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SYNOPSIS
Oxidized organic compounds are ubiquitous in the atmospheric environment. Our experiments
show that these compounds produce a variety of free radicals driving important aging processes
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ABSTRACT

The mechanism and kinetics of reactive oxygen species (ROS) formation when
atmospheric secondary organic aerosol (SOA) is exposed to solar radiation are poorly understood.
In this study, we combined an in-situ UV-Vis irradiation system with electron paramagnetic
resonance (EPR) spectroscopy to characterize the photolytic formation of ROS in aqueous extracts
of SOA formed by oxidation of isoprene, a-pinene, a-terpineol and toluene. We observed
substantial formation of free radicals including *OH, superoxide (HO2¢), and organic radicals
(R*/RO¢) upon irradiation. Compared to dark conditions, the radical yield was enhanced by a factor
of ~30 for *OH, by a factor of 2-10 for superoxide radicals, and we observed the emergence of
organic radicals. Total peroxide measurements showed substantial decreases of peroxide contents
after photoirradiation, indicating that organic peroxides can be an important source of the observed
radicals. Liquid chromatography interface with high-resolution mass spectrometry was used to
detect a number of organic radicals in the form of adducts with a spin trap, BMPO. The types of
detected radicals and aqueous photolysis of model compounds indicated that photolysis of
carbonyls by Norrish type I mechanism plays an important role in the organic radical formation.

The photolytic ROS formation serves as the driving force for cloud and fog processing of SOA.



INTRODUCTION

Secondary organic aerosols (SOA) contribute to the burden of atmospheric particulate
matter (PM), playing a critical role in aerosol effects on climate, air quality and public health.!-?
SOA originate from oxidation of anthropogenic and biogenic volatile organic compounds (VOCs),
followed by nucleation and condensation of oxidation products into the particle phase.> SOA can
undergo various aging processes, including reactive uptake of oxidants and heterogeneous
oxidation, aqueous-phase processing in cloud and fog droplets,** and a suite of condensed-phase
reactions such as photolysis, hydrolysis, and other particle-phase reactions.®® Photochemistry is a
main driver of many atmospheric aging processes, either indirectly by supplying gas-phase free
radicals that can react with SOA particles, or more directly by initiating condensed-phase
photochemical reactions leading to the transformation or removal of SOA compounds. While the
heterogeneous reactions between gaseous oxidants and various organic surfaces have been studied
extensively,’ the aging of SOA driven by condensed-phase photochemistry (e.g., for SOA
compounds dissolved in cloud droplets) has received less attention, posing challenges to evaluating
the environmental impacts of SOA.’

Direct photolysis reactions are initiated by a SOA compound absorbing a photon capable
of splitting the molecule into two radical fragments through covalent bond cleavage.’ The primary
radicals may then produce indirect photolysis products by reacting with additional SOA
compounds. The combined action of direct and indirect photolysis processes leads to chemically
aged SOA. The absorption coefficients of biogenic SOA were quantified in previous studies and
shown to be sufficient to sustain efficient photolysis of SOA compounds on atmospherically
relevant time scales.!®'? Irradiation of SOA with sunlight has been shown to favor
photodegradation of larger SOA compounds into smaller and more volatile compounds (including

CO, HCHO, HCOOH, CHs), which can evaporate to the gas phase to cause mass loss in SOA. %13~
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15 Formation of new oligomeric compounds either by recombination of two free radicals or by
non-radical processes has been observed as well.'*!8

The types of free radicals produced in the photolysis of SOA compounds depend on the
functional group. For example, photolysis of atmospheric carbonyls can proceed via Norrish type-
I mechanism to form acyl (RC+(=0)) and alkyl (Re) radicals,'**° which promptly form acyl peroxy
(RC(=0)02°) and alkyl peroxy radicals (ROz*) in the presence of dissolved oxygen. Direct
photolysis of organic hydroperoxides (ROOH) leads to the formation of alkoxy (RO¢) and «OH
radicals by breaking the weak O-O bond.!”! «OH radicals can unselectively react with most
organic molecules, while alkoxy radicals may isomerize by an internal hydrogen atom transfer to
form R(-OH)e followed by oxygen addition to form R(—OH)O2+.>*? In addition to direct
photolysis processes, free radical species can be generated though photosensitized mechanisms,**
27 such as triplet excited states of SOA compounds abstracting a hydrogen atom or an electron
from another molecule. Understanding the nuances of formation of these highly reactive free
radicals is important for predicting the rate and mechanism of photochemical aging of SOA.

