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ATMOSPHERIC SCIENCE

Superoxide formation upon photochemical aging of
secondary organic aerosols derived from biomass

burning precursors

Lena Gerritz, Meredith Schervish, Pascale S. J. Lakey, Sergey A. Nizkorodov, Manabu Shiraiwa*

Photochemical oxidation in the aqueous phase is critical for chemical evolution of secondary organic aerosols
(SOA), but it represents one of the most uncertain processes in aerosols and clouds. Here, we show that photoir-
radiation of SOA derived from biomass burning precursors leads to substantial formation of superoxide. The com-
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bination of laboratory measurements and kinetic modeling reveals that superoxide generation is driven by
photosensitization reactions in aromatic SOA, while the dominant source of superoxide in biogenic SOA is photo-
induced decomposition of carbonyls with minor contributions from peroxide decomposition. These processes
serve as a substantial source of reactive oxygen species (ROS) including hydrogen peroxide and hydroxyl radical
in cloud droplets and deliquesced particles, competing with traditional sources such as uptake from the gas
phase. This previously unrecognized source of ROS will enhance the impact of aqueous-phase processing on com-

position and properties of aerosols and clouds.

INTRODUCTION

Organic aerosols play a central role in air quality, climate, and hu-
man health, and it is crucial to understand their composition and
properties to elucidate the full range of their environmental impacts
(1, 2). An increasingly important source of organic aerosols in the
atmosphere is biomass burning as wildfires become more frequent
and intense upon global environmental change (3, 4). Biomass
burning emits massive amounts of particulate matter and volatile
organic compounds (VOCs) (5, 6). These VOCs can be oxidized
during atmospheric transport of the smoke to form biomass burn-
ing secondary organic aerosols (BBSOA) that contribute substan-
tially to total particulate matter mass (7-9). The composition of
VOC:s is complex depending on environmental factors such as the
conditions of burning and fuel types (3, 7, 10). These VOCs include
monoterpenes and terpenoids, which have been thoroughly studied
as a source of biogenic secondary organic aerosol (SOA) (2, 11). Re-
cent studies have identified other major classes of VOCs including
aromatic and furan derivatives as important contributors to BBSOA
(8, 12-15), although they are less studied.

The formed BBSOA is subject to atmospheric aging via photo-
chemistry and aqueous-phase chemistry, leading to the chemical
transformation of organic compounds and formation of aqueous
SOA (16). Condensed-phase photochemical processes are known to
promote aging of organic particles as much, if not more, than aging
by reactions with gaseous “OH (17). These aging processes modulate
chemical composition and aerosol properties including hygroscop-
icity, optical properties, and toxicity (11, 18). Previous studies have
shown that direct photolysis of biogenic SOA can lead to particle
mass loss via decomposition of peroxides and carbonyls (19-21),
whereas photosensitized reactions in aromatic SOA can lead to
aqueous SOA formation (22-24).

Aqueous-phase oxidation processes are driven by reactive oxy-
gen species (ROS) including hydroxyl radical ("OH), superoxide
(HO,'/O;,7"), singlet oxygen (0y), hydrogen peroxide (H,0,), and
oxygen-centered organic radicals (1). A light-driven burst of "OH
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radicals was observed to dominate oxidation chemistry in newly ac-
tivated cloud droplets (25). SOA can produce "OH from the decom-
position of organic hydroperoxides under dark conditions (26, 27),
which can be enhanced by the presence of transition metals or pho-
tolysis (28-31). In our recent work, we observed substantial ROS
formation upon photoirradiation of SOA derived from isoprene and
terpenes driven by decomposition of peroxides and carbonyls (32).
Photosensitizers, which are often contained in aromatic SOA, can
also generate ROS (33-36), increasing the aqueous oxidant concen-
trations and further altering the particle composition and oxidation
processes. In addition to the competing photochemical pathways,
mechanistic understanding of aqueous photochemistry is further
complicated by the central role of free radical intermediates that
evade most analytical methods. The chemical mechanism and ki-
netics of ROS formation upon complex photochemical interplay of
BBSOA are hardly explored and poorly understood. Better assess-
ment of BBSOA impacts on atmospheric chemistry and climate re-
quires molecular-level understanding of ROS multiphase chemistry.

