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ABSTRACT: Secondary organic aerosol (SOA), formed from the oxidation of
volatile organic compounds (VOCs), is a large contributor to atmospheric fine
particulate matter (PM2.5) and is commonly present in mixed inorganic−organic
submicron particles. SOA formed from varying biogenic and anthropogenic VOCs
results in unique aerosol physicochemical properties that modify climate impacts
(i.e., water uptake). Understanding reactive uptake of VOC-derived semivolatile
oxidation products to inorganic-SOA mixed particles remains limited, particularly
for particles at the most abundant sizes (by number) in the atmosphere (∼100
nm). These particles are challenging to study as SOA can be quite viscous (i.e.,
solid or semisolid), and mixed particles can have complex morphologies (e.g.,
core−shell). Herein, we show that the viscosity and morphology of initially core−
shell (inorganic−organic) particles changed substantially after acid-catalyzed
reactive uptake of isoprene epoxydiols (IEPOX), and that differences were highly
dependent on VOC precursor (α-pinene, β-caryophyllene, isoprene, and toluene). SOA from two higher molecular weight
precursors (α-pinene and β-caryophyllene) were less viscous after IEPOX uptake at 50% relative humidity (RH), while SOA
viscosities from lower molecular weight precursors (isoprene and toluene) did not change appreciably, based on atomic force
microscopy (AFM) measurements. The evolution of inorganic-SOA particle viscosity and morphology could alter the predicted
impacts of SOA on air quality and climate.

KEYWORDS: atmospheric chemistry, secondary organic aerosol, heterogeneous chemistry, aerosol phase state, core−shell morphology,
reactive uptake, atomic force microscopy, photothermal infrared spectroscopy

■ INTRODUCTION

Secondary organic aerosol (SOA) constitutes a significant
fraction of the global aerosol budget for fine particulate matter
(PM2.5, aerosol particles with aerodynamic diameters <2.5
μm),1 which is the most important size range with respect to
aerosol impacts on human health and climate, particularly
particles ∼100 nm in diameter.2−4 SOA is primarily formed
from oxidation of volatile organic compounds (VOCs),
resulting in lower-vapor pressure products that either nucleate,
condense, or undergo reactive uptake to existing particles (e.g.,
ammonium-sulfate particles).5 Since SOA is formed from a
variety of biogenic and anthropogenic VOC precursors (α-
pinene, β-caryophyllene, isoprene, and toluene), this leads to
SOA being composed of a wide range of chemical species with
different physicochemical properties (e.g., viscosity and
morphology).

Viscous SOA can increase diffusion time scales from
microseconds to weeks (i.e., longer than atmospheric particle
lifetimes),6 which decreases the rate of SOA formation. For
example, the reactive uptake of isoprene epoxydiols (IEPOX),
a key oxidation product of isoprene,7−9 can decrease diffusion
by over an order of magnitude for viscous SOA formed on
atmospherically relevant time scales (<2 days).10−12 Koop et
al. established a framework for understanding the viscosity of
bulk organic material, which ranges from the dynamic viscosity
(η) of liquid (η < 102 Pa s) to semisolid (102 ≤ η ≤ 1012 Pa s)
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or glassy/amorphous solid (η > 1012 Pa s).13−19 Renbaum-
Wolff et al. probed viscosity as a function of relative humidity
(RH) using a “bead-mobility” technique and a “poke-flow”
technique for SOA derived from α-pinene,20 isoprene,21 and
toluene,22 which confirmed in ∼100 μm particles that SOA has
a wide range of viscosities (3 × 101 to 3.7 × 108 Pa s).
Organosulfates,23−25 which are a key component of atmos-
pheric SOA, have been shown to increase particle viscosity
after incorporation of inorganic sulfate ions into organic
species.11,26 Modeling used to study SOA viscosities has
continued to improve, leading to better predictions of viscosity
for multicomponent mixtures and surrogate SOA mixtures
derived from the oxidation of different VOC precursors.27−29