Direct quantification of radical formation from SOA photolysis is challenging, and only a
few studies characterized ROS formation from photochemical aging of SOA. Badali et al.?®
quantified *OH radicals from photolysis of ROOH in SOA and reported a five-fold increase in rate
of *OH formation compared to photolysis of H>O> with equal concentrations of ROOH. Hayeck et
al.?? quantified the amount of peroxy radicals formed in irradiated films of nonanoic acid at the
air-water interface. Manfrin et al.’® characterized singlet oxygen ('O,) formation from
photosensitized reactions mediated by chromophoric components in aromatic SOA, although no
free radicals were directly measured. Photolytic generation of organic radicals has been shown to

contribute to SOA formation.>!*> However, systematic measurements of speciation of ROS from



SOA photolysis have not been conducted. In this study, we combined an in-situ UV-Vis irradiation
system with electron paramagnetic resonance (EPR) spectroscopy to characterize the photolytic
generation of free radicals from SOA generated by isoprene, a-terpineol, a-pinene and toluene.
We measured total peroxide contents in SOA before and after photoirradiation. Liquid
chromatography interfaced with electrospray ionization (ESI) high resolution mass spectrometry
(HR-MS) was applied to reveal the chemical identity of organic radicals formed during SOA
photolysis. We also measured radical formation by photolysis of common atmospheric carbonyls
and peroxides. This study provides important insights into photoinduced aqueous-phase chemistry

of SOA involving radical formation and the underlying chemical mechanism.

MATERIALS AND METHODS

Preparation of SOA. A potential aerosol mass (PAM) reactor®® was used to generate SOA
particles from *OH photooxidation of isoprene (Sigma-Aldrich, stated purity = 99%), a-terpineol
(Arcos Organics, = 97%), a-pinene (Sigma-Aldrich, 98%), and toluene (Alfa Aesar, > 99.7%).
The relative humidity in the PAM reactor was 40 — 50%. While the PAM reactor applies high
levels of oxidants (i.e., *OH concentration of ~ 10'° cm™)* over a short reaction time, the PAM-
generated SOA have similar characteristics to ambient and chamber-generated SOA in terms of
mass yield, oxidation state, hygroscopicity, and chemical composition with similar mass spectra
measured by a time of flight aerosol mass spectrometer (Aerodyne).>>7 A scanning mobility
particle sizer (SMPS, Grimm Aerosol Technik) was used to record the particle size distribution.
SOA particles were collected on 47 mm polytetrafluoroethylene (PTFE) filters (Millipore
FGLP04700, 0.2 um pore size) for 60 — 120 min with average filter mass loadings over four

samples of 0.41 = 0.08 mg, 1.03 £ 0.23 mg, 0.64 + 0.21 mg and 2.18 + 0.56 mg for isoprene, a-



terpineol, a-pinene, and toluene SOA, respectively. The filter samples were extracted into 1 mL
of 10 mM aqueous solutions containing spin trap 5-fert-butoxycarbonyl-5-methyl-1-pyrroline-N-
oxide (BMPO) (Enzo Life Sciences, >99%) by agitation for 7 min. The filters after extraction
were dried under nitrogen flow for 10 — 20 min. The filter mass difference before and after the
extraction was considered as the amount of SOA dissolved in the solution, and an average molar

1! 38 was assumed to calculate the effective SOA molar concentrations in filter

mass of 200 g mo
extracts. SOA concentrations were in the range of 1.7 — 2.5 mM, 4.0 — 6.3 mM, 2.3 — 4.3 mM, and
8.1 — 13.7 mM for isoprene, a-terpineol, a-pinene, and toluene SOA, respectively.

