammonium pH 1 w/NH,*
pH=3 pH 3

pH=35 pH S

“N/A = not applicable.

measured pH [H,SO,4] [(NH,),(S0,)]
1.05 + 0.01 0.12 M N/A

1.32 + 0.01 0.06 M 0.06 M

299 + 0.01 0.0025 M 0.117S M
5.19 + 0.01 N/A 0.12 M

The phase state (liquid, semisolid, or solid) of atmospheric
particles plays a critical role in determining their ability for
further chemical reactions in the aerosol phase.””*>™*” In the
past decade, studies have shown that SOA particles can exist in
an amorphous semisolid or solid state under different ambient
conditions (e.g,, relative humidity (RH) and t(=.mperature)38’39
and the viscosity of SOA particles can have a wide range of
viscosities from 3 X 10" Pa s (similar to honey) to 3.7 X 10° Pa
s (similar to tar pitch).”**°~* Multiphase chemistry of IEPOX
leads to the formation of organosulfates,"~*" polyols,”**~>"
and oligomers®*>*? in the condensed phase, whose increased
molecular weights result in more viscous aerosol (i.e.,, 10° Pa
s).>* Previous studies have shown that increased viscosity leads
to longer mixing timescales for molecules within particles,
which decreases subsequent gaseous IEPOX uptake and SOA
formation.””**™>° Due to decreased miscibility of organic
components in high ionic strength aqueous phases, the viscous
organic components of a particle salt out to form an outer layer
(i.e., shell) at the edge of the inorganic components (i.e., core),
commonly referred to as core—shell morphology.”’ =’ For the
resulting core—shell morphology, if the shell is highly viscous,
it can kinetically inhibit further uptake of gaseous species, ">’
reactivity,”***°"** and ultimately SOA growth and evolution
in the atmosphere.42 Thus, understanding the phase state,
viscosity, and morphology of SOA particles is central to
predicting heterogeneous uptake of IEPOX leading to SOA
formation.

Aerosol pH also has substantial impacts on SOA formation
by modifying the reaction rates of organic species within the
condensed phase.””** Many atmospheric multiphase chemical
processes are pH-dependent, including the reactive uptake of
IEPOX to form SOA and many subsequent reactions in the
condensed phase.””**° Atmospheric chamber experiments
have observed that greater SOA formation occurs under acidic
conditions (pH 1.5) compared to neutral conditions (pH
5).*%® As an example, the acid-driven ring-opening reaction of
IEPOX leads to lifetimes of <1 min after uptake to particles
with pH <1, but IEPOX can have lifetimes of hours to days in
particles at pH $ under typical atmospheric conditions.”*” It is
also important to consider the role of ammonia/ammonium in
impacting SOA formation as ammonia is the most important
atmospheric base®”®® and impacts aerosol pH.*”’° There
remains considerable uncertainty regarding how aerosol pH
impacts the resulting morphology and viscosity after IEPOX
uptake.

Further experimental data are needed to improve our
current understanding of how exactly acid-catalyzed multi-
phase chemical reactions of gaseous IEPOX with particles of
varying acidity subsequently affect particle morphology and
viscosity. In this study, we investigated changes in particle
phase state and morphology after gaseous IEPOX uptake onto
particles generated from mixtures of ammonium sulfate and
sulfuric acid with a range of initial acidities (pH = 1, 3, and S).

The time-resolved modification of particle morphology and
chemical composition after different reaction times (i.e., 30, 60,
and 120 min after gaseous IEPOX injection) were also
characterized. Individual particles were characterized using
multiple microspectroscopy methods (atomic force micros-
copy coupled with photothermal infrared (AFM-PTIR)
spectroscopy, Raman microspectroscopy, and scanning elec-
tron microscopy (SEM)) to provide detailed information on
individual particle morphology, phase state, and chemical
composition during and after IEPOX reactive uptake. These
single-particle data were compared with changes in aerosol size
distributions and organosulfate concentrations of the total
aerosol generated during our chamber studies. Establishing the
physicochemical properties of SOA formed under varying
initial pH conditions is important for improved model
representation of SOA and, more broadly, for resolving the
impacts of atmospheric aerosol on human health and
climate.”' ="

