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ABSTRACT: Heterogeneous hydroxyl radical (*OH) oxidation is
an important aging process for isoprene epoxydiol-derived

o

f=
secondary organic aerosol (IEPOX-SOA) that alters its chemical i 2 £
composition. It was recently demonstrated that heterogeneous 2 §os
*OH oxidation can age single-component particulate methyltetrol S0y ': o 8
sulfates (MTSs), causing ~55% of the SOA mass loss. However, \ e & b Monomers
our most recent study of freshly generated IEPOX-SOA particulate e ) é - Dimers
mixtures suggests that the lifetime of the complete IEPOX-SOA e S
mixture against heterogeneous *OH oxidation can be prolonged ) Equivalent Atmospheric Aging Days
through the fragmentation of higher-order oligomers. Published 'EPOX;Z?Q;?(]SEE;STS&S'Q“'c

studies suggest that the heterogeneous *OH oxidation of IEPOX-

SOA could affect the organic atmospheric aerosol budget at varying rates, depending on aerosol chemical composition. However,
heterogeneous *OH oxidation kinetics for the full IEPOX-SOA particulate mixture have not been reported. Here, we exposed freshly
generated IEPOX-SOA particles to heterogeneous oxidation by *OH under humid conditions (relative humidity ~57%) for 0—15
atmospheric-equivalent days of aging and derived an effective heterogeneous *OH rate coefficient (koy) of 2.64 + 0.4 X 107" cm®
molecules™ s™'. While ~44% of particulate organic mass of nonoxidized IEPOX-SOA was consumed over the entire 15 day aging
period, only <7% was consumed during the initial 10 aging days. By molecular-level chemical analysis, we determined oligomers
were consumed at a faster rate (by a factor of 2—4) than monomers. Analysis of aerosol physicochemical properties shows that
IEPOX-SOA has a core—shell morphology, and the shell becomes thinner with *OH oxidation. In summary, this study demonstrates
that heterogeneous *OH oxidation of IEPOX-SOA particles is a dynamic process in which aerosol chemical composition and
physicochemical properties play important roles.

KEYWORDS: IEPOX-SOA, multiphase chemistry, heterogeneous reactions, oligomers, organosulfates

B INTRODUCTION CsH,,O; compounds that were recently identified as 3-
Isoprene (2-methyl-1,3-butadiene) is the most abundant methyltetrahydrofuran-2,4-diols and 3-methylenebutane-1,2,4-
nonmethane volatile organic compound (VOC) emitted triol.”! IEPOX-SOA can contribute 17—36% of submicrometer
annually into Earth’s atmosphere.1_3 Its emissions are organic aerosol mass in the Southeastern United States (SE
pFec_iictefi to increase 1n a changing clim.ate.4_.7 U“‘?eF _IOW' US) and Amazon rainforest,”” with fine particulate MTSs and
mt‘rlc 9x1de (.NO) conditions, hydroxyl radl;al ( OH)-1plt1ated 2-MTs being dominant SOA constituents.”>* Prior studies
oxidation of isoprene produces large quantities (>70% yield) of

isoprene hydroxyhydroperoxides (ISOPOOHs), which sub- illustrate that IEPOX-SOA particles are ubiquitous in ambient
sequently oxidize in the gas ghase to form isoprene epoxydiols air and affect both climate’””® and human health,” ™
(IEPOXs) (~75% Yield)~8_1 Gas-phase IEPOX can then react underlining the need to investigate the atmospheric chemical
with inorganic sulfate aerosol particles through acid-catalyzed fate of IEPOX-SOA.

multiphase chemistry (reactive uptake) to form substantial
amounts of secondary organic aerosol (SOA) within -
atmospheric fine particulate matter (PM,;)."' ™" The Rec?we‘l: March 20, 2023
IEPOX-derived SOA (IEPOX-SOA) consists predominantly Revised:  August 10, 2023

of 2-methyltetrols (2-MTs, CsH;,0,), methyltetrol sulfates Acce.Pted’ September 6, 2023
(MTSs, C.H,,0,S), MTS-derived dimers (C,oH,,0,,9), Published: September 22, 2023
2MT-derived dimers (C;oH,,0,), and higher-order sulfated
and nonsulfated oligomers,lé_ as well as semivolatile
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Figure 1. ACSM measured decay of total IEPOX-SOA particle mass with *OH exposures, fitted for: (a) the entire aging period (0—15 days); (b)
low (0—10 days) and high (10—15 days) *OH exposure levels. The oxidation state is shown in (c), as indicated by the ACSM-derived f,,. The top
x-axis shown in each panel is the equivalent photochemical age, assuming a 24 h averaged "OH concentration of 1.5 X 10° molecules cm™>. Each
gray dot represents a value obtained from one experiment at each specific “OH exposure. Black dots in each panel show the average values, and one
standard deviation error bars from all conducted experiments are displayed.