We performed additional experiments with o-pinene SOA generated a 5 m’® Teflon
chamber at ~40% RH and ~23 °C. Approximately 200 ppb of a-pinene and 2 ppm of H,O, were
added to the chamber by injecting measured volumes of pure a-pinene and 40% solution of H202
into a flask and evaporating them into a gently heated air flow going into the chamber. A bank of
UV-B lights centered at 310 nm produced *OH in the chamber by photolysis of H2O: resulting in

steady-state *OH concentrations of the order of ~ 107 cm™

. The particle size distribution was
measured using a TSI model 3936 SMPS. After 2 h of irradiation, SOA was collected onto PTFE
filters (Millipore, 0.2 pm pore size) with a flow rate of about 20 L min™! for about 2 h with an
average mass loading of 1.06+0.17 mg.

EPR Analysis. A continuous-wave electron paramagnetic resonance (CW-EPR)
spectrometer (Bruker, Germany) coupled with a spin-trapping technique was used to quantify the
free radical formation in the aqueous phase. The free radicals were captured by a spin-trapping
agent BMPO. After particle extraction into 1 mL of aqueous 10 mM BMPO solutions, a 50 puL

aliquot of the SOA extract was loaded into a 50 pL capillary tube (VWR) and inserted in the

resonator of the EPR spectrometer for temporal measurements over 75 min. To characterize the



radical formation upon UV irradiation, an in-situ UV irradiation system (ER203UV, Bruker,
Germany) equipped with a 100 W Hg lamp was used with EPR. The lamp was warmed up for ~10
min before the start of any irradiation experiments. A safety shutter between the lamp and the
resonator was used to control the start and stop of irradiation. A liquid light guide focused the light
to the EPR resonator where samples were exposed to broadband radiation with a wavelength range
of 300 — 600 nm (the spectral flux density incident on the samples is shown in Fig. S1). The sample
was extracted as described above and immediately loaded onto the EPR. For the time-dependent
measurements, the background spectrum was recorded during ~ 3 min after placing the sample in
the resonator, and the shutter was then raised to initiate photochemistry. The measurements were
then conducted every 3 min for 75 min in total to monitor the change of BMPO-radical
concentrations over time. The radical yield was calculated by normalizing the concentrations of
BMPO adducts to starting effective concentration of SOA compounds in the aqueous extracts.
This yield represents a cumulative yield of radicals building up during irradiation with a caveat
that BMPO adducts themselves decay in time, both spontaneously and as a result of photochemical
reactions in solution.*

In addition to SOA, the ROS formation from different model compounds was also
characterized under the same irradiation conditions including #-butyl peroxy benzoate (Sigma
Aldrich, 98%), t-butyl hydroperoxide (Sigma Aldrich, 70% in water), cumene hydroperoxide (Alfa
Aesar, 80%), and cis-pinonic acid (Sigma Aldrich 98%). The concentrations were 1 mM for
peroxides (#-butyl peroxy benzoate, ¢-butyl hydroperoxide, cumene hydroperoxide) and 10 mM
for pinonic acid, respectively.

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 amplitude of 1.0 G, a scan



number of 10 — 20, attenuation of 12 dB, a microwave power of 12.6 mW, a modulation frequency
of 100 kHz, a microwave frequency of 9.86 GHz and a conversion time and time constant of 5.12
ms. After obtaining the EPR spectra, SpinFit and SpinCount methods embedded in the Bruker
Xenon software were applied to quantify BMPO-radical adducts at each time point.*®

Total peroxide measurement. The total peroxide measurements were conducted using a
modified iodometric-spectrophotometric method.*’ Peroxides in all forms can oxidize I" to form I,
which combines with the excess I” to form I3~ with characteristic absorbance peaks at wavelengths
289 nm and 350 nm*! and the absorbance at 350 nm was measured in this study. Isoprene, a-
terpineol and toluene SOA were dissolved by vortex extraction in 1 mL Milli-Q water for 7 min.
The SOA extracts were divided into three groups which were measured directly after extraction,
75 min after irradiation and 75 min under dark conditions, respectively. For the irradiated samples,
200 pL of aqueous SOA extracts were placed in a glass tube and then inserted into the EPR
resonator. Unlike with the EPR samples irradiated in the capillary tubes, the entire volume fits
within the resonator. The sample was then irradiated for 75 min. As a control group, the rest of
SOA extracts were left under dark conditions for 75 min, after which the peroxide fractions were
measured together with the irradiated sample.