In this work, we observed enhanced superoxide formation upon
photoirradiation of a wide range of BBSOA derived from monoterpenes
(a-pinene, a-terpineol, and p-ocimene), mono-aromatics (phenol,
styrene, and guaiacyl acetone), furfural, and naphthalene. We ap-
plied an in situ ultraviolet-visible (UV-Vis) irradiation system with
electron paramagnetic resonance (EPR) spectroscopy to measure
the radical formation, and we identified the trapped radicals using
high-resolution mass spectrometry. The application of kinetic mod-
eling in combination with total peroxide measurements revealed
relative contributions of radical formation pathways including di-
rect photosensitization, carbonyl photolysis, and peroxide decom-
position. The superoxide formation leads to substantial formation
of H,O,, outcompeting known processes and measured concentra-
tions of H,O,.

RESULTS AND DISCUSSION

ROS formation

Figure 1 shows the time evolution of superoxide (HO,'/O,™") as
trapped by 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
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Fig. 1. Superoxide formation kinetics in different types of BBSOA. Formation
kinetics of BMPO(OOH) during the in situ irradiation of seven types of SOA as de-
tected by EPR starting 7 s after irradiation begins. Before irradiation, BMPO(OOH)
was close to the detection limit (~0.2 pM) except for naphthalene SOA (~0.7 uM)
(see fig. S1). The shading represents 15% uncertainty (an upper bound for one SD
of replicate measurements).

(BMPO) upon in situ irradiation of water extracts of BBSOA de-
rived from monoterpenes, aromatics, and furfural. We observed
substantial superoxide formation for all types of SOA, reaching
maximum concentrations of ~4 to 5 uM, along with lower concen-
trations of other radicals shown in fig. S4. This corresponds to su-
peroxide yields (mole superoxide per mole SOA) of 0.4 to 0.5%. The
observed concentrations are much higher than those under dark
conditions (fig. S1), which was close to detection limit (~0.2 pM) for
most types of SOA. Note that naphthalene SOA showed noticeable
dark superoxide formation (~0.7 pM) due to redox reactions of
semiquinones and environmentally persistent free radicals, consis-
tent with previous studies (37-39). Thus, photolysis enhanced the
superoxide formation by a factor of 4 to 25. Maximum superoxide
concentrations were reached shortly after irradiation by aromatic
SOA, whereas it took ~10 min for monoterpene and furfural SOA.
The distinction in superoxide formation kinetics indicates that the
dominant mechanism of superoxide formation is different, as dis-
cussed in detail in the “Kinetic modeling” section.

The similar maximum concentrations of BMPO(OOH) among
different types of SOA imply that superoxide formation is limited by
a common process. We hypothesized that the dissolved oxygen may
undergo depletion in the closed system and the amount of dissolved
oxygen may limit subsequent superoxide formation as molecular
oxygen is most likely a major precursor of superoxide. Additional
experiments with different concentrations of a-pinene and phenol
SOA (fig. S2A), as well as pure compounds including cumene hydro-
peroxide and pinonic acid (fig. S2B), resulted in similar maximum
BMPO(OOH) concentrations. We also measured BMPO(OOH) for-
mation by a-pinene SOA under different temperatures and observed
that BMPO(OOH) formation is larger at lower temperatures and
smaller at higher temperatures, correlating very well with dissolved
oxygen concentration as calculated using the Henry’s law constant
(fig. S3). This indicates that dissolved oxygen plays a critical role in
the formation of superoxide. The lower maximum superoxide con-
centration by naphthalene SOA may be caused by higher scavenging
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of superoxide by redox-active compounds such as semiquinones
contained in naphthalene SOA (40).

In addition to the enhanced superoxide formation upon irradia-
tion, we also observed the formation of carbon- and oxygen-centered
organic radicals. As shown in the deconvoluted EPR spectra and time
evolution of radical formation by SOA derived from a-pinene, furfu-
ral, and phenol (fig. S4), the monoterpene SOA produced more or-
ganic radicals than the aromatic SOA, consistent with previous results
comparing terpene and toluene SOA (32). Using high-resolution
mass spectrometry, we identified major organic radicals produced
during irradiation of furfural and phenol SOA (figs. S5 to S8). The
major organic radicals trapped for furfural SOA are CHO" and CHO,"
radicals, identified on the basis of their retention time and fragmenta-
tion mass spectra (figs. S9 to S11) (41), likely products of aldehyde
and ester photolysis (42, 43). Sample photolysis pathways yielding
CHO® and CHO;' are shown in fig. S12 for C4H¢Os, one of the ions
identified by mass spectrometry that decreased the most after irradia-
tion. Aldehyde photolysis can form HO,", as previously described for
a-pinene SOA (32). Ester photolysis can lead to the formation of a-
hydroxy radicals, which can react with O, to form «-hydroxy peroxy
radicals that may decompose to produce HO," (39, 44). While the
organic radicals were formed less in phenol SOA, the most prominent
product is the C¢HsO53" radical (fig. S6), which is the expected product
for the photosensitization reaction between CcHgOj3 (trihydroxyben-
zene, known product of phenol oxidation) and dissolved oxygen (45).
The organic radicals identified using mass spectrometry indicate the
occurrence of ester and carbonyl photolysis in furfural SOA and the
photosensitization reactions in phenol SOA.