Several studies’> * have used oxidation flow reactors
(OFRs) to examine the heterogeneous *OH oxidation as a
potential chemical sink of IEPOX-SOA particles under low-
NO conditions and reported similar rate coefficients (ko) of
4.9 and 4.74 x 107> cm® molecule™ s™* for 2-MTSs** and 3-
MTSs,*® respectively. However, heterogeneous oxidation
kinetics for the whole ambient IEPOX-SOA particle mixture,
which may have a core—shell morphology, likely differs from
that of single-component aerosols. > Only one chamber study
has directly examined the chemical composition changes of
suspended IEPOX-SOA particles against heterogeneous *OH
oxidation and proposed that the decomposition of oligomers
can regenerate low-volatility products that extend the apparent
lifetime of IEPOX-SOA.™ A viscous organic coating' ¥*"*® also
affects the reactive uptake of *OH.>"”® Furthermore, a field
study,®* in which PM,  collected in the SE US and Amazon
rainforest was oxidized by *OH in an OFR, separated IEPOX-
SOA particles from other ambient organic aerosol types using a
positive matrix factorization (PMF) method and reported a
koy value of ~4 + 2 X 107" cm® molecule™ s™'. Most
atmospheric chemistry models still assume that IEPOX-SOA
particles remain unreactive toward heterogeneous *OH
oxidation.””*’ To our knowledge, only one study incorporated
heterogeneous *OH oxidation of IEPOX-SOA particles into
the Community Earth System Model (CESM2.1.0); addition
of this chemical aging process did not significantly change the
SOA yield, but the other physicochemical properties were not
examined.*!

In addition, no laboratory study has reported the
heterogeneous *OH oxidation kinetics of IEPOX-SOA
particles, posing challenges in predicting the potential aerosol
air quality and climate effects. Many organosulfates (OSs)
identified in laboratory—a§ed particulate 2-MTSs*> have been
detected in cloudwater,”>* ice-nucleating particles,44 rain-
water,” and hailstone samples™ collected from forested areas.
In this study, we systematically examined the heterogeneous
°OH oxidation of freshly generated IEPOX-SOA particles in a
controlled laboratory environment at ~57% relative humidity
(RH), which is a typical daytime RH during the summer in the
SE US.* Heterogeneous *OH oxidation kinetics were derived
for both the bulk particle mixture and specific particulate
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species. The morphology of the IEPOX-SOA particles was also
analyzed at different *OH exposures.

B MATERIALS AND METHODS

Detailed experimental procedures are provided in Figure S1
and Section S1. IEPOX-SOA particles were generated by
reacting acidified ammonium sulfate (AAS) aerosol particles
(atomization of an AAS solution acidified to pH 1.6 with
H,S0,) with gas-phase trans-f-IEPOX in two entrained gas-
aerosol flow reactors under dark conditions. Cis- and trans-f-
IEPOX account for >97% of IEPOX isomers formed from
atmospheric oxidation of isoprene under low-NO conditions,
and trans-B-IEPOX generates twice as much SOA as cis-f-
IEPOX,"” making it the most abundant contributor to IEPOX-
SOA in the atmosphere. Trans-f-IEPOX was synthesized in-
house as previously described in detail.** ITEPOX-SOA particles
were freshly generated in the entrained gas-aerosol flow
reactors, chemically aged in a potential aerosol mass (PAM)
OFR (Aerodyne Research, Inc.) after gas-phase IEPOX was
removed using a carbon strip denuder (Sunset Lab, Inc.)
upstream of the OFR inlet to avoid gas-phase reactions
between IEPOX and *OH. The *OH exposures and UV lamp
flux inside the OFR were estimated using a photochemical box
model based on residence time, temperature, RH, and ozone
concentration with and without internal UV illumination.*~>"
The detailed procedures for the *OH exposure estimation and
discussion of the model performance are included in Section
S2. Varying *OH exposures (0—1.9 X 10'> molecules cm™ s),
equivalent to 0—15 days of atmospheric *OH exposure
assuming an ambient *OH concentration of 1.5 X 10°
molecules cm™3,>* were achieved by varying the ozone (O;)
mixing ratio from 0 to 6500 ppbv at an average UV (254 nm)
photon flux of 1.25 X 10" photons cm™ s™". In this study, the
term “nonoxidized IEPOX-SOA” refers to freshly generated
IEPOX-SOA exposed to only UV photon flux. Two to four
experiments were repeated at each *OH exposure level, and
their conditions are summarized in Table S1.