To conduct the assay, 100 pL of the SOA extracts from three groups were mixed with 700
pL ethyl acetate (Sigma-Aldrich, 99.8%) to obtain 800 pL diluted extracts. Then the 800 pL diluted
extracts were mixed with 1200 pL reagents consisting of 636 uL acetic acid (Sigma-Aldrich, >
99%), 324 uL chloroform (Sigma-Aldrich, > 99.5%) and 240 pL water (acetic
acid:chloroform:water = v:v 0.53:0.27:0.20). Note that the dilution factor of SOA extracts in the
reagents (i.e., 100 uL of SOA in 2000 pL of reagent) was determined when different reagents were

completely miscible so that the solution was homogeneous. The 2000 pL diluted SOA extracts



with reagents were then purged with a flow of 15 cm?® min' N; for 1 min to exclude dissolved
oxygen that can also slowly oxidize I". Next, 20 mg of solid potassium iodide (KI, Sigma-Aldrich,
> 99%) was dissolved into each sample, after which the vials were capped and allowed to stand
for 1 h. Lastly, the solution was further diluted in water by a factor of 200 (25 uL of SOA in 5000
uL reagent) and the absorbance at 350 nm was measured using an online miniature
spectrophotometer (Ocean Optics). The calibration was performed using 0.2 — 2 uM benzoyl
peroxide (Sigma-Aldrich, > 98%). Blank (water instead of SOA extracts or benzoyl peroxide)
correction was always performed, and the measurements were repeated twice for each SOA sample.

High-Resolution Mass Spectrometry Analysis. Prior to mass spectrometry analysis, a
filter containing ~ 0.47 mg of SOA was extracted into 1.0 mL of water. The extract was divided
into four 200 pL samples with different conditions as follows: no UV irradiation without BMPO
addition, UV irradiation without BMPO, no UV irradiation with 10 mM BMPO dissolved into the
solution, and UV irradiation with 10 mM BMPO. The UV samples were irradiated by the same
setup as described in the EPR analysis section for 75 min. The aqueous solutions were further
diluted by adding acetonitrile and water as needed to reach a final solvent mixture of 50:50 v:v
ACN: water with a final concentration of ~ 0.4 g L' BMPO and then loaded into the mass
spectrometer.

Changes in the chemical composition of organic radicals formed upon SOA photolysis
were characterized by high resolution mass spectrometry, as described in previous work® and in
the SI. The instrument was a Thermo Scientific Vanquish Horizon ultra-performance liquid
chromatography (UPLC) System coupled to a Thermo Scientific Q Exactive Plus Orbitrap high-
resolution mass spectrometer with a heated electrospray ionization (HESI) source. The UPLC

retention time data were not directly used in this analysis — all chromatograms were integrated



with respect to the retention time to get a full mass spectrum. Nevertheless, the separation is useful
because it is expected to reduce matrix effects (i.e., suppression of ionization of less ionizable
compounds) for the complex mixture of SOA and BMPO.

The chromatograms were integrated between 1 and 16 min in Thermo Scientific program
FreeStyle 1.6 and then m/z values and abundances were determined using the Decon2LS program

(https://omics.pnl.gov/software/decontoolsdecon2ls). Peaks due to '*C compounds and peaks that

were present in the blank at the same or greater intensity as the samples were discarded. The peaks
were assigned with 0.001 m/z accuracy to formulas [ CxHyO,No.2]. Unassigned peaks were removed
along with peaks containing more than one nitrogen as the samples were generated under NOx free
conditions and samples adducted with BMPO are expected to only contain one nitrogen atom (this

primarily affected minor peaks).

