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ABSTRACT: Reactive oxygen species (ROS) play a central role in
the chemical aging of organic aerosols and adverse aerosol health
effects upon respiratory deposition. Previous research has shown
that biogenic secondary organic aerosols (SOA) form ROS,
including hydroxyl radicals and superoxide, via reactions of reactive
compounds, including organic hydroperoxides and alcohols in the
aqueous phase. However, the influence of oxidative aging and the
SOA oxidation state on the ROS yield has not been systematically
investigated. In this study, we quantify ROS yields in D-limonene
SOA and β-caryophyllene SOA generated via •OH and •Cl
oxidation in an oxidation flow reactor at equivalent atmospheric
aging times ranging from 4 h to 22 days. We quantify radical
formation using electron paramagnetic resonance spectroscopy
combined with a spin-trapping technique and characterize the molecular composition of the SOA samples with high-resolution mass
spectrometry. We observe maximum radical formation at an oxygen-to-carbon ratio (O/C) of ∼0.5. Thereafter, we observe a >90%
decrease in radical yield as the O/C increases to 1.2 for both D-limonene SOA and β-caryophyllene SOA. Similarly, the radical yield
in D-limonene and β-caryophyllene SOA is reduced by >80% after on-filter photoirradiation. Peroxide yields are found to decrease
with increasing O/C values and irradiation, suggesting that the aging-induced fragmentation and/or photolysis of hydroperoxides
contribute to a decrease of radical formation in aged SOA.
KEYWORDS: oxidation, photooxidation, aging, reactive oxygen species, secondary organic aerosol

1. INTRODUCTION
Emissions of biogenic volatile organic compounds (BVOCs),
including monoterpenes (C10H16) and sesquiterpenes
(C15H24), contribute around 1 Pg of carbon to the atmosphere
annually.1 Emissions of BVOCs are an order of magnitude
larger than anthropogenic emissions, and oxidation of BVOCs
contributes significantly to the formation of secondary organic
aerosols (SOA).2 Further multiphase oxidation leads to
chemical transformation of SOAs, enhancing hygroscopic
properties and cloud condensation nuclei (CCN) activity3−5

and altering health-related properties.6,7 Photolytic aging can
alter the optical properties of SOA particles,8 increase their
viscosity,9 and result in mass loss through fragmentation.10,11

SOA compounds first undergo functionalization and then
fragmentation as they are oxidized.12−14 It has been shown that
a semivolatile oxidized organic aerosol with an O/C of 0.35 ±
0.2515,16 photochemically ages along a H/C vs O/C slope of
∼−0.5, resulting in low-volatility compounds.15,16 Extremely
low-volatility compounds (ELVOCs) and highly oxidized

organic molecules (HOMs) with O/C greater than 0.7 can
be formed via autoxidation, leading to peroxide function-
ality.17,18 It was found that decomposition of peroxide-
containing HOMs was associated with an increase in SOA
oxidation state.19

Reactive oxygen species (ROS) play an important role in
chemical aging of organic aerosols and adverse aerosol health
effects.20 Inhalation and respiratory deposition of aerosols can
lead to the release of ROS, which can cause oxidative stress
and onset of inflammatory response.21 ROS include hydrogen
peroxide (H2O2), superoxide (O2

•−), hydroxyl (•OH), and
organic radicals.20,22 Aqueous-phase decomposition of organic
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hydroperoxides and HOMs can lead to the formation of •OH
and organic radicals,23,24 and subsequent reactions involving
alcohols can result in the production of O2

•−, H2O2, and
organic radicals.22 Photoirradiation of SOA can also induce
ROS formation via photolysis of hydroperoxides and carbon-
yls.25,26 Organic peroxides are known to contribute substan-
tially to SOA mass,21,27 but with increased aging, peroxide
content of SOA has been shown to both increase28 and
decrease.29−33 One study found peroxide content and cell
toxicity to increase with an aged naphthalene SOA.28 In
another study, a fresh or moderately aged SOA was found to
have higher oxidative potential than a more aged SOA due to
the decrease of peroxides and quinones.34 In addition, H2O2
and H2O2 equivalent ROS (measured with the dichlorodihy-
drofluorescein assay) have been observed to decrease with
aging in both laboratory and ambient samples,35−37 while
another study observed increase upon aging.38 Direct measure-
ment of the radicals and peroxides generated in aqueous
solutions from SOA by varying the O/C has yet to be
conducted and may provide insights into health implications of
aged SOA.