Shiraiwa et al. have related molecular weight to glass transition
temperature (Tg) and viscosity according to the number of
different C, H, and O atoms and C−H and C−O bonds in a
molecular formula or the molecular weight (M), oxygen-to-
carbon ratio (O:C), and coefficients (A−E) (eq 1):30

= + + + +T A BM CM D EM(O:C) (O:C)g
2

(1)

Despite significant progress in understanding OA viscos-
ity,12,16,31−35 understanding the impacts on viscosity within
individual submicron particles from different VOC precursors
on reactive uptake is still limited. Recent research has shown
the importance of interactions between the organic and
inorganic components, such as increased propensity for
semisolid aerosol due to ion−molecules interactions,36,37 and
that even in aqueous multicomponent mixtures, measured
equilibration time scales can be slower than predicted by pure
components using simple mixing rules.38

Morphology is also critical to understand SOA formation,
especially as aqueous and organic components can separate
into distinct phases due to the low miscibility of many SOA
species within high ionic strength aqueous particles.34,39−41

Example morphologies include homogeneous, core−shell, and
partially engulfed, which all undergo reactive uptake differently,
particularly when the organic phase is viscous.11,34,42,43 For
example, laboratory studies have shown a ∼50% decrease in
reactive uptake of IEPOX to particles with a coating of viscous
SOA from α-pinene ozonolysis (η = 9.3 × 107 Pa s)30,35

around acidic sulfate particles (pH = 1.5) versus aqueous
(noncoated) acidic sulfate particles only.
Most characterization of the impacts of morphology and

viscosity on reactive uptake has focused on the loss of gas-
phase semivolatile organic compounds,44 but it is also critical
to understand how viscosity and morphology evolve within
particles as they undergo reactive uptake. Recently, Olson et al.
showed that the aqueous, sulfate-rich core of accumulation
mode particles coated with α-pinene and toluene SOA was
largely converted to viscous organosulfates after uptake of
IEPOX in a flow tube.26 Atmospheric chambers enable studies
over longer time scales (1 min vs hours) and there have been
few chamber studies probing the impact of coating viscosity
and morphology on individual particles at atmospherically
relevant sizes (∼100 nm).45 Additionally, few studies have
analyzed uptake to mixed organic−inorganic particles,
particularly submicron particles with complex morphologies,
such as core−shell types. As atmospheric chemistry models
continue to improve parameterizations for accurate predictions
of SOA formation rates and concentrations,46−48 a detailed
understanding of SOA formation at the single particle level is
needed to provide improved modeling capabilities.

SOA from α-pinene oxidation has been the most studied
coating for core−shell (inorganic−organic) particles with
respect to reactive uptake,12,15,26,49,50 but it is important to
understand how SOA coatings formed from oxidation of other
VOC precursors impact morphology and viscosity for a longer
reaction time. Herein, we probed the viscosity and morphology
of size-selected, submicron, acidic particles coated with
oxidation products of four different VOC precursors (α-
pinene, β-caryophyllene, isoprene, and toluene), which were
subsequently injected into an atmospheric chamber and
exposed to IEPOX over the course of 2 h. Individual particles
were characterized using atomic force microscopy (AFM),
AFM with photothermal infrared spectroscopy (AFM-PTIR),
Raman microspectroscopy, and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX).
Significant modification of viscosity and morphology was
observed after the reactive uptake of IEPOX, which was highly
dependent on the physicochemical properties of the SOA
formed from the different VOC precursors examined in this
study. The viscosities of α-pinene and β-caryophyllene SOA
decreased significantly after IEPOX uptake, while the
viscosities of isoprene and toluene SOA did not appreciably
change. Phase separation occurred frequently for larger
particles, and complex morphology was present for all four
types of SOA particles. Overall, the changes in physicochemical
properties and chemical composition of different SOA particle
types after IEPOX reactive uptake increase our understanding
of the impacts of multiphase chemical reactions on
physicochemical properties and can lead to improved
predictions of SOA formation.