RESULTS AND DISCUSSION

Photolytic generation of free radicals in aqueous solutions containing SOA. Time
evolution of radical formation was characterized using the EPR-spin trap method from photolysis
of isoprene, a-terpineol, a-pinene and toluene SOA. Figure 1 shows the temporal evolution of EPR
spectra of BMPO-radical adducts from isoprene SOA photolysis. At reaction time # = 0 min before
the Hg lamp is switched on, the EPR spectrum is almost flat showing negligible radical formation
in the absence of irradiation. The spectrum at # = 3.1 min represents the first measurement after
the light is switched on, showing superoxide formation with minor contributions from *OH and
organic radicals. The Oz keeps increasing through the second measurement (¢ = 6.2 min), while
carbon- and oxygen-centered organic radicals take over after 15.4 min and reach maximum at ~

46.0 min. The spectra at t =46.0 min and ¢ = 76.6 min are very similar, indicating a plateau is
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reached after ¢+ = 46.0 min especially for carbon- and oxygen-centered organic radicals which
dominate the radical formation. The deconvolution and simulations of EPR spectra (Fig. S2)
allows us to quantify the time evolution of yields of different radicals, as shown in Fig. 2. Note
that the EPR spectra for a-pinene SOA generated by the PAM chamber and the environmental
chamber are very similar with negligible spectral differences (Fig. S3), indicating that the SOA
generation method does not substantially affect ROS formation. We conducted control
experiments under dark conditions without irradiation, showing that *OH and superoxide radicals
were formed in the timescale of ~30 min, as consistent with our previous studies.*®***> Note that
although no organic radicals are quantified under dark conditions as they are not differentiable

above instrument noise (Fig. S4), they may be present in very low concentrations.
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Figure 1. Time evolution of EPR spectra of BMPO-radical adducts from isoprene SOA with in-
situ irradiation over 76.6 min. The dashed vertical lines represent different BMPO-radical adducts
including BMPO-OH (red), BMPO-OOH (green), BMPO-R (orange), and BMPO-OR (blue). The
measurements were taken every 3.1 min, but only 8 spectra are selected to show prominent changes
over 76.6 min.

In addition to isoprene SOA, we characterized free radical formation from a-terpineol, a-
pinene and toluene SOA under irradiated versus dark conditions, and the time evolution of radical
yields are shown in Fig. 2. The radical formation under dark conditions (open markers) increased
gradually with superoxide as the dominant radical species for all types of SOA reaching radical
yields of ~0.01-0.03% with minor contributions from *OH in isoprene SOA (~0.004% yield). All
SOA show substantial formation of organic radicals upon irradiation (solid squares), with radical
yields (i.e., BMPO adduct concentrations normalized to the effective starting concentration of
SOA compounds) from 0.02 — 1.2% for oxygen centered and carbon centered organic radicals
combined. The total organic radical yield is the highest for isoprene SOA reaching ~1.2%,
followed by a-terpineol SOA (~ 0.7%), a-pinene SOA (~0.6%) and toluene SOA (~0.02%). The
much lower yield for toluene SOA is qualitatively consistent with previous observations of lower
photodegradation rates of SOA derived from <OH oxidation of an aromatic precursor
(trimethylbenzene) compared to SOA from isoprene and o-pinene.!® Compared to dark conditions,
UV-Vis irradiation significantly enhances the radical formation by a factor of ~30 for *OH in
isoprene SOA and OOH by a factor of ~10 in toluene SOA and a factor of 2-5 for the biogenic
SOA. For all types of SOA, an initial increase of O+ formation is consistently observed, which
decreases within 10 — 20 min of irradiation. The sharp decrease within 20 min can be due to the
self-decomposition as well as the direct photolysis of BMPO-OOH adducts as shown in our recent
study.*” Note that the substantial formation of carbon-centered radicals indicates efficient trapping

by BMPO, outcompeting the reaction between Re + O for the formation of oxygen-centered
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organic radicals. Under atmospheric conditions we expect the carbon centered radicals to mostly
react with dissolved O, but the use of BMPO enables the identification of first-generation radicals
and provides interesting mechanistic insight into the photochemical aging of SOA. Interestingly,
biogenic SOA upon irradiation consistently showed a steep increase in organic radical formation
within ~20 min. In contrast, organic radical formation from toluene SOA (Fig. 3d) shows moderate
to negligible increase over 75 min. Overall, the organic radical formation plateaus within 75 min,
indicating that the maximum capacity of radical formation from the dissolved SOA compounds
has been reached and the sinks (such as self-decomposition, isomerization, and photolysis) of