2. METHODS

2.1. Chamber Experiments. Aerosol particles were
generated from solutions with different pH values where the
concentration of the inorganic sulfate ions (sulfate ([SO,*7]) +
bisulfate ([HSO,~])) was kept at 0.12 M for each solution.
Solutions were prepared using ammonium sulfate (Sigma-
Aldrich, >99% purity), sulfuric acid (Sigma-Aldrich, >98%
purity), and 18.2 MQ Milli-Q water (Table 1), without further
purification. The pH, chemical composition, and submicron
size of the seed aerosol were chosen to represent conditions
under which SOA formation reactions occur in the
atmosphere.”*”"°

The pH of the bulk solutions was measured by a pH probe
(PHS-3C, Yantai Stark Instrument Co.). Aerosols were
generated from a constant output atomizer (TSI Inc., Model
3076) and then passed through diffusion driers to reach 50%
RH, which is above the efflorescence RH of ammonium sulfate
and sulfuric acid to maintain the aerosol in an aqueous phase
state. The number size distribution of the different seed
aerosols (mode diameters: 83—103 nm) and SOA aerosols
after reacting with IEPOX for 120 min (101—133 nm) are
shown in Figure S1. Acidic seed particles were injected into the
10-m* indoor chamber at the University of North Carolina at
Chapel Hill (UNC) chamber facility that was prehumidified to
50% RH,>**’ and the concentration was allowed to stabilize for
30 min. Synthesized trans-f-IEPOX,”” which is the predom-
inant IEPOX isomer in the atmosphere,20 was dissolved in
ethyl acetate and gaseous IEPOX was injected into the
chamber using a high-purity nitrogen flow of 2 L min™" for 10
min and then 4 L min~" for SO min through a heated manifold
(60 °C).>#33344935 The seed particles with different initial pH
values reacted with gaseous IEPOX to form IEPOX-derived
SOA. A scanning electrical mobility spectrometer (SEMS, BMI
Inc., Model 2100) was used to monitor the particle growth by
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Figure 1. Particle volume concentration (um®/cm?®) after IEPOX uptake for different acidic inorganic sulfate particles: pH 1 (NH,", HSO,™ >
SO,~, H*, H,0) (pink solid circle), pH 1 (HSO,~, H*, H,0) (red solid circle), pH 3 (NH,*, H*, SO,*~ > HSO,", H,0) (purple solid circle), and
pH 5 (NH,*, HY, SO,*~, H,0) (blue solid circle). The volume concentration is calculated from integrated size distributions and has not been

corrected for particle wall loss.

measuring aerosol size distributions, number concentrations
(#/cm®), and volume concentrations (um3®/cm?®) in the
chamber. After the seed particles were exposed to the injected
IEPOX for 30, 60, and 120 min, aerosol particles were
inertially impacted onto substrates for microscopy using an
eight-stage mini-multi orifice uniform deposit impactor (mini-
MOUDI, Model 135, TSI Corp.). Particles were analyzed from
stage 7, which has a 50% aerodynamic cut point of 320 nm
(dso) leading to particles with diameters of 180—320 nm on
the substrates. Microscopy substrates included silicon wafers
(16014, Ted Pella, Inc.), carbon-type-b Formvar-coated
copper transmission electron microscopy (TEM) grids
(1GCS0, Ted Pella, Inc.), and quartz pieces (26016, Ted
Pella, Inc.).

2.2. Microscopy Imaging and Spectroscopy. The
morphology and phase of individual submicron particles
were analyzed using an AFM-PTIR (nanolR2, Anasys
Instruments, Santa Barbara, CA). Particles on silicon substrates
were imaged in 5 X § gm?® and 10 X 10 yum® regions with 0.7
Hz scan rates that operated at a 0.07—0.4 N/m spring constant
and 13 + 4 kHz resonant frequency. Tapping IR mode was
conducted with a gold-coated microfabricated silicon probe
(AU.1000.SWTSG, Platypus Technologies). Raw data were
processed using SPIP 6.2.6 software (Image Metrology,
Horsholm, Denmark) to measure single-particle height, radius,
and volume. The spreading ratios of individual particles were
calculated using particle radius divided by particle height (SR =
r/h),>>*>”® as more viscous particles will remain taller on the
substrate by spreading less compared to more liquid-like
particles with lower viscosity that will spread more. Spreading
ratio uncertainties are reported as 20 of a Gaussian fit to the
histogram of spreading ratios. T-tests were used to compare
the spreading ratio of seed particles with mixed seed-SOA
particles at discrete time points during the experiment (i.e., 30,
60, and 90 min) and were considered to be statistically
different for p values <0.05. SEM images were also obtained for
particles impacted onto TEM grids using an 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 to 107° pPa.”’