In this study, we generated SOA samples from D-limonene
and β-caryophyllene using an oxidation flow reactor (OFR)
under varying oxidizing conditions to evaluate the effects of the
SOA oxidation state on ROS formation. SOA samples were
formed using either •OH or chlorine atoms (•Cl) as an
oxidant. D-Limonene and β-caryophyllene were chosen as
representative monoterpene and sesquiterpene, respectively: D-
limonene is a major monoterpene species from biogenic
emissions and a dominant constituent of volatile chemical
products;39,40 β-caryophyllene is a dominant sesquiterpene
with high SOA yield.1,41 We used online aerosol mass
spectrometry to determine the average oxidation state (OSC)
and oxidation state (O/C) of SOA compounds. Electron
paramagnetic resonance (EPR) spectroscopy was used to
directly measure radicals from SOA in the aqueous phase.42,43

High-resolution mass spectrometry was used offline to
determine the chemical composition of SOA with varying
oxidation states. Peroxide contents were quantified from SOA
with different oxidants and photoaging times. The key
observation of this work is a drastic reduction in ROS
formation from SOA upon oxidative and photolytic aging.

2. METHODS
2.1. SOA Generation. We generated SOA particles via gas-

phase •OH or •Cl oxidation of D-limonene or β-caryophyllene,
followed by homogeneous nucleation in a Potential Aerosol
Mass (PAM) Dual OFR (Aerodyne Research, Inc.) at
Aerodyne Research.44 The PAM Dual OFR consists of two
horizontal 13 L aluminum cylindrical chambers (46 cm long ×
22 cm ID) operating in continuous flow mode, with a 7.0−7.5
L min−1 flow through the reactor. One chamber was used for
•Cl oxidation and the other for •OH oxidation. For SOA
collection used in total peroxide measurements and irradiation
experiments, we additionally generated SOA particles using an
OFR deployed at UC Irvine with a 7.5 L min−1 flow through
the reactor. The mean residence time in all OFRs, calculated
by dividing the reactor volume by the total gas flow rate,
ranged from 104 to 111 s. At Aerodyne Research, liquid
solutions containing D-limonene, β-caryophyllene, or β-
caryophyllene diluted to 10% (v/v) in carbon tetrachloride
were injected into the OFR carrier gas at liquid flow rates
ranging from 1 to 5 μL h−1 using a syringe pump. At UC

Irvine, liquid D-limonene or β-caryophyllene was placed in an
open vial inside a sealed glass container and evaporated into a
100−500 cm3 min−1 carrier gas flow.

In the OFR used for •Cl oxidation, a compressed gas
cylinder with 0.1% Cl2 was diluted to approximately 10−15
ppmv Cl2, which was then photolyzed at λ = 369 nm to form
•Cl.44 For the •OH OFR, the radicals were generated from the
combined photolysis of O2 and H2O at λ = 185 nm plus
photolysis of O3 at λ = 254 nm, with secondary chemistry
producing •OH.45−47 Photolysis in both chambers used two
low-pressure germicidal Hg lamps (F436T5/BLC/4P-369,
LCD Lighting, Inc. or GPH436T5VH/4P, Light Sources,
Inc.), which were isolated from the sample flow using type 214
quartz sleeves. A fluorescent dimming ballast (IZT-2S28-D,
Advance Transformer Co.) was used to regulate the current
applied to the lamps. The UV irradiance was measured using a
photodetector (TOCON-GaP6, sglux GmbH) and was varied
by changing the control voltage applied to the ballast between
2 and 10 V. SOA particles with different O/C values were
generated via gas-phase •OH oxidation of D-limonene or β-
caryophyllene, followed by homogeneous nucleation. •Cl
oxidation did not result in a change in O/C, even when
varying lamp current and VOC injection. Across all •OH-OFR
experiments, the relative humidity was controlled with a
Nafion membrane humidifier (Perma Pure) to be 40 ± 10%,
and the mean OFR temperature was 25 ± 4 °C. The •OH
exposure in the OFR was calculated using eq 1 (adapted from
Lambe et al. 2022).44

[ ] = +

× + ×

× × +
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log OH 10.098 (0.15062 0.44244

OHR 0.31146 log(O )

OHR ) log(O ) log(H O)

log
124

exp

ext
0.1805

3

ext
0.1672

3 2

OFR

Here, the external •OH reactivity (OHRext) is the product of
the VOC concentration in cm−3 and its bimolecular •OH rate
coefficient (cm3 s−1). Over the range of OFR185 conditions
that were used for the D-limonene SOA, •OHexp values ranged
from 2.2 × 1010 to 3.9 × 1011 cm−3 s, corresponding to
approximately 4 h to 3 days of atmospheric oxidation at [OH]
= 1.5 × 106 cm−3.48 For β-caryophyllene SOA studies, •OH
exposure values ranged from 1.3 × 1011 to 2.9 × 1012 cm−3 s,
corresponding to 1 to 22 days of equivalent atmospheric
oxidation. Note that oxidation was dominated by •OH under
the experimental conditions even though ozone was also
generated in the chamber.45

Particle number concentrations and mobility size distribu-
tions were measured with a TSI scanning mobility particle sizer
(SMPS). SOA mass concentrations were 200−700 μg m−3 for
the D-limonene SOA and 90−1600 μg m−3 for the β-
caryophyllene SOA. Ensemble aerosol mass spectra were
measured with an Aerodyne long high-resolution time-of-flight
aerosol mass spectrometer (L-ToF-AMS) or an Aerosol
Chemical Speciation Monitor (ACSM), from which we
calculated the fractional abundance of AMS or ACSM signals
at m/z = 43 (C2H3O+) and m/z = 44 (CO2