BMPO-organic-radical adducts become more important beyond one hour of photochemistry.
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Figure 2. Temporal formation of BMPO-radical adducts from (a) isoprene, (b) a-terpineol, (¢) a-
pinene and (d) toluene SOA under UV-Vis irradiation (“on”, solid squares) versus dark conditions
(“off”, open circles). Different BMPO-radical adducts are color-coded including BMPO-OH (red),
BMPO-OOH (green), BMPO-R (yellow), and BMPO-OR (blue). The error bars represent the error
propagation from the two duplicate SOA samples with the uncertainty in SOA mass measurements.

Total peroxide fractions. Given the high quantum yields of direct photolysis of organic
hydroperoxides,* we performed total peroxide measurements for isoprene, o-terpineol and toluene
SOA as shown in Fig. 3. The peroxide fractions (ratio of molar concentrations of [peroxide]/[SOA])
in the original extracts were 101£16%, 47+29% and 21£5% for isoprene, a-terpineol and toluene
SOA, respectively, as consistent with our recent study.** After 75 min in dark conditions, the
peroxide fraction for isoprene SOA decreased negligibly although peroxide fraction for a-terpineol
and toluene SOA decreased notably to about 27+23% and 12+2.1%, respectively. Upon irradiation,
the peroxide fractions further decrease to 52+24%, 18+9%, and 5.1+1.7% for isoprene, a-terpineol
and toluene SOA, respectively, equivalent to 50 — 75% decrease from the total peroxide fractions
in the original extracts, which is consistent with the labile nature of peroxide photolysis.'**! The
photolysis of ROOH should lead to simultaneous formation of RO* with *OH.?8 RO« can undergo
rapid isomerization or B-scission to generate R*,* which potentially explains the dominant Re
formation over ROe as shown in Fig. 2(a)-(d). These results provide a strong correlation between

the decomposition of organic peroxides and radical production during irradiation of SOA.
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Figure 3. Total peroxide molar fractions from isoprene (ISO), a-terpineol (AT) and toluene (TOL)
SOA in original extracts, 75 min under dark conditions and 75 min under UV-Vis irradiation. The
error bars represent the error propagation from the two duplicate SOA samples in peroxide
measurements with the uncertainty in SOA mass measurements.

Composition of organic radicals in a-pinene SOA. Although EPR data provide relevant
information about in-sifu radical formation, EPR is unable to speciate organic radicals. To address
this limitation, we analyzed the composition of a-pinene SOA generated under dark and irradiated
conditions with and without BMPO using UPLC-ESI-HRMS. It was recently demonstrated®4®
that BMPO and its adducts are readily detectable in ESI, although their ionization mechanisms are
more complex compared to closed-shell compounds. Figure S5 shows the full normalized mass
spectra collected from m/z 100-700 for the dark and irradiated samples with the dominant peaks in
both samples appearing at m/z 200.129, 399.250, and 144.066, corresponding to protonated BMPO,
[BMPO-+H]", BMPO cluster ion, [BMPO+BMPO+H]", and protonated BMPO fragment, [BMPO-
CsHg+H]", respectively. The dominance of the unadducted BMPO peaks reflects the excess BMPO
added to the solution to create a pseudo first order trapping reaction and minimize the effects of

BMPO concentration on the trapping.

15



To emphasize the BMPO adducts, Fig. 4 shows the difference in normalized relative

abundance between the dark and irradiated sample between m/z 200-400, and major adducts are

identified in Table 1. The [BMPO+H]" and [BMPO+BMPO+H]" peaks at m/z 200.129 and

399.250 decrease in abundance after irradiation, which is consistent with the expected

consumption of BMPO by trapped radicals.
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Figure 4. Difference in the normalized relative abundance of the positive ion mode mass spectra
before and after irradiation of the a-pinene + BMPO solution. The major peaks from left to right
correspond to m/z 200.129, 214.144, 216.123, 230.140, 244.154, and 399.250, respectively.