We carried out separate experiments to measure H,O; in the ab-
sence of a spin trap before and after irradiation of SOA for 10 min.
As shown in Fig. 2, before irradiation, the H,O, yields are lower at
0.26 and 0.30% for a-terpineol and a-pinene SOA, respectively.
They are higher at 0.80 and 1.1% for furfural and ocimene SOA, re-
spectively, and they are in the range of 0.7 to 1.0% for aromatic SOA.
These values are comparable to H,O, yields previously reported for
monoterpene and aromatic SOA (26, 39, 46, 47).

After irradiation, the H,O; yields become higher for all types of
SOA, indicating that photolysis can induce H,0, formation. They

10-min UV

5

Nonaromatic SOA Aromatic SOA
a-Pinene = Phenol
a-Terpineol m Styrene
Ocimene m Guaiacylacetone

4- = Furfural m Naphthalene

H,0; (%)

Dark

0

Fig. 2. H,0, molar yields before and after irradiation. Measured molar H,0,
yields for each type of SOA before and after irradiation. Error bars represent 20%
uncertainty (an upper bound for one SD of replicate measurements).
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increased to the range of 1.2 to 1.8% for nonaromatic SOA, repre-
senting an increase by a factor of ~1.5 to 4 compared with dark con-
ditions. For mono-aromatic SOA, H,O, yields approximately doubled
to be 1.6 to 2.0%. Naphthalene SOA produced the most H,O, after
irradiation with 3.7% yield, representing an increase by about a fac-
tor of 5 from dark conditions. These results confirm that irradiation
leads to enhancement in aqueous H,O, for a variety of types of SOA,
supporting that photochemistry is one of the factors contribut-
ing to the elevated concentrations of H,O, observed in ambient
aerosols (48).

Kinetics and chemical mechanism
To elucidate the reaction kinetics and mechanism, we developed a
kinetic box model to simulate the measured temporal evolution of
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superoxide and H,O,. The model considers three potential path-
ways for ROS formation: direct photosensitization, carbonyl pho-
tolysis, and peroxide photolysis, as shown in Fig. 3 and table SI.
Some types of SOA, especially aromatic SOA, contain photosensitiz-
ing compounds that can absorb UV to become a triplet state, which
can react with dissolved oxygen to form superoxide (35, 40, 49, 50).
Carbonyl species can undergo Norrish type I photolysis to produce
ketyl or formyl radicals that react with oxygen to produce HO,' (51).
Photolysis of organic hydroperoxides can generate *OH, which can
oxidize primary or secondary alcohols and subsequent reaction
with dissolved oxygen leads to the formation of a-hydroxy peroxyl
radical, which can decompose to form HO;" (32, 39). The self-
reactions of O, "/HO," lead to the formation of H,O,. Other reac-
tions include radical trapping by BMPO, ROS coupling reactions,
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Fig. 3. Modeled mechanisms of ROS formation. (A) Graphical summary of the pho
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tochemical processes included in the kinetic model to explain the formation of su-

peroxide. (B) Measured (solid lines and marker) and best-fit model output (dashed lines) for BMPO(OOH), BMPO(R+OR), and H,0, formation from a-pinene and (C) phenol
SOA. Shading represents 15% uncertainty for EPR measurements, and error bars represent 20% uncertainty for the H,0, measurements.
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and radical termination reactions, as listed in table S1. We simulated
temporal evolution of light-driven ROS formation by a-pinene and
phenol SOA, as representative cases for monoterpene and monoaro-
matic SOA, respectively. The rate coefficients of known reactions
were obtained from literature values, the dissolved oxygen concen-
trations were fixed on the basis of Henry’s law, and the molar frac-
tions of organic peroxides are fixed with measurements for a-pinene
SOA (fig. S13) and estimated for phenol SOA as described in the
Supplementary Materials. The unknown rate coeflicients and molar
fractions of photosensitizers, carbonyls, and alcohols contained in
SOA were determined using the Monte Carlo genetic algorithm
(MCGA) to reproduce experimental data and constrained based on
previous literature cited in table S1 (52).