10598

AFM-PTIR (nanolR2 system, Anasys Instruments, Santa
Barbara, CA) was used to characterize the chemical
composition of individual particles. IR spectra were collected
using an optical parametric oscillator (OPO) source with a
range of 800—3600 cm™ and an average spectral resolution of
2 cm™. For each sample, the IR spectra were collected at a
scan rate of 100 cm™'/s for S min acquisitions and averaged
after three accumulations.”®

Raman microspectroscopy was used to characterize the
chemical composition of phase-separated particles, as in prior
studies.”” Spectra for both the particle core and shell were
collected using a LabRAM HR Evolution Raman micro-
spectrometer (Horiba, Ltd.) equipped with a 50 mW 532 nm
Nd:YAG laser source, a confocal optical microscope
(Olympus, 100 X 0.9 N.A. objective), and a CCD detector.
Each Raman spectrum was collected in the range of 500—4000
cm™ with three accumulations at 60 s acquisition times. A
diffraction grating with 1800 groove/mm was used to yield a
spectral resolution of 0.7 cm™". Both PTIR and Raman spectra
were collected at room temperature, RH, and ambient
pressure.

2.3. Characterization of Organosulfate Formation.
For each chamber experiment, particles were collected using a
particle-into-liquid sampler (PILS, BMI model 4001). PILS
samples were collected every 6 min with an air sampling rate of
~6.5 L min~’, resulting in a liquid sample volume of ~1.2 mL,
which was used for offline chemical analysis by ion
chromatography (IC).** IC conditions have been previously
summarized by Riva et al.***' PILS samples were stored in the
dark at 2 °C immediately after collection and were analyzed
within 24 h, as validated in prior work.>* In this study, the
sulfate concentration in the initial atomizer solution was kept
constant at 0.12 M (Table 1) and the total particulate
organosulfate concentrations with specific reaction time can be
calculated by subtracting inorganic sulfate concentrations from
the initial sulfate concentration measured by IC (which is
initially all inorganic sulfate).’**
tration of a seed aerosol-only experiment was also analyzed
(Figure S2) to compare with IEPOX-derived SOA experi-
ments.

The initial sulfate concen-
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[Sulfateq,g,nic]; = [Sulfateqyly — [Sulfate,],

Additionally, 2-methyltetrols (2-MT) and their OS derivative
(2-methyltetrol sulfate, 2-MTS) were characterized by hydro-
philic interaction liquid chromatography (HILIC)/ESI-HR-
quadrupole time-of-flight mass spectrometry (QTOEMS).****

3. RESULTS AND DISCUSSION

3.1. IEPOX-Derived SOA Formation under Varying
Initial Aerosol pH Values. The relative fraction of the
HSO,™ and SO,>” ions varies as a function of pH (Figure S3),
highlighting that bisulfate dominates (>90%) at pH 1 and
sulfate dominates at pH 3 (>90%) and pH 5 (>99%) for the
initial seed aerosol particles. After gaseous IEPOX was injected
into the chamber, the volume concentration (um®/cm?) of the
aerosol increased, with the greatest volume growth observed
with pH 1 seed aerosol particles either with or without
ammonium (NH,"). The total aerosol particle volume reached
its maximum value 30—60 min after the IEPOX injection
finished (Figure 1). For less acidic seed particles, such as pH 3,
the increase in volume concentration was observed after
IEPOX uptake, but it is less than the particle volume growth
under acidic conditions. A slight increase in total volume
occurred for pH § particles throughout the experiment and the
slight decrease later on during the experiment is due to wall
loss after IEPOX is no longer being injected. These results
expand on prior studies,”** which only examined acidic versus
nonacidic seed particles, and we show here that high [H*] is
needed for growth, with or without ammonium in the seed.