Aged IEPOX-SOA particles exiting the OFR were sampled
by a scanning electrical mobility spectrometer (SEMS, Brechtel
Inc., Model 2002) and an aerosol chemical speciation monitor
(ACSM, Aerodyne Research, Inc.) for real-time aerosol size
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distribution and chemical composition measurements, respec-
tively, as well as collected onto 47 mm Teflon filters (2-um
pore size, PALL Corp) for offline chemical analyses using
hydrophilic interaction liquid chromatography interfaced to an
electrospray ionization high-resolution quadrupole time-of-
flight mass spectrometer operated in the negative ion mode
(HILIC/(=)ESI-HR-QTOFMS) (details in Section S3).**
Authentic standards listed in Table S2 were used to quantify
specific IEPOX-SOA species (details in Section S4). Aerosol
morphology and composition were probed using atomic force
microscopy coupled with photothermal infrared spectroscopy
(AFM-PTIR, Bruker) (details in Section S$5).°**° No
unexpected or unusually high safety hazards were encountered
during our experiments and filter processing procedures.

B RESULTS AND DISCUSSION

Estimation of Heterogeneous *OH Oxidation Rate
Constant (koy). Based on ACSM data, the organic mass
remaining in IEPOX-SOA particles can be calculated as
particulate organic concentration in aged IEPOX-SOA aerosol
particles at each *OH exposure level (C) normalized to that in
nonoxidized IEPOX-SOA aerosol particles (Cy). The mass
decay of IEPOX-SOA with *OH oxidation (Figure 1) can be
fitted with an exponential function (eq 1) to derive the
heterogeneous oxidation second-order rate constant kqy.

In(C/Cy) = —koyy([OH] X t) 1)

where [OH] X t is *OH exposure (molecules cm™ s), [OH] is
24 h-averaged ambient *OH concentration, 1.5 X 10°
molecules cm™,°” and t is the equivalent aging time of
IEPOX-SOA particles in ambient air, calculated as *OH
exposure divided by [OH]. kg is the slope of fitted line, as the
y-axis (on log scale) is In(C/C,) and the x-axis is *OH
exposure ([OH] X t).

koy values obtained in this study (Table S3) include: (1)
Kom0-15days for the whole aging period, equivalent to 0—15
aging days; (2) kom<iodys for low OH exposure period,
equivalent to 0—10 aging days; (3) kop>10days for high *OH
exposure period, equivalent to 10—15 aging days. The fitting
protocols are shown separately in Figure la,b for clarity.

As shown in Figure lab, IEPOX-SOA decreased by <7%
under low *OH exposures of 0—1.4 X 10'> molecules cm™ s,
which is equivalent to 0—10 days of atmospheric *OH
exposure. At higher *OH exposures (1.4—1.9 X 10'> molecules
cm™s), or 10—15 equivalent aging days, about 44% of organic
mass in freshly generated IEPOX-SOA particles is consumed.
The fraction of the ion detected by the ACSM at m/z 44 (most
likely CO,*) to total measured ACSM organics (f,,), a marker
for the oxidation state of oxidized organic aerosols
(O0A),**** doubled from 0.015 to 0.03 as shown in Figure
lc. f,4 reported here for oxidized IEPOX-SOA (0.03) is smaller
than that for ambient OOA (>0.05)*° and IEPOX-SOA factor
from PMF analysis (0.12—0.14 in the Southern Great
Plains),*” possibly due to the higher organic mass loading of
laboratory-generated IEPOX-SOA in this study. A previous
study observed a decrease of f,, with increasing OA mass
loadings, likely due to the more effective partitioning of less
oxidized and more volatile species into the aerosol phase at
higher OA 10;1dings.6l In summary, as indicated by the mass
decay and corresponding f,, increase, IEPOX-SOA particles
begin to decay rapidly after 10 equivalent aging days. This may
be due to the regeneration of monomers in IEPOX-SOA
through fragmentation of oligomers during the heterogeneous
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*OH oxidation process.” Thus, the definition of koy
determined in this study should be distinguished from the
conventional understanding of koy generally reported for pure
OA aerosols. In this study, koy can be redefined as the
“effective heterogeneous *OH oxidation rate constant”,
describing how fast the combined process (regeneration of
monomers from oligomer oxidation + oxidation of monomers
to volatile fragments) occurs. Discussion on the definition of
the koy definition is in Section S6.