As shown in Fig. 3 (B and C), the model successfully reproduced
the formation of BMPO(OOH), total organic radicals [BMPO(R+OR)],
and H,0O, for both a-pinene and phenol SOA. The model captures
distinct differences in the kinetics of radical formation: a fast in-
crease of superoxide and substantial formation of organic radicals in
a-pinene SOA and almost instantaneous production of superoxide
and gradual increase of organic radicals in phenol SOA. For a-pinene
SOA, the model attributes most of the superoxide formation to pho-
tolysis of carbonyls; without carbonyl photolysis, the kinetics of sub-
stantial formation of organic radicals cannot be captured well (fig. S14).
In contrast, the superoxide formation in phenol SOA is solely driven
by photosensitized reactions with very fast excitation of photosensi-
tizer molecules and electron transfer to dissolved oxygen (fig. S15).
This leads to rapid depletion of dissolved oxygen, leading to satura-
tion and decrease of BMPO(OOH) (fig. S16). Note that we exclude
photobleaching of photosensitizer molecules as a reason for decrease
of superoxide formation as UV-Vis absorption spectra of a-pinene
SOA and phenol SOA remain mostly unchanged after photoirradia-
tion (figs. S20 and S21). For both SOA systems, peroxide pathways
are found to be minor due to low measured concentrations of or-
ganic peroxides. The model predicts gradual accumulation of H,0O,
as generated by HOj self-reactions. The measurements showed min-
imal dependence of H,0O, formation on SOA concentration, which
is captured well by the model (fig. S17). These results suggest the
importance of photosensitizer processes in aromatic SOA and car-
bonyl photolysis in monoterpene SOA.

Implications

To evaluate the impact of photolysis on ROS concentrations in
aqueous BBSOA droplets under ambient conditions, we conducted
model simulations using constrained parameters (table S1) in the
absence of BMPO. To reflect the open system under ambient condi-
tions, we used a constant dissolved oxygen concentration based on
Henry’s law. The solid lines in Fig. 4A show the predicted concentra-
tions of H,O,, superoxide (HO,/O,™"), and "OH produced during
aqueous irradiation of a-pinene and phenol SOA at different con-
centrations ranging from dilute cloud and fog droplets to deliquesced
ambient particles. The predicted concentrations are compared with
previous measurements and model calculations (34, 53-56). The
shaded regions correspond to the concentrations calculated using
Henry’s law using previously reported ambient mixing ratios of
0.01- to 6-part-per-billion (ppb) H,0, and 0.03- to 43—part-per-
thousand (ppt) HO,". In addition, we also calculated the photo-
chemical production rates of each oxidant, as shown in lines and
shaded areas in Fig. 4B. These values are comparable to or higher
than most field observations (31, 35, 36, 40, 54, 57-61), strongly
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Fig. 4. Predicted ROS concentrations and production rates. (A) Concentrations
and (B) production rates of H,0, (red), superoxide (HO,/0,7") (purple), and 'OH
(blue) in aqueous droplets as a function of organic aerosol concentration. The solid
and dashed lines represent the predicted ROS in a-pinene and phenol SOA, respec-
tively, after 1 h of equivalent aging in Los Angeles, whereas the shaded regions
show the range of ROS during 30 h of equivalent aging (see the Supplementary
Materials for calculations). In (A), the black and brown markers represent measured
H,0, concentrations in this study, and the boxes represent previously measured
concentrations for H,0, (53) and "OH (34, 55) in ambient cloud or fog droplets and
for HO,' (54) in natural water. The checkered bars in the right axis correspond to the
concentrations calculated using Henry’s law with previously reported ranges for
ambient mixing ratios (76), and the bars show the range previously predicted by
various cloud chemistry models (56). The markers in (B) show production rates for
H,0; (36, 58), HO,' /0, (35, 40, 54), and "OH (31, 60, 61) from literature. The organic
aerosol concentrations were estimated, when possible, from reported dissolved
organic carbon concentrations by assuming an average of 10 carbons per mole-
cule. The boxes comparing the HO,/0,™" concentration and production rate mea-
sured by Fujii and Otani (54) use organic aerosol concentrations estimated for
HULIS molar mass ranging from 500 to 10,000 (77).
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implying that photoenhanced superoxide formation in SOA can
compete with other ROS formation pathways.