3.2. Phase and Viscosity Evolution during Reactive
Uptake of IEPOX. To determine how quickly core—shell
morphology formed, AFM phase images were collected after
pH 1 seed particles (without NH," counter ion) were exposed
to gaseous IEPOX (Figure 2a). Particles exhibited phase
separation after exposure to IEPOX for 30-, 60-, and 120-min
reaction times. AFM phase images show that a coating (black
color) formed quickly after the initially homogeneous seed
aerosol particle is exposed to IEPOX for 30 min, and the
circular morphology indicates that the particles were liquid and
had not effloresced prior to injection into the chamber.**~*
With increasing IEPOX:SO,>” ratios throughout the reaction
time (as SO,*” is incorporated into organosulfates, Figure
54),34 a thicker coating formed, consistent with the previous
studies.>***>* After 60 min of IEPOX uptake, the particle core
became smaller and a thicker coating was observed (Figure
2b). After 120 min of IEPOX uptake, the morphology of the
core had inclusions, which may suggest the continuous reactive
uptake of gaseous IEPOX continued to modify the core, even
with a thicker coating, leading to less spherical, aqueous
morphology. To further understand the viscosity change
during IEPOX uptake, particle spreading ratios were calculated
for individual particles.

Particle spreading ratios have been used as an indirect
measurement of particle viscosity,”>*” as more viscous particles
spread less on the substrate leading to a smaller spreading
ratio. The spreading ratios of pH 1 seed particles (without
NH,") and reacted pH 1 seed particles exposed to IEPOX for
30, 60, and 120 min were calculated, and are shown in Figure
2c. The pH 1 seed particles (without NH,*) before reaction
with IEPOX had an average spreading ratio of 2.8 + 0.2.
Following IEPOX uptake, the average spreading ratios
significantly decreased to 1.8 & 0.1 after 30 min, 2.4 + 0.1
after 60 min, and 2.1 + 0.1 after 120 min of reaction time.

(a) AFM Phase

250nm
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Figure 2. (a) AFM phase image of representative pH 1 w/o NH,"
seed particles, particles after reaction with IEPOX for 30, 60, and 120
min; (b) core volume fraction (blue) and shell volume fraction
(green), the error bars represent standard error; and (c) averaged
spreading ratios of 249, 68, 78, and 74 particles, respectively, single
asterisks denote spreading ratios that are statistically different than
seed particles before IEPOX uptake (p < 0.05), error bars represent
20 from a Gaussian fit.

Reactive uptake of IEPOX for 30 min led to increased particle
viscosity, which has been shown by both measurements by
Olson et al.” using an entrained-aerosol flow tube reactor with
<1 min residence time and modeling results from Zhang et
al.*> The formation of organosulfates and other oligomers has
been shown to increase particle viscosity and phase
separations.” > After reacting for 60 and 120 min, a thicker
coating formed and a smaller core was observed, which
suggests that IEPOX was continuously reacting with seed
particles, though the spreading ratios did not change
significantly. This suggests most viscosity increases are likely
facilitated by organosulfate formation that occurs within 60
min, and that the particles were stable for at least the next
hour, potentially due to a self-limiting effect.”® These results
demonstrate rapid modification of submicron particle-phase
states and viscosity during reactive uptake of gaseous IEPOX
to pH 1 seed particles (without NH,").

3.3. Morphology and Phase Modifications after
IEPOX Uptake under Varying Aerosol Acidity Con-
ditions. Particle volume concentrations of seed particles and
particles after IEPOX uptake for 60 min are shown in Figure 3
(top row). A significant increase in IEPOX-derived SOA
formation was observed for pH 1 seed particles with and
without NH,*, with volume concentrations increasing 34.0 =+
0.4 and 31.9 + 0.1%, respectively. Similarly, the less acidic seed
particles led to less volume growth (13.4 + 0.9% for pH 3
ammonium sulfate and 17.3 + 0.3% for pH S ammonium
sulfate). These results are consistent with previous studies that
show IEPOX-derived SOA formation is facilitated by acid-
driven particle-phase reactions.*”** In addition, average height
traces of 10 individual particles are included in Figure 3
(middle row), which shows the average aerosol growth after
SOA formation. A taller particle with the same width indicates
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Figure 3. Particle volume concentration (top row), average height trace of 10 individual particles (middle row), and AFM phase images (bottom
row) for 60 min reaction. (a) pH 1 seed particles with ammonium after IEPOX uptake; (b) pH 1 seed particles without ammonium after IEPOX;
(c) pH 3 seed particles after IEPOX uptake; and (d) pH S seed particles after IEPOX uptake. The blue color represents the seed particles, and the
green color represents the IEPOX-derived SOA particles. For pH 3, the solid trace represents the SOA particles with a distinct core, and the dashed

line represents more liquid-like SOA particles.