Several factors may introduce uncertainties in deriving koy:
(1) the deviation of each specific *OH exposure and the
aerosol mass fraction remaining from the averaged values that
were used to derive kgy across repeated experiments; (2) the
collection efficiency (CE) and relative ionization efficiency
(RIE) of ACSM measurements; and (3) photolysis and
ozonolysis reactions of IEPOX-SOA. We observed that the
decay trend of the SEMS-measured total volume concentration
agrees very well with that for ACSM-measured total particle
mass (Figure SS), suggesting that CE and RIE do not change
with *OH oxidation in this study. Detailed discussions are
included in Section S7. Photolysis and ozonolysis reactions
were also assessed inside the PAM-OFR. We observed a 3%
increase and 7% decrease of IEPOX-SOA mass in UV-only and
O;-only control experiments, respectively (Figure S6). Since all
oxidation experiments were conducted at near constant UV
flux with varying O; concentration, it is reasonable to conclude
that the IEPOX-SOA mass changes from photolysis remain
constant, while from ozonolysis they may vary at different *OH
exposure levels and could affect the derived oxidation kinetics.
We modeled the mass decay caused by ozonolysis (Figure S7)
and found that ozonolysis caused a negligible change in the
derived koy values (detailed discussion is included in Section
S8).

In conclusion, the uncertainties in koy from CE and RIE
changes in the ACSM and from photolysis and ozonolysis of
IEPOX-SOA are negligible in this study. The uncertainty in
koy was estimated using a Monte Carlo simulation, propagated
from uncertainties in *OH exposure calculation (x-axis error
bar) and mass fraction remaining (y-axis error bar), assuming
normal distributions for each parameter. Detailed procedures
for estimating koy uncertainty are provided in Section S9 and
shown in Figure S8.

Estimation of Reactive Uptake Coefficient of *OH
(Yon)- The effective reactive uptake coefficient of *OH (yoy)
for IEPOX-SOA particles in the PAM-OFR can be estimated
using koy following eq 2:9%

_ 4kOHVp0M

on = o % MW (2)

where kg is the effective heterogeneous *OH oxidation rate
coefficient of IEPOX-SOA derived from this study (Table S3).
V and S are the mean volume and surface areas of IEPOX-SOA
from the SEMS measurements, respectively. The V/S§ ratio is
calculated to be 69.6 + 3.7 nm. N, is Avogadro’s number (6.02
X 10” molecules mol™"); T is the average molecular speed of
*OH, 604 m s™" at 293 K. MW is the molar mass of IEPOX-
SOA, calculated as the average molecular weight of all IEPOX-
SOA species quantified in HILIC/(—)ESI-HR-QTOFMS
(Table S4) using eq 3 below:

MW = [Z nl.MVVi]/ n,

1

3)
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Decay of MTSs and its oligomers

a) MTSs b) MTS-derived Dimers c) MTS-derived Trimers
(m/z 215) (m/z 333) (m/z 433)
080y oH OH HOQ% oH
HO\>Q'/\ o oH ’\S{*OH
T OH HO/X;: \EO:/ {S? o
OH
EquivalentAging Days Equivalent Aging Days Equivalent Aging Days
o 4 8 12 16 0 4 8 12 16 Q 4 8 12 16
= 10— = 1.0{s T - 1.0
= —iE 0.8 —~= 0.8
e 28 I | 06 ! 1 f' 06 }
g 5 04 0.4 5. |04 ~ _I_
235 02 0.2 f 0.2 i
L {
<) 5
£ I
S — Fit (0-15 days) = Fit (0-15 days) — Fit (0-15 days)
0 0.5 1.0 15 2.0 0 0.5 1.0 15 20 0 05 10 15 20
OH exposure OH exposure OH exposure
(molecule cm™ s) x10*2 (molecule cm™ s) x10*2 (molecule cm™ s) x10*2
Decay of 2MTs and its oligomers
d) 2-MTs e) 2MT-derived Dimers f) 2MT-derived Trimers
(m/z 135) (m/z 253) (m/z 353)
OH OH OH g OH
HO\)%/\ /Y\/O\k\/OH HO o
OH HO I
OH OH oH ﬁo Aﬁ)/b
H
EquivalentAging Days Equivalent Aging Days Equivalent Aging Days
w0 0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
c ~ 1.0 o
£ 10) e 1.0{. —
= —= 0.8 = 0.8
© 812 —=E- i 0.6 ~—_ f 0.6 T _ i
5 ]
-9 02 0.2 0.2 H
P
=1
<)
(=N
g — Fit (0-15 days) — Fit (0-15 days) — Fit (0-15 days)
0 0.5 1.0 15 2.0 0 05 10 15 20 0 0.5 1.0 15 2.0

OH exposure
(molecule cm™ s) x10*2

OH exposure
(molecule cm™s) x1012

OH exposure
(molecule cm3s) x1012

Figure 2. Decay of freshly generated IEPOX-SOA particle constituents with exposure to gas-phase *“OH. Nonoxidized IEPOX-SOA particle
constituents are identified as [M — H]~ ions at m/z 215 (CsH;;0,S7), 333 (C;oH,;0,0,S7), 433 (C;sH,,01,87), 135 (C¢H;;0,7), 253
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2-MTs, (e) 2-MT-derived dimers, and (f) dehydration product of 2-MT-derived trimers; one possible isomeric structure is shown above each

graph.