Table 1: Summary of observed BMPO adducts in irradiated a-pinene SOA extract.

BMPO adduct m/z Formula(s) Detected ion(s) Fractional
value(s) abundancesT
BMPO 200.129 CioH1303N;" [BMPO+H]" 40.23
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BMPO-CH3 214.144 C11H2003N1 " [BMPO+CH3]" 0.40
216.160 C1iH203N* [BMPO+CH3+2H]" 0.06

BMPO-OH 216.123 CioHi18OsN1™ [BMPO+OH]* 3.07
218.139 Ci1oH2004N;" [BMPO+OH-+2H]* 0.07

BMPO-CHO 228.123 C11HisOsN1 " [BMPO+CHO]"* 0.02
230.140 C11H2004N1 " [BMPO+CHO+2H]" 0.43

BMPO-CH30 | 230.140 Ci11H2004N; " [BMPO+CH30]" 0.43
232.154 C11H2204N{" [BMPO+CH;0-+2H]" 0.09

BMPO-HO; 232.118 CioH1sOsN1 " [BMPO-+HO,]" 0.08
234.134 C10H2005N1" [BMPO+HO,+2H]* 0.06

BMPO-C;H30 | 242.139 C12H2004N1" [BMPO+C,H30]" 0.14
244.154 Ci2H204N; " [BMPO+C,H30+2H]" 2.00

BMPO-COOH | 244.118 CiiHisOsN;* [BMPO+COOH]* 0.08
246.134 C11H2005N{" [BMPO+COOH+2H]* 0.15

BMPO-C:H30, | 258.134 C12H2005N; " [BMPO-+C>H30:]" 0.01
260.149 Ci2H2OsN; " [BMPO+C,H30,+2H]" 0.09

BMPO-C¢HoO> | 312.181 Ci6H260sN; " [BMPO+CsH9O>]" 0.05
314.196 Ci6HasOsN{ " [BMPO+CsHoO2+2H]" 0.06

BMPO-CsHi30 324217 CigH3004N; " [BMPO-+CsH30]" 0.13
326.233 Ci1gH3204N; " [BMPO+CgH30+2H]" 0.01

BMPO-CsH1:102 | 338.196 C1gH2305N; " [BMPO+CgH;10,]" 0.02
340.212 CisH300sN; " [BMPO+CgH;10,+2H]" 0.10

BMPO-CoHi50 | 338.233 CioH3204N;" [BMPO-+CoH;50]" 0.07
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340.248 CioH3404N;" [BMPO+CoH;5s0+2H]" 0.01
BMPO-C7HyO3 340.175 C17H2606N1 " [BMPO+C7HoO3]" 0.02
342.191 Ci7H2606N; " [BMPO+C7HoO3+2H]" 0.09
BMPO-CsHi1302 | 340.212 CisH3005N; " [BMPO+CsH1302]" 0.10
342.227 CisH30sN; " [BMPO+CsH;302+2H]" 0.03
BMPO-C;7H 1303 | 344.207 Ci17H3006N; " [BMPO+C7H;303]" 0.07
346.222 C17H3,06N; " [BMPO+C7H1303+2H]" 0.02
BMPO-C9oH 1302 | 352.212 Ci9H300sN; " [BMPO+CoH30,]" 0.02
354.227 Ci9H3,05N; " [BMPO+CoH;302+2H]" 0.17
BMPO-CoH502 | 354.227 Ci9H3,05N; " [BMPO+CoH;502]" 0.17
356.243 Ci9H3405N; " [BMPO+CoH;50>+2H]" 0.03
BMPO-CsH1303 | 356.207 C18H3006N1 " [BMPO+CgHi305]" 0.14
358.222 CisH306N| " [BMPO+CsH;303+2H]" 0.06
BMPO-C9H1103 nd Ci9H2s06N| " [BMPO+CoH;;03]" nd
368.207 Ci9H3006N; " [BMPO+CoH;;03+2H]" 0.03
BMPO-C;oHi502 | 366.228 C20H3205N; " [BMPO+CioHi502]" 0.02
368.243 C20H3405N; " [BMPO+C1oH1502+2H]" 0.07
BMPO-CsHoO4 nd CigH2607N1 " [BMPO-+CsHoO4]" nd
370.186 CisH2s07N1 ™ [BMPO+CgHoO4+2H]" 0.02
BMPO-C9oH 1303 | 368.207 Ci9H3006N; " [BMPO+CoH;303]" 0.03
370.222 Ci9H3,06N; " [BMPO+CoH;303+2H]" 0.13
BMPO-CsHi1304 | 372.202 CisH3007N; " [BMPO+CsH1304]" 0.10
374.217 CisH3O7/N; " [BMPO+CsH;304+2H]" 0.08
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BMPO-Ci0H1503 | 382.222 C20H3206N; " [BMPO+C1oH;503]" 0.04
384.238 C20H3406N; " [BMPO+CoH;503+2H]" 0.09
BMPO-CoH 1304 | 384.202 CioH30O7N; " [BMPO+CoH;304]" 0.02
386.217 CioH307N; " [BMPO+CoH;304+2H]" 0.04
BMPO Cluster 399.250 C20H3506N2" [BMPO+BMPO+H]" 5.08
BMPO-C9H130s | 400.197 C19H3008N; " [BMPO+CoH;305]" 0.02
402212 | CisH30sN;* [BMPO+CyH 305+2H]" 0.02