a more viscous particle while a shorter particle is less viscous
and has spread more.”> As seed particles became less acidic,
the height and, by proxy, the viscosity of particles after IEPOX
uptake was lower. This is because IEPOX-derived organo-
sulfates (and oligomers) that increase particle viscosity are
more likely to be formed under acidic conditions.****>*” To
connect greater SOA formation and higher viscosity to core—
shell morphology, AFM phase imaging was used to character-
ize particles after gaseous IEPOX uptake onto particles with
different initial pH values. AFM phase images in Figure 3
(bottom row) demonstrate that phase separation only occurs
for the pH 1 particles (with or without NH,*) after exposure to
gaseous IEPOX. AFM phase images suggest that the SOA
particles generated under acidic conditions formed a thick
SOA coating and the circular core—shell morphology illustrates
that those particles are phase separated. For less acidic seed
particles (pH 3), the mixture of particles with crystalized and
spherical cores shows evidence of less organosulfate formation
after IEPOX uptake. For near neutral (pH S) seed particles,
ammonium sulfate crystals are present, which further indicates
that minimal organic material has formed (consistent with
aerosol volume concentration data), as organic material
interferes with crystallization leading to round amorphous
solids.”** SEM images were also collected to confirm the
phase transition, and the result is consistent with AFM (Figure
SS). To understand the chemical composition of the individual
core—shell IEPOX-derived SOA particles, PTIR and Raman
spectra were collected.

3.4. Chemical Characterization of Core—Shell Mor-
phology Particles. Chemical composition plays an important
role in understanding phase-separated inorganic-SOA mixed
particles. Raman microspectroscopy and PTIR were used to
identify functional group composition for the core and shell of
these particles. Detailed spectra of pH 1 seed particles with

10600

NH," after IEPOX uptake for 60 min were collected (Figure
4), and the specific vibrational modes and full Raman spectra
are listed in the Supporting Information (Table S1). A strong
sulfate peak v,(SO,*7) at 976 cm™' in the Raman spectra is
clearly discernible and located in both core and shell of
particles and the bisulfate v(HSO,”) peak at 1041 cm™" was
also observed.*””"~"* Both the particle core and shell also
showed signs of organosulfate formation with peaks around
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Figure 4. Raman spectra of pH 1 seed particles with NH," after
IEPOX reactive uptake for 60 min, showing the differences between
core (blue) and shell (green) composition (top), AFM three-
dimensional (3D) image of individual submicron particles after
impact on the Si substrate (bottom left); representative PTIR spectra
of the whole particle for a different core—shell SOA-inorganic particle
formed from IEPOX uptake.
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Figure S. Representative PTIR spectra of individual particles after IEPOX reactive uptake for 60 min: (a) pH 1 (NH,*, HSO,” > SO,~, H', H,0),
(b) pH 1 (HSO,™ > SO,~, H*, H,0) (red solid circle), and (c) pH § (NH,*, H', SO,*7, H,0) (left column). Raman spectra of four different
types of SOA particles after IEPOX uptake for 60 min showing composition differences between core and shell (right column).

1060 cm™ in the Raman spectra indicative of v ,(RO—SO;")
and 1200 cm™' from 1,(RO—SO;-) in the PTIR.** Other
organic peaks were observed for both core and shell;
specifically, the asymmetric carbon-hydrogen bend, §(CH,),
of the methylene at 1460 cm 1997 symmetric and
antisymmetric of methyl and methylene stretches were
observed in the v(C—H) region between 2800 to 3000
em™',>>" and carbonyl #(C=0) at 1662 cm™". The hydroxyl
v(O—H) peak was observed at 3419 cm™' from either the
IEPOX uptake reaction or water from the aqueous core of the
liquid particle.”””* The Raman spectra of particle core and
shell show that more organic compounds were formed in the
particle shell with a small amount of organics in the particle
core, indicating that the gaseous IEPOX diffused through the
shell of the particle to react and modify its physiochemical
properties. A previous study has shown that aerosol acidity and
viscosity can change drastically after seed aerosol has reacted
with IEPOX, which can also inhibit additional multiphase
chemical reactions of IEPOX.>* Additionally, a PTIR spectrum
was collected to provide complementary chemical composition
information of an individual submicron particle. A strong
asymmetric sulfate 2,(SO,>”) peak at 1108 cm™ was
observed.”® The peak at 1206 cm™ is assigned to bisulfate
v(HSO,”) and the peak at 1422 cm™ is assigned to
ammonium band §(NH,").”® The peaks at 880, 914, and