where MW, is the molecular weight and #; is number of moles
for species i. MW of IEPOX-SOA is estimated to be 198.9 +
5.8 g mol™" across all *OH exposures from repeated
experiments. The ambient IEPOX-SOA has a much larger
MW of 270 g mol™', as they are oligomer-dominant based on
volatility measurements using a thermal denuder.’* The
laboratory-generated IEPOX-SOA in this study has a much
lower organic content and, thus, less oligomeric fraction,
compared to ambient IEPOX-SOA (Figure S9), which may be
a result of the short reaction times (~16 min) inherent to the
entrained gas-aerosol flow reactors.

po is the mass density for IEPOX-SOA, which is calculated
as the total particle mass concentration measured by ACSM
normalized to the total particle volume concentration
measured by SEMS and is estimated to be 1.6 + 0.1 g cm™
within the range of 1.5 + 0.5 ¢ cm™ for ambient IEPOX-
SOA™ and slightly higher than that of 1.48 + 0.02 8 cm™
estimated using single particle mass spectrometry.”” The
uncertainty of yoy was estimated by Monte Carlo simulation,
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propagated from errors in each parameter in eq 2, assuming
normal distribution for each parameter.

The koy and yop values reported in this study are compared
to previously reported values for different ambient and

. 6 + 0.
lla(l))_oll;’act:(:nrz nz)?ecz’liisl s(_l;;lilrfds}/4) kOH'°‘15(C3Yg -(I-ZO6 I;dgrilez
OH,0-15 days (0.0 = 0.

for an IEPOX-SOA bulk mixture in this study are within the
range of koy (0.44—7.6 X 107" cm® molecule™ s7') and yoy
(0.07—1.65) values reported for ambient IEPOX-SOA
and other highly

) 64,66,67

particles,34 MTSs,> >3 levoglucosa\n,64‘65
oxidized organic species (e.g., tartaric acid

Estimation of Lifetime of IEPOX-SOA against “OH
Oxidation (zg}). As shown in eq 4, the lifetimes of IEPOX-
SOA against *OH oxidation (7oy) in different world regions
were estimated using Yoy derived for the IEPOX-SOA particles
(0.6 £ 0.1) and using ambient aerosol parameters reported
from prior field studies, as listed in Table SS.
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where V and S are the volume and surface areas of ambient
aerosols, p is the mass density of ambient aerosol, MW is the
molar mass of ambient IEPOX-SOA, which is assumed to be
270 g/ mol,** N, is Avogadro’s constant, and ¢ is the average
molecular speed of *OH (604 m s!) at 293 K. When
assuming IEPOX-SOA compounds are uniformly mixed with
other species in ambient aerosols, the V/S ratio of IEPOX-
SOA can be estimated as the surface-weighted diameter of
ambient aerosol (d,,)/6.

In forested areas with lower *OH concentration, such as the
SE US (0.6 X 10° molecules cm™) and central Amazonia (0.3
X 10° molecules cm™),%** ambient aerosols are estimated to
have 7oy of ~S1 days in the SE US and ~118 days in central
Amazonia, potentially enabling long distance transport of
IEPOX-SOA. 7oy for IEPOX-SOA may change drastically as
the once pristine Amazon is affected by increasing biomass
burning and anthropogenic emissions. A recent study used
multiwavelength polarization Raman lidar to track the aerosol
properties in biomass burning plumes in the Amazon forest;
they observed that the aerosol effective radius (or surface-
weighted radius) of fresh smoke particles increases from 130 to
300 nm after 1-2 days of transport,”® extending 7oy of
IEPOX-SOA as calculated by eq 4. Another study observed
that noon-time *OH concentration increases by at least 250%
with increasing NO, levels,*’ shortening the 7oy of IEPOX-
SOA. In polluted urban areas, such as Los Angeles and New
England, US,”%"" and Guangzhou and Beijing, China,”>"?
elevated *OH concentrations have been observed (3—21 x 10°
molecules cm™). The 7oy values of IEPOX-SOA under
heavily polluted urban air environments during summer in
Beijing and Guangzhou are estimated to be only ~2 to 3 days.
Overall, the lifetime of ambient IEPOX-SOA against *OH
oxidation varies between 2 and 118 days from polluted urban
cities to pristine forested areas. Detailed atmospheric-relevant
parameters from multiple field studies used to calculate 7oy are
listed in Section S10.