+), which are used
as mass spectral markers for fresh and highly aged OAs,
respectively3,16 Additionally, the oxygen-to-carbon (O/C) and
hydrogen-to-carbon (H/C) ratios were obtained from L-ToF-
AMS spectra using SQUIRREL/PIKA analysis software.44 The
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SOA carbon oxidation state (OSC) was calculated using the
formula OSC = 2(O/C) − (H/C).15,49 Note that this formula
may slightly overestimate the carbon oxidation state, as it
assumes an oxidation state of +2 for oxygen, but it should be
+1 for organic peroxides. For total peroxide experiments, H/C
and O/C were obtained by analyzing ACSM data using
Tofware 4.0.1 (Aerodyne Research Inc.).

SOA samples were collected on PTFE filters for offline ROS
and total peroxide quantification (Sections 2.2 and 2.3), high-
resolution mass spectrometry analysis (Section 2.4), and
photolytic aging studies (Section 2.5). Samples collected at
Aerodyne were immediately stored at −4 °C until shipment
under blue ice (0 °C) to UC Irvine, where they were stored in
a −20 °C freezer prior to analysis. The collected SOA mass
was in the range of 200−2500 μg.

2.2. Radical ROS Quantification Using Electron
Paramagnetic Resonance. An X-band continuous-wave
electron paramagnetic resonance (EPR) spectrometer (Bruker,
Germany) was used for the quantification of radicals. All filters
were analyzed with EPR within two months of sample
generation. Filters were extracted in a 10 mM solution of a
spin-trapping agent, 5-tert-butoxycarbonyl-5-methyl-1-pyrro-
line-N-oxide (BMPO, Enzo, >99%), by placing the samples
on a vortex for 7 min. BMPO is efficient in trapping radicals
including a hydroxyl radical (•OH), a superoxide (O2

•−)/
hydroperoxyl radical (HO2

•), and carbon- and oxygen-
centered organic radicals.22,50,51 Samples were then concen-
trated by bubbling the solution with N2. At 40 min, 50 μL of
the sample solution was placed in a capillary tube for EPR
measurements and then placed in the EPR cavity, and the
sample was run at 46 min. The spectra were averaged over 10−
15 scans with a center field of 3515.0 G and a sweep width of
100.0 G. The parameters for ROS measurements were as
follows: an attenuation of 12 dB, a modulation amplitude of
1.0 G, a microwave power of 12.6 mW, a receiver gain of 30
dB, a microwave frequency of 9.84 GHz, and a modulation
frequency of 100 kHz. Bruker SpinFit software was used to
deconvolute the EPR spectra to quantify the concentrations of
BMPO adducts with •OH, O2

•−/HO2
•, and carbon- and

oxygen-centered organic radicals. The radical yield is
determined by dividing the radical molar concentration
determined by Bruker SpinFit software by the molar
concentrations of D-limonene and β-caryophyllene SOA
samples (their average molar masses were determined by
HRMS).

2.3. Total Peroxide Measurements. Total peroxide
(H2O2 and ROOH) measurements were conducted using a
modified iodometric−spectrophotometric method.25 The I3

−

absorbance of samples and standards were measured at 405
nm. The concentrations of peroxides in SOA filters were
determined using a calibration curve ranging from 10 to 800
μM hydrogen peroxide solutions (Sigma-Aldrich, ≥30%). First,
Milli-Q water was purged with a flow of N2 for 30−45 min to
exclude dissolved oxygen that could also slowly oxidize I−.
Using purged water, the standards, KI solution, and samples
were prepared. Solid potassium iodide (KI, Sigma-Aldrich,
≥99%) was dissolved into the N2-purged water to create a 138
μM solution. D-limonene and β-caryophyllene SOA filter
samples were extracted in 1 mL of the purged water and
vortexed for 7 min; 800 μL of the SOA extracts was mixed with
330 μL of glacial acetic acid (Sigma-Aldrich, ≥99%). 870 μL of
the KI solution was added to the reaction vial for a final
reaction volume of 2.0 mL and a final KI concentration of 60

μM, initializing the reaction. The vials were sealed immediately
with parafilm and allowed to stand for 45 min. Lastly, the
absorbance at 405 nm was measured using a GloMax plate
reader (Promega). A blank sample filter was analyzed and fell
below the limit of detection. For each VOC precursor and
SOA O/C, 2−3 filter samples were analyzed, and measure-
ments were repeated in triplicate for each SOA filter sample.
The peroxide yield was determined by dividing the molarity of
peroxides found in the sample solution by the molarity of the
sample, with the average molar mass of the SOA compounds
estimated from the HRMS analysis. Note that the measured
peroxide contents should be regarded as lower limits, as water
may not be able to extract all the organic peroxides in the
sample, especially for the low O/C β-caryophyllene SOA,52

and the measurements were taken more than 1 h after
collection, during which highly labile peroxides may have been
decomposed.19,53