1034 cm™' have been identified as from the organosulfate
group v(RO—SO;").

3.5. Characterization of Individual SOA Particles with
Varying Initial Seed Aerosol Acidities. To further
understand how the pH of seed particles affects gaseous
IEPOX uptake, single-particle chemical composition was
characterized using PTIR and Raman microspectroscopy at
the highest and lowest pH values. Due to particle-to-particle
variance, an average of 20 PTIR spectra and 15 Raman spectra
were collected for each sample, with representative spectra
shown in Figure S. Organosulfate formation was observed in
both the PTIR and Raman spectra after different acidic seed
particles were exposed to gaseous IEPOX for 60 min.
Organosulfates were identified by vibrational modes at 914,
1034, and 1206 cm™.*° Different organosulfate vibrational
modes can be either different organosulfates or different
amounts of their corresponding dimer, trimer, or other
oligomer, which will be probed in a future study. The reacted
pH 1 seed particles with and without NH,* formed more
organosulfates, followed by the pH 1 seed particles and then
pH S seed particles (Figure Sa—c). At the higher seed pH of S,
the formation of organosulfates decreased and more sulfate
remained (Figure Sc). A more distinct difference between the
core and shell spectra was observed when ammonium was
present in the initial seed aerosol. We hypothesize that higher

10601 https://doi.org/10.1021/acs.est.2c01579
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ionic strength due to the presence of the ammonium ion may
have enhanced the salting out and caused the eventual phase
separation leading to the more distinct core and shell spectra in
Figure Sa than for the particles without ammonium in the
initial core in Figure Sb. This result is consistent with previous
studies that showed SOA formation is significantly higher
under acidic conditions.*”*® Peaks in the PTIR spectra at
~1100 and 1418 cm™" are assigned to antisymmetric sulfate
stretches, 1,,(SO,*7), and ammonium bending modes &-
(NH,*), respectively, with primarily I/aS(SO4 ~) observed
when few organosulfates are present at pH 5.”

Raman spectra were collected in the particle core and shell
to explore chemical differences. All SOA particles formed from
seed particles with different pHs showed modes indicative of
organosulfate formation, with peaks around 1065 cm™.* The
distinctly different Raman spectra for particle cores and shells
demonstrate chemically that phase separation occurred under
acidic conditions (Figure Sa,b). The bisulfate #(HSO,™) mode
was observed at 1041 cm™" for all acidic seed particles with pH
1 after IEPOX uptake, which suggests that the remaining
aqueous component within particles remained acidic after
exposure to IEPOX.**"*”® Though much smaller than the
symmetric stretch in Raman, the antisymmetric sulfate
1,.(S0,>7) mode at 1096 cm™ was observed for the seed
particles containing ammonium sulfate.”® Lastly, for pH 1 and
pH 3 seed particles with NH,", the v(N—H) peak around 3124
cm™! was observed only in the particle core’””® and peaks in
the (C—H) region between 2800 and 3000 cm™" indicate that
organic materials were present in the particle shell. Both PTIR
and Raman spectra provide complementary information
regarding the morphology and chemical composition after
IEPOX multiphase chemical reactions.