At the global average atmospheric “OH concentration of 1.5
X 10° molecules cm™, the average atmospheric lifetime of
IEPOX-SOA is estimated to be ~21 + S days (based on
aerosol parameters averaged across all ambient studies listed in
Table S5). As discussed above, the higher *OH concentrations
in polluted air masses influenced by anthropogenic interactions
may reduce the atmospheric lifetime. At higher *OH exposure
levels, Yom>10days derived for IEPOX-SOA bulk mixtures is
calculated to be 2.2 + 0.6. The average oxidation lifetime of
IEPOX-SOA is reduced with application of the yop 5 10days Value
(~6 % 1 days), putting it in a similar range as the aerosol wet
deposition lifetime (6.6—9.0 days),”* and shorter than the
lifetime of accumulation mode sulfate aerosol (2 weeks),””
indicating that heterogeneous °OH oxidation could be a
competitive sink for IEPOX-SOA under the atmospheric
scenarios discussed above. These results suggest that IEPOX-
SOA lifetimes may change drastically during atmospheric
transport, and utilizing a single koy value to represent
heterogeneous *OH oxidation kinetics in atmospheric models
may be insufficient.

Heterogeneous *OH Oxidation Kinetics of Oligomers
and Monomers. MTSs, 2-MTs, and their dimers and trimers
detected by HILIC/(—)ESI-HR-QTOFMS account for ~90%

ToH =
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of total mass measured in nonoxidized IEPOX-SOA (Figure
$10). Dimers and trimers are derived from acid-catalyzed
particle-phase reactions of IEPOX with MTSs and 2MTs
(Scheme S1). These nonoxidized IEPOX-SOA species in this
study show retention times similar to ambient PM, 5 samples
(Figure S11). The oxidized species contribute ~7.3% of
nonoxidized IEPOX-SOA, likely due to organic contaminants
off-gassing from the OFR inner wall. The remaining 4.5% of
the total SOA mass was not quantified by HILIC/(—)ESI-HR-
QTOFMS. The use of proxy standards due to the
unavailability of authentic standards for oligomers and oxidized
products could contribute to the inaccurate quantification of
IEPOX-SOA.

The nonoxidized IEPOX-SOA constituents exhibit varying
degrees of consumption by heterogeneous *OH oxidation. We
derived the compound-based kyy values based on the mass
decay trend of specific IEPOX-SOA species for the entire aging
period (0—15 days), as shown in Figure 2, and for low (0—10
days) and high (10—1S days) *OH exposure periods, as shown
in Figure S12. Compared to Cs-monomers (MTSs and 2-
MTs), the C,o/C;s-oligomers (ie, MTS-derived and 2-MT-
derived dimers and trimers) show much faster decay: ~78—
96% of oligomer mass depleted after 15 days (kOH,O—ISdays =
7.08—14.92 X 107" cm’® molecule™ s7'). The ko510 days
values for MTS-derived dimers, 2-MT-derived dimers and
trimers (18.23—39.40 X 10™'* cm® molecule™ s™') are on the
same scale as the photooxidation rates of different C4_ ;o
dime7r65 in @-pinene-derived SOA (21.6 X 10™"* cm® molecule™
s7h).

Three factors may contribute to the faster decay rate of
oligomers compared to monomers: (1) The longer oligomer
carbon chains increase the probability of hydrogen atom
abstraction by *OH with subsequent C—C bond scission. (2)
Consumption of monomers by heterogeneous *OH oxidation
may be masked by their regeneration through oxidative
fragmentation of oligomers. We have reported that the MTS-
trimers decompose by heterogeneous *OH oxidation to
regenerate particulate MTSs and 2-MT-dimers (Scheme
$2).*° (3) Sulfated oligomers may be surface-active providing
greater access to gas-phase °*OH. Highly surface-active
oligomeric species have been reported near the air—water
interface of an aqueous pyruvic acid mixture using vibrational
sum frequency spectroscopy (VSES).”” Further experiments
are needed to verify these hypotheses.

Physicochemical Properties of IEPOX-SOA Particles.
In this study, we observed that the heterogeneous *OH
oxidation rate of IEPOX-SOA particles changes as a function
of *OH exposure, which differs from the constant oxidation
rate reported for single-component liquid-like OA types, such
as pure 2-MTS and 3-MTS.”** Similar slow oxidation rates at
low *OH exposures have been observed in heterogeneous *OH
oxidation of atmospheric IEPOX-SOA.>* In addition, the
ko,>10days values reported here are higher compared to
previously reported kinetic values for single-component 2-
MTS and 3-MTS particles.”””* Analogous behavior involving
faster heterogeneous °OH reaction rates have also been
reported for squalane-coated (1—50 nm thickness) ammonium
sulfate aerosol compared to pure squalene aerosol, with the
reaction rate being linearly dependent on organic surface area-
to-volume ratio (thicker organic coating, slower reaction).”®
Thus, we suspect that the changing oxidation rates with *OH
exposure observed for IEPOX-SOA particles may be related to
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Figure 3. [EPOX-SOA particle morphology and viscosity at 0, 7, and 14 equiv days of *OH exposure characterized: (a) AFM-derived phase images;

(b) AFM-derived 3D images; (c) spreading ratios of IEPOX-SOA particles.
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Figure 4. (a) PTIR spectra of individual nonoxidized or 0 day-aged IEPOX-SOA particles; (b) PTIR spectra of IEPOX-SOA particles aged for 15
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the changes in their corresponding aerosol physicochemical
properties that result from their oligomeric contents.