2.4. Mass Spectrometry Analysis. We characterized the
chemical composition of D-limonene and β-caryophyllene SOA
samples using high-resolution mass spectrometry (HRMS)
following the approach of Klodt et al. (2022)54 and Gerritz et
al. (2023).55 SOA components were separated via ultrahigh-
performance liquid chromatography (UPLC) using an HSS T3
C18 Waters Acquity Premier 150 × 2.1 mm column with 1.8
μm particles. The UPLC solvent gradient started with 95%
solvent A (water acidified to pH 3 using 0.1% formic acid) and
5% solvent B (acetonitrile acidified to pH 3 using 0.1% formic
acid) from 0 to 3 min. From 3 to 14 min, the solvent linearly
increased to 95% B and 5% A, where it remained constant from
14 to 16 min before a linear decrease back to 95% A and 5% B
from 16 to 22 min. Following UPLC, the separated mixture
was detected using a Q Exactive Plus mass spectrometer
(Thermo Scientific), with a resolving power of 1.4 × 105 at m/
z 400. The parameters for the heated electrospray ionization
(ESI) were as follows: capillary temperature, 325 °C; capillary
voltage, +4.0 kV; sheath gas flow rate, 35; auxiliary gas flow
rate, 10; sweep gas flow rate, 8; S-lens RF level, 30; auxiliary
gas heater temperature, 300 °C. Negative ion mode data were
also collected but are not included in this work.

The HRMS data were analyzed using Freestyle 1.3 (Thermo
Scientific) to integrate the total ion chromatogram (TIC) from
1.3 to 14 min to generate a raw time-integrated mass spectrum.
The peak positions and relative abundances were extracted by
using Decon2LS software. Chromatogram features were
detected using MZmine356 and m/z peaks containing 13C, as
well as sample peaks with relative abundances of less than
150% of the blank were removed using the software tools. The
remaining peaks were assigned to formulas CcHhOoN0−2Na0−1
(with Na only added for positive ion mode) by using an m/z
accuracy of 0.001. Peaks with abnormal Kendrick mass defects
were also removed, as previously described.55 SOA O/C values
for photolytic aging experiments were determined by using
UPLC-HR-MS at UC Irvine. HRMS results underpredicted
O/C measured by AMS, but O/C trends remained consistent
across both instruments, as shown in Figure S1. The AMS O/
C values are more accurate because the sensitivity of its
electron impact ionization method is less compound-specific
than that of the electrospray ionization method used with our
UPLC-HRMS technique. All of the O/C values used in the
discussion below refer to the AMS or ACSM measurements.

2.5. SOA Photolytic Aging Studies. In a subset of
experiments, SOA filter samples were collected from an OFR
and exposed to near-UV radiation from a xenon arc lamp
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(Newport model 66902).54 The broadband light was reflected
at a 90° angle with a dichroic mirror and then passed through a
295 nm long-pass filter (Schott WG295). The light was
permitted to diverge so that the full filter dimension could be
irradiated, but this divergence reduced the spectral flux, which
is shown in Figure S2 and was measured with a
spectroradiometer (PS-200, Apogee Instruments). It was
estimated that 1 h of irradiation is equivalent to approximately
0.96 h under 24 h Los Angeles solar flux (taken for 20 June), as
calculated for the wavelength range of 280−350 nm using the
Quick TUV calculator (Madronich, 2016).57 Photolysis was

carried out for an irradiation time of 0.15−17.5 h, equivalent to
9 min to 17 h with half of a filter placed such that the filter
surface was uncovered and open to laboratory air. The other
half of the filter remained in the dark at room temperature for
the duration of irradiation. Portions of the 18 min and 17.5 h
irradiated and dark filters were analyzed using offline HRMS,
as described above.

3. RESULTS
3.1. SOA Characterization with O/C and H/C. Figure

1a,b shows the plot of f44 vs f43 for D-limonene SOA and β-

Figure 1. f44 vs f43 for (a) D-limonene SOA and (b) β-caryophyllene SOA, as measured by AMS. The inner triangular region is where most ambient
samples are found,16 and the outer triangle is where lab-generated samples are often found.3 H/C vs O/C for (c) D-limonene SOA and (d) β-
caryophyllene SOA.