■ METHODS
Aerosol Particle Generation and Collection. Aqueous

seed particles, prior to coating with SOA, were generated from
a solution of 0.06 M ammonium sulfate (Sigma-Aldrich, ≥99%
purity) and 0.06 M sulfuric acid (Sigma-Aldrich, ≥98% purity)
using a constant output atomizer (TSI Inc., Model 3076). This
solution has a bulk pH of 1.5,51 which was chosen based on a
common pH value for submicron atmospheric particles.52,53

Aerosol-laden air passed through one diffusion drier to remove
excess water, but not to a low enough RH (i.e., RH > 40%)
that they would effloresce and form solid particles. Particles
with an electrical mobility diameter of 100 nm were size
selected by a differential mobility analyzer (DMA, TSI Inc.,
Model 3080) with flow rates resulting in a semi-monodisperse
size distribution.12 They were then coated with OH-initiated
oxidation products of either toluene or isoprene, or by
ozonolysis products of either α-pinene or β-caryophyllene
using a Potential Aerosol Mass (PAM) reactor (Aerodyne
Research, Inc.).12,26,54 Aerosol size distributions from a
scanning electrical mobility spectrometer (SEMS, BMI Inc.,
Model 2100) were measured to ensure acidified ammonium
sulfate seed particles were evenly coated with SOA and that no
nucleation mode SOA particles were observed before particles
were injected into the University of North Carolina at Chapel
Hill (UNC) 10 m3 indoor chamber facility.55,56 The PAM
outflow and chamber were both equilibrated to 50% RH to
represent the daytime RH in the southeastern United States.57

After SOA-coated inorganic sulfate particles were injected, the
chamber was left static for at least 30 min to ensure that the
aerosol particles were stable and that the chamber was
uniformly mixed.11 Then, trans-β-IEPOX, which was synthe-
sized at UNC following a published procedure,58 was dissolved
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in ethyl acetate and gaseous IEPOX was generated by using a
high-purity nitrogen flow of 2 L min−1 for 10 min and then 4 L
min−1 for 50 min through a heated manifold (60 °C). This
approach to introducing gaseous IEPOX into the indoor
chamber has been used in previous UNC chamber
studies.11,12,26,55,59 Aerosol size distributions and number
concentrations were continuously measured from the chamber
to monitor particle growth using a SEMS. On the basis of the
size distribution of these four types of SOA in the chamber
(Figure S1), a DMA was used to select 150 nm particles
formed from α-pinene, β-caryophyllene, isoprene, and toluene
SOA, respectively, prior to IEPOX uptake. Additionally, 150,
200, and 250 nm SOA particles were size selected after IEPOX
uptake for each VOC precursor. SOA particles were inertially
impacted on silicon wafers (16013, Ted Pella Inc.) and quartz
(26016, Ted Pella Inc.) substrates using a microanalysis
particle sampler (MPS-3, California Measurements Inc.) at
50% RH, specifically the smallest stage with an aerodynamic
diameter (da) < 400 nm size cut. A schematic figure showing

aerosolization, coating, and UNC chamber experimental setup,
along with relevant instrumentation is shown in Figure S2.

Microscopy and Spectroscopy Analysis. Individual
inorganic-SOA mixed particles were analyzed to determine
their size, morphology, and chemical composition using AFM,
AFM-PTIR, Raman microspectroscopy, and SEM-EDX both
before and after IEPOX uptake. Both AFM and Raman were
conducted at room temperature (25 °C), ambient pressure,
and 50% RH, while SEM images and spectra were collected
under vacuum (10−5 to 10−6 Torr).
A PicoPlus 5500 AFM (Agilent, Santa Clara, CA) was used

to characterize the morphology of individual inorganic-SOA
mixed particles. Imaging was performed in tapping mode using
Aspire CT300R probes (NanoScience; resonance frequency
300 kHz, force constant 40 N/m), to obtain height, amplitude,
and phase images. The samples were scanned in 10 μm × 10
μm areas with line scans of 0.75 Hz and 512 × 512 pixels
resolution. Raw data collected by AFM was processed by SPIP
6.2.6 software (Image Metrology, Hørsholm, Denmark) to