The AFM-derived phase image (Figure 3a) shows that
nonoxidized IEPOX-SOA particles have a core—shell morphol-
ogy. The shell thickness of IEPOX-SOA could be obtained
using the geometric mean diameters (GMDs) of IEPOX-SOA
and AAS seed aerosols measured by SEMS (Figure S13):
nonoxidized IEPOX-SOA particles have a GMD of 114 nm
and a shell thickness of 11 nm with the shell thickness
decreasing to 2 nm after 15 equivalent aging days. The shell in
the AFM-derived phase image decreases in thickness as a
function of oxidation days (Figure 3a), providing independent
support for the SEMS-observed decrease in thickness.

The AFM-derived height images of IEPOX-SOA (Figure
3b) were used to calculate the spreading ratios of individual
particles, which has been used in prior studies to distinguish
changes in viscosity.”” "' At least 98 particles at each *OH
exposure level are selected to obtain the average +2¢ from
Gaussian fit as shown in Figure 3c. The spreading ratio
increased slightly from 1.7 + 0.1 to 1.8 + 0.3 during 0—14
aging days, suggesting that the aerosol viscosity change is not
statistically significant. Rather than aerosol viscosity, the
driving factors for faster heterogeneous oxidation we observed
at higher *OH exposures may be the coating thickness and
oligomer reactivity.

AFM-PTIR analysis in Figure 4 demonstrates that the core
of IEPOX-SOA is dominated by inorganic sulfate, while the
shell is organic in nature consisting of IEPOX-SOA. For the
particle core, the vibrational mode at ~1102 cm™ is assigned
to inorganic SO,*~ (antisymmetric stretch).®” For the shell, the
modes detected at 1062 and 1112 cm ™" are organic in nature
and are likely attributable to C—O stretching, while the mode
at 1732 cm™ indicates the presence of carbonyls (C=0
bond).®

Since the only vibrational mode observed in the core is for
inorganic SO,*>~ for both nonoxidized and oxidized IEPOX-
SOA, the heterogeneous *OH oxidation is likely occurring in
the aerosol shell where IEPOX-SOA predominates. We further
suspect that heterogeneous *OH oxidation of IEPOX-SOA
may only occur at the air—particle interface because the
reactive-diffusive length of *OH in IEPOX-SOA may be
shorter than that measured in squalane-derived OA (~1.4
nm),”® as viscosity of IEPOX-SOA coating (10°~10° mPa-s) is
orders of magnitude higher than that of squalane (36.1 mPa-
s).** By 15 days, the organic material is no longer observable
within the shell because shell thickness has been reduced to 2.3
nm (as measured by SEMS), which is a point where the
concentration of IEPOX-SOA is below the sensitivity of the
AFM-PTIR instrument.

Oxidation Products of IEPOX-SOA Particles. Scheme
S3a illustrates a general mechanism for heterogeneous *OH
oxidation under low-NO atmospheric conditions. Heteroge-
neous *OH oxidation is initiated by hydrogen atom (H)
abstraction by *OH, followed by the addition of O, to form a
peroxyl radical (RO,*). Under low-NO atmospheric con-
ditions, RO,* can cross react through the Russell®® or
Bennett—Summers®® mechanisms to give an alcohol or
carbonyl group at the abstraction site or form alkoxy radicals
(RO®) followed by radical propagation,®” fragmentation
through f-scission,”® and isomerization® pathways. The
resulting first-generation particulate products consist of polyols
and carbonyls including carboxylic acids, aldehydes, and
ketones, which can cyclize to form S-member ring structures
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such as lactones, cyclic hemiacetals, furans, and tetrahydrofur-
ans (Scheme S3b). A full list of products detected in this study
is shown in Table S6. In summary, after 15 equivalent days of
aging by heterogeneous *OH oxidation, the oxidized multi-
functional products listed in Table S6 contributed ~13% of the
total IEPOX-SOA mass. Nonoxidized (or regenerated) species
including MTS, 2MT, and their oligomers comprised the
majority (~80%) of SOA mass (Figure S10).