Figure 2. Carbon number with associated oxygen number of D-limonene SOA (a) and β-caryophyllene SOA (b) products. For each cluster of bars,
the leftmost cluster for each carbon number is for the lowest O/C sample (O/C = 0.4 for the D-limonene SOA and O/C = 0.6 for the β-
caryophyllene SOA) and the right-most cluster is for the high O/C sample (O/C = 1.1 for the D-limonene SOA and O/C = 1.5 for the β-
caryophyllene SOA), as indicated by average O/C values shown for the cluster at C10 for the D-limonene SOA and at C15 for the β-caryophyllene
SOA. For the D-limonene SOA, the midlevel O/C = 0.7 sample is included as the middle cluster. Relative abundance is normalized to total ion
current.
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caryophyllene SOA oxidized by OH, as measured by AMS.
Two “triangle plots” are shown with inner triangles that bound
ambient OA factors and an outer triangle bounding laboratory
SOA.3,58 The f44 values range from 0.04 to 0.22 for the D-
limonene SOA and from 0.03 to 0.26 for the β-caryophyllene
SOA and increase with •OH exposure.3 The corresponding f43
values range from 0.11 to 0.23 (D-limonene SOA) and 0.05 to
0.17 (β-caryophyllene SOA) and decrease with •OH
exposure.3 For •Cl oxidation, f43 and f44 values remain constant
regardless of •Cl or VOC concentration for both D-limonene
and β-caryophyllene SOA. HRMS analysis revealed negligible
differences observed in the composition of D-limonene SOA
generated at different lamp intensities, as shown in Figure S3.
Thus, the O/C values for D-limonene SOA and β-
caryophyllene SOA generated from •Cl oxidation also remain
unchanged. For •Cl oxidation, the D-limonene SOA has an O/
C of 0.5 ± 0.1 and the β-caryophyllene SOA has an O/C of 0.6
± 0.1.

Figure 1c,d shows van Krevelen diagrams that plot H/C
versus O/C for D-limonene SOA and β-caryophyllene SOA,
respectively, as generated via •OH oxidation. Here, O/C
increases from 0.45 to 1.15 for the D-limonene SOA and from
0.40 to 1.50 for the β-caryophyllene SOA over the range of
•OH exposures. In van Krevelen diagrams, the Δ(H/C)/Δ(O/
C) slope provides information about oxygen-containing
functional groups added to a carbon backbone.59 A slope of
0 indicates the conversion of a C−H bond to either OH or
OOH functional group; a slope of −1 indicates the conversion
of a −CH3 group to a C(O)OH group or installation of an OH
group and a carbonyl group on two different carbon atoms;
and a slope of −2 indicates the conversion of a −CH2− group
to a carbonyl group.3,28 Here, the average van Krevelen slope
decreases from −0.3 (O/C = 0.45 to 0.80) to −1.0 (O/C =
0.80 to 1.15) for the D-limonene SOA and from −0.4 to −0.6
for the β-caryophyllene SOA. The differences in slopes
between low and high O/C samples were found to be
statistically significant (p-value <0.05) for both D-limonene
SOA and β-caryophyllene SOA. Notably, this change in van
Krevelen slope suggests a decrease in the yield of peroxide
and/or alcohol groups in the SOA at higher •OH exposures,
which is qualitatively consistent with the results presented in
Section 3.4. In this work, we define ≤0.5 as low O/C, 0.5−0.8
as medium O/C, and >0.8 as high O/C.

3.2. Molecular Composition of D-Limonene and β-
Caryophyllene SOA. Figure 2a shows the distribution of
compounds detected in the HRMS spectra of the D-limonene
SOA categorized by carbon and oxygen contents. Three sets of
bars are shown that correspond to SOA samples with O/C =
0.4, 0.7, and 1.1 measured by the L-ToF-AMS. At lower carbon
numbers (C4−8), the O/C = 1.1 sample has a proportionally
higher number of oxygens than the O/C = 0.7 and 0.4 samples.
The O/C = 0.4 sample has the least number of oxygens per
carbon. This is expected as high O/C or “aged” SOA should
have products with higher oxygen content compared to low O/
C or “fresh” SOA.60 Following previous research, we
approximately classify D-limonene SOA compounds with
carbon numbers C4−7 as products of fragmentation, C8−10 as
monomeric products, C11−15 as fragment recombination
products, and C16−20 as dimeric products.61,62 Dimers include
C19−20 organic peroxides (ROOR) generated from RO2

• +
RO2

• accretion reactions in the gas phase.63,64 Most of the D-
limonene SOA compounds have a Cn < 10, suggesting that
fragmentation is a significant process over the course of
multigenerational oxidative aging.49 The O/C = 1.1 sample
shows the largest abundance of fragmented products and the
lowest abundance of dimers. The 0.4 °C sample, on the other
hand, shows the lowest abundance of fragmented products and
a higher fraction of larger carbon number species (C13−20+).
The higher fraction of dimers in the O/C = 0.4 sample implies
a higher ROOR content. As expected, the relative intensity for
the O/C = 0.7 sample falls mostly between the relative
intensities for the O/C = 0.4 and O/C = 1.1 samples at all
carbon numbers.