Figure 1. Experimental design showing α-pinene, β-caryophyllene, isoprene, and toluene SOA formation on acidic sulfate aerosol particles, and an
average height profile of 10 particles changes before (solid lines) and after IEPOX uptake (dash lines). The shaded area for each height profile
represents the uncertainty from averaging the 10 particles. Images of four VOC precursor sources are from Flaticon.com.
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measure height, projected area diameter, and volume, which is
used to calculate volume equivalent diameter for individual
particles. The spreading ratios of individual particles were
calculated by using individual particle radius divided by particle
height, as described in detail previously.17,26 t tests were
performed by comparing the spreading ratio of each SOA type
before and after IEPOX uptake, and the spreading ratios were
considered to be statistically different for p values <0.05.
A nanoIR2 system (Anasys Instruments, Santa Barbara, CA)

was used to characterize the chemical composition of
individual submicron SOA particles via photothermal infrared
(PTIR) spectroscopy. AFM height, deflection images, and
PTIR spectra of particles with SOA formed from toluene, α-
pinene, isoprene, and β-caryophyllene after IEPOX uptake
were collected in contact mode (IR power 16.54%) at a scan
rate of 0.75 Hz using a gold-coated contact mode silicon
nitride probe (Anasys Instruments, 13 ± 4 kHz resonant
frequency, 0.07−0.4 N/m spring constant). The IR spectra
were collected over a frequency range of 900−3600 cm−1 using
a tunable IR source (2.5−12 μm, 1 kHz repetition rate, optical
parametric oscillator, OPO) with a resolution of 4 cm−1/point.
A nanoIR3 system (Bruker, Santa Barbara, CA) with a tunable
IR source (880−1950 cm−1 frequency range, 100 kHz
repetition rate, quantum cascade laser, QCL) was used to
collect PTIR spectral maps of SOA particles. Tapping-IR mode
was used and the amplitude of cantilever oscillation was
mapped using 128 coaverages, 400 pixels resolution. The IR
ratio map was generated in Analysis Studio (Anasys Instru-
ments software V3.15) to show differences in the spatial

distribution of chemical components based on different
vibrational modes.
Raman microspectroscopy was conducted using a Horiba

LabRAM HR Evolution Raman Spectrometer (Horiba
Scientific) equipped with a 50 mW 532 nm Nd:YAG laser
source and CCD detector coupled to a confocal optical
microscope (Olympus, 100× objective NA:1.25). A diffraction
grating with 600 groove/mm was used to obtain a spectral
resolution of 1.7 cm−1. Raman spectra were collected in the
range 500−4000 cm−1 for 3 accumulations ×15 s acquisitions
for each particle.
SEM analysis was conducted on a FEI Helios 650 Nanolab

Dualbeam electron microscope that operated at an accelerating
voltage of 10.0 kV and a current of 0.40 nA. An Everhart−
Thornley secondary electron detector was used for imaging.
EDX spectra were acquired for 20 s using an EDAX Silicon
Drift Detector and GENESIS EDX software version 5.10
(EDAX Inc., Mahwah, NJ), as in prior work.26

■ RESULTS AND DISCUSSION

Phase separated particles (organic coating around an aqueous/
inorganic core) with SOA coatings from different VOC
precursors (α-pinene, β-caryophyllene, isoprene, and toluene)
were investigated before and after reactive uptake of IEPOX to
understand the changes of individual particle morphology,
phase, and viscosity (Figure 1). Models have predicted the
viscosity of SOA formed from the different VOC precursors
and suggest the following viscosities of α-pinene SOA (9.3 ×
107 Pa s),20,33 β-caryophyllene SOA at (3.7 × 108 Pa s),60,61