All the predicted oxidant concentrations and production rates
are within the ranges of previous measurements and model esti-
mates, indicating that this aqueous photochemistry and superoxide
formation in BBSOA produces atmospherically relevant concentra-
tions of oxidants in the aqueous phase. At lower organic aerosol
concentrations, the model-predicted H,O, concentration is signifi-
cantly lower than the range calculated using Henry’s law, indicating
that photochemical formation is negligible relative to partitioning of
H,0; from the gas phase. Contrastingly, at high organic aerosol
concentrations, the predicted H,O, and HO," concentrations and
production rates are comparable with measurements and within the
range of previous model calculations. “OH can be produced by pho-
tolysis of generated H,O, and organic hydroperoxides and ROS
coupling reactions; the predicted "OH concentrations are in the up-
per range of ambient measurements in cloud or fog droplets. Note
that the mass transfer rate of gas-particle partitioning is rapid, and it
is reasonable to assume that gas-particle equilibrium is established
with photoirradiation shifting the steady-state concentrations; the
produced ROS may participate in reactions in the condensed phase
or can be transported to the gas phase (see analysis of mass transfer
rates in the Supplementary Materials). These results demonstrate
that photochemistry of BBSOA can significantly enhance the con-
centrations of ROS including H,0,, HO,", and "OH in deliquesced
particles and aqueous droplets with high organic aerosol concentra-
tions. The photoproduction of H,O, and HO," is likely an important
pathway especially in high NO, environments where their gas-phase
mixing ratios are often low (53, 62). In addition, the predicted
aqueous-phase H,O, concentration at high organic aerosol concen-
trations would correspond to a Henry’s law equilibrium gas-phase
concentration of 1 ppb, which is consistent with the gas-phase con-
centration measured by a recent study finding that photosensitiza-
tion reactions of particulate matter produce H,O; in the gas phase
(63). Our work elucidates the previously unidentified mechanism of
superoxide formation and subsequent ROS formation that can
explain enhanced gas-phase oxidant concentrations during photo-
chemical aging.

While this study focuses on BBSOA, primary-emitted biomass
burning aerosols contain high amounts of brown carbon (BrC) and
transition metals (18, 64). Light absorption by BrC chromophores
can lead to the formation of triplet excited states (*C*), which can
undergo reactions with dissolved oxygen to form singlet oxygen
(!0,) and with dissolved organic carbon to produce H,0, (34, 36, 65).
Aqueous oxidation of dissolved organics can lead to an increase in
aerosol mass and alters the physicochemical properties of aerosols
such as optical properties and cloud activation properties (66). Re-
cent studies have demonstrated that these photooxidants generated
via photosensitization can be significant intermediates for secondary
sulfate from oxidation of sulfur(IV) (67). In addition, ROS can cata-
lyze aqueous aging via radical chain reactions, promoting the forma-
tion of oxidation products (fig. S18). Such aqueous oxidation of
organic compounds and sulfur(IV) may be promoted in the presence
of transition metals via Fenton-like reactions and metal-catalyzed
reactions (29, 68). The presence of transition metals will also affect
both source and sink of ROS; in addition, some organic compounds
may form metal complexes, further complicating ROS processes (69).

ROS also have important implications for toxicity and health im-
pacts of aerosols. Light-driven formation of H,O, may increase

Gerritz et al., Sci. Adv. 12, eaeg1621 (2026) 4 September 2026

particle toxicity as ROS are known to induce oxidative stress, which
is associated with various negative health outcomes (I, 70). Previous
studies have shown that photoirradiation increased oxidative poten-
tial of BBOA (71) and photochemically aged SOA increased toxicity
effects (72), although the overall impact of aging on toxicity requires
more investigation. ROS plays a critical role in the physical and
chemical transformation of atmospheric aerosols with important
implications for health and climate. This work fills a critical gap in
the mechanistic understanding of aqueous-phase ROS formation
upon photochemical aging of BBSOA. These findings provide useful
insights to improve representation of photochemical aging of aero-
sols and oxidant budgets in atmospheric aerosol models.