As indicated above, inaccuracies in the quantification of aged
IEPOX-SOA constituents as a result of using 2-MT and 2-
MTS as surrogate standards highlight a critical need for
synthesis of authentic heterogeneous oxidation reaction
products. Volatile fragmentation products, such as formic
acid, may have been formed in significant yields based on our
proposed Schemes S2, S4, and S5; they were not measured in
this study in either the particle or gas phases but should be a
focus of future work, especially since recent bulk solution
studies have also suggested their formation upon reaction with
*OH.” The five most abundant oxidation products in aged
IEPOX-SOA particles are OSs detected by HILIC/(—)ESI-
HR-QTOFMS as deprotonated molecules at m/z 199 (2-
methylglyceric sulfate, C,;H,0,S7), 155 (glycolic acid sulfate,
C,H,0,57), 213 (C{H,0,S7), 211 (CsH,0,S7), and 229
(CsHyO4S™). Our laboratory has reported characterization of
these ions tentatively by tandem mass spectrometry (MS/
MS).>**>?! We have also characterized nonsulfated oxidation
products from heterogeneous *OH oxidation of 2-MTs and 2-
MT-derived oligomers. The most abundant [M — H]~ ions
observed by HILIC/(—)ESI-HR-QTOFMS appear at m/z 133
(CH,0,7), 131 (CH,0,7), 251 (C,oH,00,7), and 147
(C¢H,057). The proposed formation mechanisms for sulfated
and nonsulfated particulate oxidation products are shown in
Schemes S4 and S5, respectively. The levels of several
oxidation products increase in aged IEPOX-SOA (Figures
S14 and S15); they were also detected in ambient PM,
samples from Look Rock and Raleigh, USA, Manaus, Brazil,
and the Galapagos Islands, Ecuador (Figures S16 and S17).
Ambient PM, samples contain multiple isomers, possibly
formed by heterogeneous *OH oxidation of cis-3-IEPOX-SOA
(~33% of ambient IEPOX), which was not examined in the
present study.”” It should be noted that the reaction
mechanisms proposed in this study are not well-established
in the ambient atmosphere, especially since laboratory-
generated aerosols are highly concentrated and thus possibly
favor bimolecular RO,* + RO, reactions to a greater extent
than in ambient aerosols.”’

Bl CONCLUSIONS

This study demonstrated that the heterogeneous *OH
oxidation of nonoxidized IEPOX-SOA particles is a dynamic
process in which aerosol chemical composition and phys-
icochemical properties play important roles. Oligomers in
nonoxidized IEPOX-SOA particles decompose to form low-
volatility oxidized fragments and to regenerate oxidized and
nonoxidized monomers, slowing loss of organic SOA mass for
an initial 10 day aging period. This process is supported by the
more rapid mass decay (a factor of 2—4) of oligomers than
monomers. The reaction of bulk IEPOX-SOA components
with *OH is inhibited for an initial period of ~10 days by the
formation of an IEPOX-SOA coating. The thinning of the
IEPOX-SOA coating thickness after 10 days likely contributes
to an accelerated mass loss.
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Concentrations of OSs at m/z 199, 155, 211, 213, and 229
previously reported in cloudwater, ice-nucleating particles,
rainwater, and hailstone samples collected from forested
areas’”™* increased by a factor of 3 in laboratory-generated
IEPOX-SOA particles over 15 equivalent aging days. The
extensive generation of these multifunctional particulate OS
products in aged IEPOX-SOA will affect aerosol acidity,
volatility, phase, hygroscopicity, and light absorption**?*~"
and play an important role in cloud formation.**

Opverall, this study demonstrates that the complete IEPOX-
SOA particle mixture behaves differently from single-
component OA particles, and atmospheric chemistry models
should therefore include SOA properties such as coating
thickness and oligomer content to take into account the effects
of heterogeneous *OH oxidation on IEPOX-SOA. This study
also highlights the need for future investigations into the
atmospheric aging of low-volatility IEPOX-SOA oligomers, as
they appear to serve as a regeneration source of particulate
monomers. Biogenic SOA is formed from many species of
VOC precursors, including monoterpenes and isoprene, and
thus, their resulting oligomer content, abundance, and
physicochemical properties will differ."°'°" Additional factors,
such as temperature,102 aerosol acidity,103 and RH,'** affect
the oligomer content in IEPOX-SOA (and other SOA) and
should also be considered in future atmospheric models that
might consider chemical aging of particle-bound oligomers by
heterogeneous *OH oxidation pathways.

This study intended to mimic the SE US environment.
Compared to ambient IEPOX-SOA in the SE US,** our
laboratory-generated IEPOX-SOAs have similar dg¢ (418
versus 415 nm), slightly higher mass density (1.59 versus 1.46
g cm ™), much less organic content (16.6% versus 66.9% in
ambient aerosol), and lower MW (199 versus 270 g mol ™). It
is unclear how the differences in aerosol parameters could
affect the oxidation kinetics. Future studies should be designed
to mimic ambient organic aerosol mass fractions more closely
using steady-state laboratory chambers that allow for longer
reaction times.
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