isoprene SOA (3 × 101 to 2 × 105 Pa s),21 and toluene SOA

Figure 2. AFM phase images and spreading ratios of 150 nm SOA before and after IEPOX uptake. The numbers of individual particles used in the
spreading ratio calculation are given in parentheses (before IEPOX and after IEPOX). (a) α-Pinene SOA (101 and 55). (b) β-Caryophyllene SOA
(132 and 49 individual particles). (c) Isoprene SOA (99 and 61). (d) Toluene SOA (131 and 248). Single asterisks denote spreading ratios that are
statistically different than SOA particles before IEPOX uptake (p < 0.05) and error bars represent ± σ from a Gaussian fit to the spreading ratio
distribution.
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(7.8 × 104 Pa s) at 50% RH.22,30 Importantly, the viscosities of
α-pinene and β-caryophyllene ozonolysis SOA are orders of
magnitude higher than isoprene and toluene SOA from OH
oxidation.20−22,30,33,60,61 After the phase-separated SOA
particles were exposed to IEPOX, particle-phase chemical
reactions of IEPOX in the aqueous sulfate core formed viscous
species, which can change the phase state of the core from
liquid to semisolid or solid.10,11 Different types of SOA
coatings on acidic inorganic sulfate particles can change the
amount of IEPOX uptake.12 Specifically, high-viscosity SOA
coatings can limit the ability of gaseous species, such as
IEPOX, to diffuse into the aqueous acidic core of the particle,
which will kinetically limit heterogeneous/multiphase pro-
cesses and reaction rates, as well as overall particle morphology
and viscosity.10,12 The average height profile can be used as a
proxy for aerosol viscosity, with taller particles representing
more viscous SOA coatings.62 The results show that α-pinene
and β-caryophyllene SOA have a clear decrease in height, and
thus viscosity, after IEPOX reactive uptake compared to
minimal changes in height for toluene and isoprene SOA-
coated particles of the same size.
Modifications to aerosol morphology and viscosity were

quantitatively characterized before and after IEPOX uptake
using spreading ratios calculated for size-selected 150 nm
particles with α-pinene, β-caryophyllene, isoprene, and toluene
SOA coatings. Changes in SOA particle viscosity were
quantified by calculating the average spreading ratios of
∼100 individual particles. For α-pinene SOA, particles
exhibited core−shell (inorganic−organic) morphology after
coating with α-pinene ozonolysis products shown in the AFM
phase images (Figure 2a), similar to previous observations.12,63

A thicker coating was observed for 150 nm α-pinene SOA after
IEPOX uptake as shown by the larger dark outer portion in the
AFM phase image. The morphology of the core indicates that
after IEPOX reactive uptake, the aqueous core has been
converted to a semisolid or solid phase. Large spreading ratios
represent liquid-like particles of lower viscosity, whereas a
smaller spreading ratio suggests solid-like particles of higher
viscosity.17,26 Before IEPOX uptake, both α-pinene and β-
caryophyllene SOA are more viscous than isoprene and
toluene SOA with lower spreading ratios, consistent with
previous studies.20−22,61 The spreading ratio of α-pinene SOA-
coated sulfate particles increased significantly after IEPOX
uptake from 3.4 ± 0.1 to 7.3 ± 0.4 at 50% RH. This surprising
viscosity decrease is attributed to the formation of lower
molecular weight (MW) organic species from IEPOX that have
lower average MWs than α-pinene SOA,17,64−67 some of which
formed in or diffused into the shell.
As indicated by AFM phase images (Figure 2b), 150 nm β-

caryophyllene SOA-coated sulfate particles had partially
engulfed morphology before IEPOX uptake. After IEPOX
uptake, the 150 nm β-caryophyllene SOA-coated sulfate
particles retained their partially engulfed morphologies, and
the spreading ratio significantly increased from 2.9 ± 0.3 to 5.4
± 0.2. β-caryophyllene has higher MW oxidation products68−70

compared to IEPOX SOA, as with α-pinene SOA, and similarly
increased spreading ratios and a lower viscosity were observed
after IEPOX reactive uptake. Future work will focus on using
specific species and functional groups to further characterize
these changes, as opposed to MW.71

Isoprene SOA-coated sulfate particles (150 nm) exhibited
core−shell morphologies with a thick shell both before and
after IEPOX reactive uptake (Figure 2c). Spreading ratios for