MATERIALS AND METHODS

Environmental chamber sample generation

SOA samples were generated via the “OH oxidation of precursors in
a 5-m’ Teflon reaction chamber humidified to ~30%, as previously
described (32). Briefly, the VOC precursor and hydrogen peroxide
(Thermo Fisher Scientific, 30% in water) were injected into the cham-
ber by evaporation into a clean air flow at ~70°C. An "OH steady-
state concentration of ~10” cm™ was generated via photolysis of
H,0, by UV-B lamps centered around 310 nm. a-Pinene, a-terpineol,
B-ocimene, phenol, and naphthalene SOA was generated from ~2 parts
per million (ppm) of H,0O, and ~200 ppb of the precursor, whereas
styrene, guaiacyl acetone, and furfural SOA particles were generated
from 4 ppm of H,O, and ~400 ppb of precursor due to lower SOA
yields. No NO, was intentionally added to the chamber, and total
NO, levels remained below 5 ppb during all experiments. Following
2 h of irradiation, all SOA particles were collected onto PTFE filters
(Millipore, 0.2 uM pore size) at a flow rate of ~22 SLM for 2 to 3 h.
The particle size distribution was measured using a TSI classifier
model 3080 SMPS, and the collected SOA mass was estimated as-
suming 100% filter collection efficiency and aerosol particle density
of 1.20 g cm . For offline analysis, the SOA was dissolved in Milli-Q
water via vortex extraction for 7 min to produce aqueous SOA sam-
ples with effective 1 to 2 mM concentrations, assuming an average
molar mass of 200 g mol ™.

Free radical detection

Free radicals were measured using a continuous-wave EPR spec-
trometer (Bruker, Germany), as previously described (73). To trap
free radicals, >10 mM of spin-trapping agent BMPO (Cayman
Chemicals) was added to the aqueous SOA solution. Aliquots (50 pl)
of the mixture were then added into a 50-pl capillary tube (VWR)
and sealed before being placed in the EPR resonator for analysis.
Before irradiation, the EPR measurements were conducted for each
sample to determine radical formation under dark conditions. The
samples were then exposed to in situ irradiation (ER203UYV, Bruker,
Germany) covering the range of 280 to 600 nm from a 100-W Hg
lamp with a 300-nm cutoff filter, and radical formation was mea-
sured over the course of irradiation. The operating parameters for
EPR measurements were as follows: a center field of 3515.0 G, a
sweep width of 100.0 G, a receiver gain of 30 dB, a modulation am-
plitude of 1.0 G, a scan number of 1 to 5, attenuation of 12 dB, a
microwave power of 12.6 mW, a modulation frequency of 100 kHz,
a microwave frequency of 9.84 GHz, and a conversion time and time
constant of 5.12 ms. After obtaining the EPR spectra, the SpinFit
and SpinCount methods embedded in the Bruker Xenon software
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were applied to deconvolute spectra to identify different types of
radicals (HO,"/O,™", "OH, and carbon- and oxygen-centered radi-
cals; see fig. S4) and to quantify BMPO-radical adducts at each time
point, respectively.

High-resolution mass spectrometry

Chemical analysis of the samples was conducted as previously de-
scribed (32). Briefly, the filter was extracted in Milli-Q water and
divided into four samples for the following conditions: nonirradiated
without BMPO, irradiated without BMPO, nonirradiated with 10 mM
BMPO, and irradiated with 10 mM BMPO. Irradiated samples were
exposed to the same lamp as described in the “Free radical detec-
tion” section for 60 min. The aqueous samples were diluted to a
final volume of ~0.4 g liter ™' BMPO in 50/50 v/v water/acetonitrile
(Thermo Fisher Scientific). The mass spectrometry performed
using the methods described for BMPO adduct identification by
Gerritz et al. (41). The instrument was a Thermo Scientific Vanquish
Horizon ultraperformance liquid chromatography system coupled
to a Thermo Scientific Q Exactive Plus Orbitrap HR-MS with a heat-
ed electrospray ionization source. The data were processed using
MZmine version 3.9 to resolve species and remove contaminants
based on chromatographic features, as described by Schmid et al.
(74). The mass spectra were integrated between 1.3- and 14-min
range of retention times to obtain integrated mass spectra used in
the analysis. Peaks due to >C compounds and peaks that appeared
in the blank at the same or greater intensity as the sample were also
discarded. The peaks were assigned with 0.001 mass/charge ratio ac-
curacy to formulas [C,H,0.No_].