Figure 2b shows the number of oxygen atoms associated
with each carbon number of the β-caryophyllene SOA
products. The left-most bar for each carbon number is the
low O/C sample (0.6) and the right-most bar is the high O/C
sample (1.5). We observe a higher number of oxygens for
carbon numbered products C4−16 for the high O/C sample
than the low O/C sample, similar to the D-limonene SOA.
Based on previous research, we consider β-caryophyllene SOA
products of carbon number C3−13 to be fragments, C14−15 to be
monomers, C16−28 to be fragment recombination products, and
C29−30 to be dimers.65,66 Since the majority of the β-
caryophyllene SOA products have Cn < 15, this suggests that
fragmentation is also significant over the course of multi-
generational oxidative aging in this system. The O/C = 1.5

Figure 3. Radical yields in aqueous extracts of (a) D-limonene SOA and (b) β-caryophyllene SOA generated from •OH oxidation as a function of
O/C. The lines represent total radicals, carbon-centered radicals (CCR), oxygen-centered organic radicals (OCR), hydroxyl radicals (•OH), and
superoxide (O2

•−). Shaded regions represent error bars equaling 50% of the measured y-value including uncertainty from mass and EPR
measurements.
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sample shows the highest abundance of small fragments
(C3−8), whereas the O/C = 0.6 sample shows the largest
abundance of sesquiterpene monomers (C14−15), possible
fragment recombination species (C16−28), and dimers
(C29−30). We observe almost no product peaks above C19 for
the high O/C samples, suggesting that oligomerization and
higher carbon number accretion products, including peroxide
dimers, are either uncommon or unstable with increasing •OH
exposure. High carbon number product peaks for D-limonene
and β-caryophyllene SOA are shown in Figure S4a,b.

3.3. Dependence of O/C in SOA Generation on
Radical Yield. Figure 3 shows the radical yield resulting
from SOA dissolution in water of D-limonene SOA (a) and β-
caryophyllene SOA (b), both generated by •OH oxidation, as a
function of O/C. The detected radicals include carbon-
centered and oxygen-centered organic radicals (CCR and
OCR), hydroxyl radicals (•OH), and superoxide (O2

•−). The
D-limonene SOA with O/C = 0.45 yields 0.019 ± 0.010% ROS
and the β-caryophyllene SOA with O/C = 0.41 yields 0.027 ±
0.014%. Superoxide is the primary radical observed followed by
organic radicals and hydroxyl radicals. The total radical
composition remains consistent across varying O/C. On
average, total radicals from D-limonene SOA consist of 55%
O2

•−, 31% CCR, 12% OCR, and 2% •OH. Total radicals from
β-caryophyllene SOA are on average comprised of 64% O2

•−,
18% CCR, 10% OCR, and 8% •OH. Major superoxide
formation from SOA agrees with a previous study by Wei et al.
(2020),22 who observed the dominant formation of superoxide
and minor contribution from •OH and organic radicals by
SOA samples derived from •OH oxidation of isoprene, β-
pinene, α-terpineol, and D-limonene.22

These radicals can be generated by a cascade of aqueous-
phase reactions, as initiated by the decomposition of organic
hydroperoxides (ROOH) to form •OH. ROOH are generated
by gas-phase multigenerational oxidation and autoxidation, as a
major constituent of highly oxygenated organic molecules
(HOMs) and extremely low-volatility organic compounds
(ELVOCs).24,64 The formed ROOH in the gas phase partition
to the particle phase efficiently due to their low-volatility
nature. In the condensed phase, ROOH are well-known to
undergo thermal homolytic cleavage to generate OH
radicals.67,68 Note that •OH formation results from the
decomposition of organic hydroperoxides without additional
functionalities on the α-carbon, as the decomposition of α-
hydroxyhydroperoxides leads to the formation of carbonyl and
H2O2 instead of •OH.69 The generated •OH can abstract a
hydrogen atom from the α-carbon of primary or secondary
alcohols to form α-hydroxyalkyl radicals, which immediately
combine with dissolved O2 to form α-hydroxyperoxyl radicals.
These radicals can subsequently undergo unimolecular
decomposition to form HO2

•/O2
−•.22

With an increase of O/C from 0.4 to 0.5, both D-limonene
SOA and β-caryophyllene SOA exhibit an increase of ROS,
including O2

•−, •OH, and organic radicals. Our observation of
an initial increase in radical formation may be related to an
increase in the yield of peroxide groups that generate radical
ROS;22 therefore, more radicals are expected if functionaliza-
tion is occurring. Fragmentation may become more important
beyond 0.5 O/C, resulting in a much less radical yield for O/C
larger than 1. Figure S4a,b shows radical yield as a function of
carbon oxidation state (OSC), and similar trends are observed.
These results underscore the importance of considering the O/
C or OSC when discussing ROS production by fresh and aged

SOA. For SOA generated with •Cl oxidation, ROS yields were
similar to that of SOA from •OH oxidation with the same O/C
for D-limonene SOA (O/C = 0.5 ± 0.1) and β-caryophyllene
SOA (O/C = 0.6 ± 0.1), as shown in Figure S6.