150 nm isoprene SOA-coated sulfate particles are similar
before and after IEPOX uptake (4.9 ± 0.4 and 4.9 ± 0.1) as
the overall MW and oxidation of the SOA from IEPOX
multiphase chemistry is not substantially changing the
chemical composition of the shell,72,73 resulting in similar
viscosities for the same size particles.
For toluene SOA particles, a homogeneous morphology was

most prevalent (Figure 2d).26 The spreading ratios of toluene
SOA-coated particles are similar before and after IEPOX
uptake (4.1 ± 0.2 and 4.5 ± 0.3) at ∼50% RH, likely due to
the lower MW of toluene SOA being closer to isoprene SOA
than SOA from α-pinene or β-caryophyllene.14,30,74 Larger area
AFM phase images for the four types of SOA before and after
IEPOX uptake with numerous particles are shown in the
Supporting Information (Figure S3) to demonstrate that the
individual particles shown in detail in Figure 2 are
representative.
After IEPOX reactive uptake, the detailed morphology and

viscosity for SOA-coated sulfate particles with different sizes
were investigated. For α-pinene SOA-coated sulfate particles
(Figure 3), a core−shell morphology was observed after

IEPOX uptake (Figure 3b and 3c). Inclusions were observed
for 150 nm particles, and these inclusions could be viscous
organosulfates or organosulfate oligomers that salt out when
sufficient amounts form.8,11,26,55 However, the inclusions were
too small for chemical analysis by the AFM-PTIR available at
the time. As the particle size increased from 150 to 250 nm, the
spreading ratio significantly decreased from 7.3 ± 0.4 to 4.7 ±
0.2 (Figure 3a and 3d) at ∼50% RH, indicating a more viscous
particle likely due to an increase in the amount of sulfate
available in the core for IEPOX to react with and form viscous
species, such as organosulfates and their oligomers.8,75−78 This

Figure 3. Morphology and the spreading ratio of size-selected α-
pinene SOA before and after IEPOX uptake. (a) Representative 3D
AFM images. (b) AFM amplitude images. (c) AFM phase images. (d)
Bar charts show the average spreading ratio of individual particles for
α-pinene SOA with 150 nm (55 particles), 200 nm (155 particles),
and 250 nm (43 particles) diameters. Single asterisks denote
spreading ratios of larger particles that are statistically different than
150 nm particles (p < 0.05) and error bars represent standard error.
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result is consistent with a previous study suggesting the
viscosity of large (∼1 μm) α-pinene SOA-coated sulfate
particles increased after uptake of gaseous IEPOX.26 β-
Caryophyllene SOA-coated particles exhibited the same size-
dependent spreading ratio behavior as α-pinene SOA-coated
sulfate particles, with larger particles spreading less (Figure
S4).
For size-selected isoprene SOA, morphology was more

complex than traditional core−shell morphology, and this
complex morphology was observed for both larger sizes of
particles (200 and 250 nm) (Figure 4b and 4c). This suggests

that the products of IEPOX reactions were distributed
heterogeneously within the particles,12,26 leading to irregular
shapes. The average spreading ratio for all sizes of isoprene
SOA particles ranges from 3.7 ± 0.2 to 4.9 ± 0.1 (Figure 4a
and 4d) at ∼50% RH. As isoprene SOA size increased from
150 to 250 nm, the spreading ratio decreased from 4.9 ± 0.1 to
4.1 ± 0.1 at ∼50% RH, suggesting higher viscosity with
increasing particle size. While increased viscosity was observed
for α-pinene, β-caryophyllene, and isoprene SOA particles with
increasing size, toluene SOA particles did not follow this trend,
potentially due to toluene SOA having homogeneous
morphology versus the morphologies (core−shell, partially
engulfed, and complex) for the other SOA (Figure S5).
The chemical composition of individual submicron SOA

particles is key to further understand the modification of SOA
morphology and viscosity before and after IEPOX uptake and
was analyzed using Raman microspectroscopy, AFM-PTIR,
and SEM. Raman spectra were taken of the particle core and
shell of α-pinene SOA-coated particles before and after IEPOX
uptake (Figure 5). Before IEPOX uptake, Raman spectra