H,0; assay

The H,0, content for a-pinene, furfural, and phenol SOA was quanti-
fied using a fluorometric hydrogen peroxide assay kit (MAK165,
Sigma-Aldrich) following the procedure in the provided technical
bulletin. All chemicals used were provided in the kit. A working solu-
tion was made using the company recommended ratio of 50 pl of red
peroxidase substrate stock, 200 pl of peroxidase stock (20 U/ml), and
4.75 ml of assay buffer. Calibration standards were prepared using the
3% H,0, diluted into assay buffer to make a calibration from 0.530 pM.
The SOA filters were extracted in Milli-Q water and divided up into
dark samples and irradiated samples that were exposed to the same
lamp described in the “Free radical detection” section for 10 min. The
SOA samples were diluted using assay buffer to obtain a final concen-
tration of ~100 pg/ml. Aliquots (50 pl) of the calibration standards
and samples were added in triplicate to a 96-well plate followed by the
addition of 50 pl of working solution to each well. The plate was then
covered with tinfoil to minimize exposure to light and left to develop
for 20 min. The fluorescence was measured using an excitation wave-
length of 520 nm and emission wavelength range of 580 to 640 using
the Promega GloMax Discover microplate reader. Control samples
were also measured for SOA using the assay buffer in place of the
working solution, and no fluorescence was detected. Unlike the EPR
measurements, these systems were open to air and should not be de-
pleted in dissolved oxygen offering quantitative insight into the for-
mation of ROS from different processes. The results are presented as
molar yield assuming an average SOA mass of 200 g mol ™.

Kinetic modeling
We modeled the formation of BMPO(OOH), BMPO(R), and H,O,
during the irradiation of a-pinene and phenol SOA extracts using
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rate equations derived from the reaction mechanism presented in
table S1. Three mechanisms for production of HO, /O, " are imple-
mented. The first involves a single-electron transfer between a pho-
tosensitized species and dissolved oxygen, as proposed for dissolved
organic matter by Zhang et al. (50), represented by reactions R1-R3.
The second mechanism (R6-R7) produces HO,' from carbonyl pho-
tolysis (51). We also consider the photolysis of peroxides (R10-R14)
that produces “OH that reacts with secondary alcohols to produce
HO,', using rate constants adapted from Wei et al. (39). The rate
constants for reactions 1 to 10 were determined using the MCGA to
fit the EPR signals for BMPO(OOH), as previously described (52, 73).
The range for the rate constants was set on the basis of literature
values, when available, but set with an initial range of ~4 orders of
magnitude to allow sufficient flexibility. The best-fit rate constants
for each type of SOA are reported in table S1.

The resulting radicals can be trapped by BMPO to form stable
radical adducts that can be detected via EPR (R15-R20). The rate
constants for reactions 15, 17, and 18 were fixed on the basis of pre-
vious measurements, but kj was varied to account for variations in
the total radical concentration that affect the decomposition rate of
BMPO adducts through disproportionation reactions (41). The or-
ganic radicals BMPO(R+OR) were grouped together as BMPO(R)
for the model because the location of the radical is influenced by the
stability of the molecule, which cannot be predicted using general-
ized reaction mechanisms. The rate constants for the formation and
decomposition of organic radical adducts [BMPO(R), R19 and R20]
were also fit using the experimental data to account for variations in
radical identity and reactivity. The interconversion of ROS is includ-
ed (R21-R30) using fixed rate constants at pH 5, as previously de-
scribed (39, 73). The model includes reactions R31-R34 to account
for interconversion between different organic radicals and radical
recombination and R35 to account for the aqueous oxidation of
SOA by "OH. The rate constant for R30 was fixed, whereas the rate
constants for R31-R33 were varied within narrow bounds based on
the rate constants provided by Wei et al. (75). The initial concentra-
tion of BMPO, SOA, dissolved oxygen, H,O,, and organic peroxides
was fixed on the basis of the experimental data. The fractions of
photosensitizers and carbonyls in a-pinene and phenol SOA were
estimated in the model based on ranges from literature, described
further in the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Figs. S1to S21

Table S1
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