3.4. Peroxide Contents in Oxidized SOA. Figure 4
shows the measured yields of total peroxides (H2O2, ROOH,

and ROOR) in D-limonene SOA and β-caryophyllene SOA
generated with •OH oxidation. D-limonene SOA had an
average peroxide yield of 19 ± 2% with an O/C of 0.30−0.40
while showing a decreased peroxide yield of 7 ± 1% with an
O/C of 0.60−0.75. For β-caryophyllene SOA, the lower O/C
sample (0.35−0.50 O/C) had a peroxide yield of 15 ± 5% and
the high O/C sample (1.05−1.40 O/C) had a much lower
yield of 2 ± 2%. The observation that samples with lower O/C
are characterized by higher peroxide concentrations supports
our hypothesis that the reason for higher radical generation
from low O/C SOA samples is due to the higher presence of
peroxides that decompose to form radical species.

Our results are also consistent with the labile nature of
peroxides observed in other studies. A previous study by Li et
al. (2022) similarly found that an anisole SOA generated less
peroxides with higher •OH exposure.33 HOMs, which contain
many peroxide functional groups, were observed to be
thermodynamically unstable with half-lives shorter than 1
h.19 A photolytically aged SOA has also been found to contain
reduced amounts of peroxides.25,26,70 Spontaneous decom-
position of peroxides is suggested to be an important source of
ROS formation during SOA dissolution.23,51,71−73 Our study
adds to previous research by directly connecting the O/C and
peroxide content, showing less peroxide contents with higher
O/C.

To supplement the peroxide measurements and to
investigate peroxide generation during initial SOA formation,
we conducted SOA chemistry modeling with the radical 2-
dimensional volatility basis set (r2D-VBS)74−76 that considers
autoxidation to evaluate the gas-phase formation of ROOH
(see details in Text S1). In the model, the −OOH yield is
determined based on three key reactions that depend on VOC:
•OH, which are RO2

• + RO2
•, RO2

• + HO2
•, and autoxidation.

The relative contribution of the three reactions depends on
environmental conditions, but all three radical reactions have
been observed.77−79 Modeling results conclude that under low
•OH conditions, autoxidation dominates over RO2

• or HO2
•

Figure 4. Peroxide yield from D-limonene SOA (a) and β-
caryophyllene SOA (b) at lower and higher O/C. The error bars
represent one standard deviation taken from 6 to 9 measurements.
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termination, generating more ROOH. Under high •OH
conditions, the RO2

• + RO2
• reaction dominates, resulting in

a marked decrease in hydroperoxide functionality. The
modeling results demonstrate that the −OOH yield decreases
as •OH exposure increases (Figure S8), as consistent with the
peroxide measurements.

3.5. Effects of Photolytic Aging on ROS Formation
and Peroxide Content. To provide further evidence that
organic peroxides are the driving source of ROS in SOA, we
conducted photolytic aging experiments on D-limonene SOA
and β-caryophyllene SOA by irradiating SOA samples on filters

for up to 17.5 h under lab air. Additional SOA filter samples
were kept in a filter holder and wrapped in foil during the
equivalent time to dark control experiments. Radical yields are
normalized with the initial SOA mass. Figure 5a,b shows the
total radical yield (sum of •OH, O2

•−, CCR, and OCR) from
D-limonene SOA and β-caryophyllene SOA following irradi-
ation times ranging from 18 min to 17.5 h. For both SOA, we
observe an increase in radical yield after the first hour of
irradiation and an hour in the dark. After 17.5 h of photoaging,
the radical yield from the D-limonene SOA decreases by >80%,
as shown in Figure 5a. After the β-caryophyllene SOA is aged

Figure 5. Radical % yield (including CCR, OCR, •OH, and O2
•−) of D-limonene SOA (a) and β-caryophyllene SOA (b) at different irradiation

time points normalized to starting collection mass. Shaded regions display 50% error calculated from replicate measurements. Total peroxide yield
from D-limonene SOA (c) and β-caryophyllene SOA (d) after 18 min and 17.5 h of irradiation on the filter. Error bars represent standard deviation
from sample replicates.

Figure 6. Relative intensity of observed compounds by carbon number (X-axis) and oxygen number (color code) in fresh (dark) and photolytically
aged (UV) D-limonene SOA (a) and β-caryophyllene SOA (b) for aging times of 17.5 h and 18 min detected with HRMS in positive ion mode.
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for 5 h, we observe a similar decrease of >80% of the radical
yield. Radical production for both D-limonene SOA and β-
caryophyllene SOA decreases even in the dark samples, but at a
slower rate than in the irradiated samples.