showed peaks representing νs(SO4
2−) at 973, νs(HSO4

−) at
1049 cm−1, νs(R-OSO3

−) 1074 cm−1, and the broad ν(N−H)
region around 3160 cm−1 indicating sulfate, bisulfate, α-pinene
organosulfates, and ammonium located primarily in the particle
core.79−85 A carbonyl group ν(CO) mode was observed at
1708 cm−1,86 corresponding to α-pinene oxidation com-
pounds, such as pinic acid or pinonic acid.87−89 A peak at
1448 cm−1 is assigned to the methyl/methylene group bend
δ(CH3/CH2), whereas peaks at 2882 and 2931 cm−1 are
assigned to symmetric stretches of νs(C−H) of methyl groups
and asymmetric stretches νas(C−H) in methylene groups,
respectively.80 The different chemical composition of the
particle core and shell confirm the phase separations observed
by microscopy, with acidic ammonium sulfate and some
organosulfates in the particle core and organic material (α-
pinene oxidation products) in the shell. An inclusion was
observed for α-pinene SOA and the Raman spectrum suggests
α-pinene organosulfates can be produced during the formation
of the shell, which could explain the inclusions were observed
in AFM images (Figure 3b and 3c). After IEPOX uptake,
IEPOX-derived organosulfate formation is observed by νs(R-
OSO3

−) at 1060 cm−1, which has been characterized
previously,26,77 and peaks between 2800 to 3000 cm−1

indicative of the C−H stretching region. The shape of the
C−H stretching region also shifts, from modes at 2931 and
2972 before IEPOX to modes at 2880 and 2842 being most
prominent afterward, indicative of changes to the organic
material in the shell (more symmetric methyl and methylene
stretches). Raman spectra for toluene, isoprene, and β-
caryophyllene SOA-coated sulfate particles before and after
IEPOX show similar results as for α-pinene SOA, and are
discussed in the Supporting Information (Figure S6, S7, S8).
For β-caryophyllene SOA-coated sulfate particles after IEPOX
uptake, a mode was observed at 975 cm−1, which could
indicate some inorganic sulfate and associated water in the
organic portion of the particle, which could also increase
spreading. EDX spectra were consistent with Raman spectra
after IEPOX reactive uptake and showed sulfate and oxygen
present in the particle cores (indicative of inorganic sulfate
and/or organosulfate species), with carbon and oxygen
primarily present in the shell (Figure S9).
IR spectra were collected for 250 nm toluene and β-

caryophyllene SOA-coated sulfate particles after IEPOX uptake
using AFM-PTIR (Figure 6a). A strong peak at 1104 cm−1 was
observed, which corresponds to the highly IR-active anti-
symmetric stretch of inorganic sulfate ions, νas(SO4

2−), in the
particle core.90 The peaks at 1420 cm−1 for a β-caryophyllene
SOA-coated particle and 1436 cm−1 for a toluene SOA-coated
particle are assigned to ammonium δ(NH4

+).90 A less intense
N−H stretch of ammonium at 3136 cm−1 was also observed.90

The peaks detected at 1072 and 1068 cm−1 suggest the
formation of organosulfates, νs(R-OSO3

−).77 A symmetric
methyl stretch νs(CH3) was observed at 2880 cm−1 for the β-
caryophyllene SOA-coated particle, and an organic peak at
3060 cm−1 is assigned to unsaturated C−H moieties (i.e., less
sp3 hybridized) within the organic species of the C−H
stretching region.80 Peaks >3150 cm−1 correspond to O−H
stretching.86,91 As shown in Figure 6b, IR spectra of 250 nm
isoprene SOA particle core and shell after IEPOX uptake
display two strong modes, 1100 and 1424 cm−1 suggestive of
νas(SO4

2−) and δ(NH4
+), respectively,90 in the particle core. A

weak mode, ν(CO) at 1690 cm−1 was observed in both core
and shell. The complex core of isoprene SOA (Figure 6c)

Figure 4. Morphology and the spreading ratio of size-selected
isoprene SOA after IEPOX uptake. (a) Representative 3D AFM
images. (b) AFM amplitude images. (c) AFM phase images. (d) Bar
charts show the average spreading ratio individual particles for
isoprene SOA with 150 nm (62 particles), 200 nm (87 particles), and
250 nm (128 particles) diameters. Single asterisks denote spreading
ratios of larger particles that are statistically different than 150 nm
particles (p < 0.05) and error bars represent standard error.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00156
ACS Earth Space Chem. 2022, 6, 871−882