3.6. Organosulfate Formation and Morphology
Evolution during IEPOX Uptake. As organosulfate for-
mation is consistently observed in IEPOX-derived SOA
particles,”” it is important to quantify the amount of
organosulfates produced for each different seed pH. Figure 6
shows that organosulfate formation was observed under all pH
conditions, with a strong pH dependence leading to rapid
conversion of inorganic sulfate to organosulfates under the
most acidic conditions (pH 1). Organosulfate formation is
higher with NH,* at pH 1, as the NH," may help stabilize the
particle pH, preventing pH from decreasing after generation.
Since pH may decrease less, less sulfate is protonated to
bisulfate (below the pK,), which is a weaker nucleophile,”
which may slow organosulfate formation. The Raman spectra
in Figure S also show more sulfate (v,(SO,*”) = 1096 cm™) in
pH 1 seed particles with NH," than pH 1 seed particles
without NH,*, supporting this hypothesis. For less acidic
aerosol conditions (pH 3 and S), organosulfate production was
much slower due to lower [H"], which is needed to facilitate
the epoxide ring-opening reactions. This and prior exper-
imental studies are buttressed by computational chemistry
modeling that predicts that IEPOX rapidly produces organo-
sulfates in acidic aerosols.'”’ The results from this study show
that most inorganic sulfate was converted to organosulfates
within 60 min under acidic conditions (Figure 6a), and may
indicate a self-limiting effect toward further IEPOX uptake at
reaction times longer than 60 min.’* For the less acidic
inorganic seed particles, the maximum formation of organo-
sulfates was observed within 80—100 min before stabilization.
To further understand the particle morphology and phase
impacts on organosulfate formation, AFM phase images were

(a) ® pH1HSO,, NH," °
60-|® PH1HSO,
® pH3SO0,” NH,'
50 ® pH5S0,* NH,'

Ogranosulfate
Concentration (g m™)

T T T T
0 20 40 60 80 100 120
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(c) pH1 w/o (NH,*)

(d) pH3

(e) pHS

Figure 6. (a) Organosulfate concentrations by conversion of
inorganic sulfate during the reactive uptake of IEPOX via ion
chromatography measurement; the different color lines and shades
represent sigmoid fit with uncertainties under different acidic
conditions, and the data have been corrected for particle wall loss;
and (b—e) AFM phase images of seed particles with varying pH
reacted with gaseous IEPOX for 30, 60, and 120 min. Different colors
correspond to different seed particles. Images for pH 3 and pH S are
from repeat experiments due to a lack of sample availability from
initial experiments shown in part (a).

collected after 30-, 60-, and 120-min of reaction. Core—shell
morphology was observed for each experiment across the
different reaction times (Figures 6b—e), with thicker shells at
lower pH where greater organosulfates are seen to form in
Figure 6a. After the formation of a thicker shell (likely more
viscous) and more solid core, the amount of organosulfate
formation decreased.>*>® It should be noted that by 120 min,
the SOA coating on the particles formed with the pH 1 seed
particles (with NH,") was so thick that the core—shell
morphology became difficult to resolve via phase imaging.
This study demonstrates that the initial acidity and
composition of inorganic seed particles impact their ultimate
physicochemical properties (i.e., morphology and phase state)
after exposure to gaseous IEPOX, which influences the
continued formation, evolution, and reactivity of IEPOX-
derived SOA. Phase separation was more pronounced under
more acidic conditions, showing a clear core—shell morphol-
ogy for individual submicron SOA particles. We further
demonstrate that after reactive uptake of IEPOX on seed
particles, the phase state of SOA particles shifts from a liquid
phase to a semisolid or solid phase, even at 50% RH. This
builds on prior work showing that aerosol physicochemical
properties change dramatically with IEPOX uptake at different
H.*>**%1% To further understand how acidity impacts the
mechanism of organosulfate formation, future studies are
needed that probe additional variables (e.g., RH and size). This
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study clearly demonstrates a significant modification of
morphology and phase evolution during IEPOX uptake onto
seed particles with varying aerosol acidities. As aerosols from a
range of sources with different initial pH values can form SOA
leading to complex aerosol mixing states,*1 927195 the strong
effect of acidity on IEPOX-derived SOA physical and chemical
properties may have substantial implications on SOA in
isoprene-rich regions.'**'*™'% In the atmosphere, additional
VOC oxidation products will be present, many from higher
molecular wei§ht VOCs (e.g, a-pinene). These SOA can be
more viscous;>>'*''* however, in a recent study, mixing of
less viscous IEPOX-derived SOA with more viscous a-pinene
and p-caryophyllene SOA decreased the overall SOA particle
viscosity.'”' These results provide further evidence of the
importance of considering acidity and phase for IEPOX-
derived SOA. Initial efforts to model related effects have
begun,*® but further work is needed to fully account for this in
regional- and global-scale models.
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