We measured the peroxide content of irradiated D-limonene
and β-caryophyllene SOA. Peroxide yields from D-limonene
and β-caryophyllene SOA irradiated for 18 min and 17.5 h are
shown in Figure 5c,d. After 18 min, D-limonene SOA and β-
caryophyllene SOA show a slight decrease of peroxide yield
compared to their dark counterparts, but within the standard
deviation. The D-limonene SOA exhibits a substantial decrease
in peroxide yield from 22 ± 3% after 18 min in the dark to 3 ±
2% observed after 17.5 h of irradiation. After 17.5 h in the dark,
peroxide yield also decreases slightly to 18 ± 4%. This suggests
that peroxide loss by dark decomposition occurs slowly in the
D-limonene SOA, but this loss is enhanced during irradiation.
The β-caryophyllene SOA also shows a substantial decrease of
peroxides from 4 ± 1% after 18 min in the dark to 1 ± 1% after
17.5 h of irradiation. Peroxide yield after 17.5 h in the dark also
decreases substantially to 0 ± 1%, suggesting that the β-
caryophyllene SOA contains more labile peroxides that may
not require irradiation to decompose. After 17.5 h, peroxide
content decreases substantially, which is consistent with the
observed reduction of radicals observed after photoaging.
Peroxides have been suggested to be significant UV absorbers
in the D-limonene SOA.80 Additionally, it has been suggested
that photolabile peroxides are likely to be fragmented during
irradiation,70 and Gerritz et al. (2024) found that peroxide
content in SOA was similarly diminished after irradiation.25

Mass spectrometry (HRMS) was applied to observe
compositional changes between dark and irradiated D-
limonene and β-caryophyllene SOA. Figure 6a shows the
differences in the carbon and oxygen numbers between dark
and irradiated samples of the D-limonene SOA after 18 min
and 17.5 h of aging. After 17.5 h, we observe a decrease in the
relative abundance of lower carbon numbered products, C3−10,
which is likely to be caused by fragmentation and evaporation
of higher volatility products, and slight enhancement of C11−18
products, suggesting fragment recombination. There is also a
slight increase in the number of oxygens associated with each
carbon number after 17.5 h compared to the dark and 18 min
samples, indicating further functionalization. Such oxidation
may be caused by •OH generated by peroxide decomposi-
tion.23 We observe similar trends after 18 min of aging, but the
differences between the dark and irradiated are less
pronounced.

After 18 min of irradiation of β-caryophyllene SOA, we
observe minimal differences in both carbon number and
oxygen number between the dark and irradiated samples
(Figure 6b). After 17.5 h of irradiation, we observe a notable
increase in C6 species with a marginal increase in C4−9 and
C11−13 products, regions associated with fragmentation
products. There is some decrease in C10 and C14−15 products,
for which fragmentation appears to be the dominant process,
as opposed to fragment recombination for forming these
species. Minor changes are observed for the higher carbon
numbered species, C16−20. After 17.5 h, there is a slight increase
in oxygen number compared to the dark samples, which could
indicate functionalization but not as significant of a change as
observed with D-limonene SOA. Overall, photolytic aging has a
less significant effect on SOA composition than •OH-initiated
oxidative aging. However, as shown in Figure 5, photolytic
aging also tends to diminish radical production because it

selectively removes peroxides from SOA. As the O/C also
remains mostly unchanged during irradiation for β-caryophyl-
lene SOA (see Figure S9), this indicates that photolysis results
in a different chemical process than oxidative aging.

4. IMPLICATIONS/CONCLUSIONS
This study demonstrates that upon prolonged oxidative
(driven by •OH) and photolytic (driven by UV photons)
aging of SOAs, labile peroxides are decomposed or fragmented,
resulting in diminished spontaneous ROS production from D-
limonene SOA and β-caryophyllene SOA. Free radical
formation in SOA extracts was observed to be the highest at
O/C = ∼0.5, followed by a decrease with an increase of O/C.
Additionally, ROS generation decreased after photoirradiation
for both SOA samples, even though photoirradiation induced
only small changes in O/C. Our findings show •OH oxidation
past an O/C > 0.5 leads to a decrease in ROS formation likely
due to decomposition of peroxides, which is consistent with
past studies showing functionalization of most SOA com-
pounds until an O/C of ∼0.4, followed by fragmentation.12,14

High-resolution mass spectrometry results show significant
fragmentation of SOA compounds undergoing prolonged •OH
oxidation, while such fragmentation was less significant upon
extended photolytic aging. The common observation between
samples with higher O/C and photoirradiated samples was a
substantial reduction in peroxides, resulting in a significant
decrease in the level of radical formation. While the O/C can
serve as a useful metric to determine relative ROS production
from SOA, peroxide contents are most critical in determining
ROS formation potential by SOA.

This study suggests that the extended oxidative and
photolytic aging of atmospheric biogenic SOA will reduce
their ROS formation potential. Diminished ROS production
may also decrease the oxidative capacity in deliquesced
particles and cloud droplets, consequently altering the fates
and chemical transformations of organic and inorganic
chemicals in the atmosphere. Additionally, the change in
ROS production has toxicological implications. Respiratory
deposition of SOA particles can trigger release of ROS in the
lung lining fluid.51,71 Past studies have shown that intercellular
ROS increase upon exposure to SOA with higher carbon
oxidation states.81,82 Our results suggest that low O/C SOA
with higher peroxide contents would generate higher amounts
of ROS compared to high O/C SOA with reduced peroxides;
however, further research with cellular exposure and character-
ization of multiple toxicological end points is required to fully
evaluate the toxicity of SOA with varied oxidation states.
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