876

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00156/suppl_file/sp1c00156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00156/suppl_file/sp1c00156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00156/suppl_file/sp1c00156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00156/suppl_file/sp1c00156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00156/suppl_file/sp1c00156_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00156?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


suggests that some IEPOX diffused into the particle and
reacted with inorganic sulfate. To directly visualize relative
differences in the spatial distribution of sulfate and organic
species between the core and shell of isoprene SOA-coated
sulfate particles, a ratio map (Figure 6d) was generated using
1100 cm−1/1690 cm−1. The areas enriched in sulfate (1100
cm−1) appear red (this may include some organosulfates due
to the peak widths and the proximity of the 1100 and 1074
cm−1 peak), while those with enhanced carbonyl concen-

trations (1690 cm−1) appear green. The ratio map confirms
that most sulfate is in the particle core and isoprene-derived
organic materials are in the shell, which is consistent with
Raman and EDX spectra.

Atmospheric Implications. To understand the atmos-
pheric impact of IEPOX uptake onto SOA-coated acidic sulfate
particles, SOA coatings from different VOC precursors need to
be understood. The viscosity and morphology of size-selected
SOA formed from four different VOC precursors (α-pinene, β-

Figure 5. Raman spectra of representative α-pinene SOA core and shell before IEPOX uptake (top). Representative α-pinene SOA core and shell
after IEPOX uptake (bottom). The color dots in the optical images represent the different locations of Raman spectra that were collected.

Figure 6. (a) AFM-PTIR spectra of β-caryophyllene SOA-coated and toluene SOA-coated particles after IEPOX uptake with AFM amplitude
images. (b) IR spectra of isoprene SOA core and shell after IEPOX uptake. (c) AFM amplitude image of isoprene SOA after IEPOX uptake. (d) IR
ratio map of 1100 cm−1/1690 cm−1 for isoprene SOA after IEPOX uptake.
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caryophyllene, isoprene, and toluene) before and after IEPOX
uptake have been investigated in this study. The results
demonstrate that changes in viscosity and morphology of initial
inorganic core-SOA shell particles after IEPOX reactive uptake
are strongly dependent on VOC precursor. α-Pinene and β-
caryophyllene SOA-coated sulfate particles became less viscous
after IEPOX uptake, while the viscosity of isoprene and
toluene SOA-coated sulfate particles did not change appreci-
ably after IEPOX uptake. This is attributed to lower molecular
weight products forming that are less viscous, as predicted by
eq 1, though greater inorganic sulfate or organosulfates in the
shell could increase water and contribute to the decrease in
viscosity. The changes in particle viscosity can affect IEPOX
diffusion and mixing time scales, which may alter SOA lifetime
and the production of further SOA in these mixed organic−
inorganic particles (i.e., self-limiting further atmospheric
aging11,17). Additionally, different SOA particle sizes after
IEPOX uptake (150, 200, and 250 nm from initially 150 nm
particles) have been investigated, with phase separation and
more particles with complex morphology being observed at
larger particle sizes.26,92 After IEPOX uptake, the larger
particles were more viscous for α-pinene, β-caryophyllene,
and isoprene SOA-coated sulfate particles, indicating particle
size could play an important role in morphology, affecting
subsequent heterogeneous reactions. Evidence accumulates
that semisolid phases and individual particle properties can
limit diffusion and heterogeneous reactions in organic−
inorganic particles.36−38,93 In addition, unexpected properties
of submicron aerosol, such as high acidity52,53 and increased
pressure,94 continue to paint an increasingly complicated
picture of organic−inorganic particle behavior. This makes
VOC- and size-dependent morphology and viscosity changes
even more important to consider given their important role in
overall aerosol mixing state,95−98 as well as cloud condensation
nuclei (CCN)99 and ice nucleating particle (INP) activ-
ity,19,100,101 which are important in cloud formation.102−104
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