-|— Relative abundance of the irradiated sample normalized to the total abundance.

The mass spectrometry data of the BMPO radical adducts formed after irradiation identifies
chemical formulas of the radicals observed using EPR, providing new insights into the processes
responsible for their formation. As shown in Fig. 4 and Table 1, BMPO—OH is the most prominent
adduct after photolysis of a-pinene SOA (detected as [BMPO+OH]" at m/z 216.123). This is not
fully consistent with the EPR results which were dominated by BMPO-OOH. A possible reason
for this apparent discrepancy is that BMPO-OH adduct may have a higher ionization efficiency
than BMPO-OOH adduct (detected as [BMPO+HO,]" at m/z 232.118). Another possible
explanation is that BMPO-OOH might decompose into BMPO-OH, as previously described for
DMPO.*"*8 Note that BMPO-OOH is known to be more stable than DMPO-OOH,* and we have
not observed the decomposition of BMPO-OOH into BMPO-OH during EPR measurements in
previous studies,*>>* but we cannot rule out potential decomposition in the ion source upon HR-
MS analysis. This highlights the challenge of quantifying radical adducts by mass spectrometry
due to the uncertainty introduced by the complex ionization processes. Therefore, we will rely on

mass spectrometry for qualitative radical identification rather than for quantification in this work.
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The BMPO radical adducts identified using mass spectrometry can be used to support the
presence of some of the dominant SOA direct photolysis pathways. In order to propose
fragmentation mechanisms, potential precursor molecules were identified by comparing the
irradiated and non-irradiated samples without BMPO in both positive and negative ion mode,
shown in Fig. S6 and S7, respectively. The process for proposing photolysis pathways is further
discussed in the SI. As previously described,*® BMPO-radical adducts can ionize via two main
pathways, one producing an [M]" ion and the other producing an [M + 2H]" ion (Table 1). For this
reason, both pathways were considered when identifying the photolysis products that could
contribute to the BMPO adduct signals. The pathways responsible for producing the dominant
BMPO adduct signals at m/z 214.144, 230.140, and 244.154 in Fig. 4 are discussed below along
with select products from oxopinonaldehyde photolysis (Fig. S8). The BMPO adducts of all the
other radical products proposed in the SI mechanisms and their relative abundances are listed in
Table 1.

The largest increase in abundance for a BMPO adduct with an organic radical was for a
peak at m/z 244.154 with a formula of C12H20sN", which can either be interpreted as the [M]"
ionization of BMPO-C2HsO or the [M+2H]" ionization of BMPO-C,H30. None of the
fragmentation products identified in the SI directly produce a C,HsO radical, while the C;H30 can
result from the Norrish type I splitting of any compound terminated with an acetyl (-C(=O)CH3)
group, which is common for a-pinene oxidation products compounds 3, 6, and 6a (Fig. S10, S13,
and S14). The plethora of photolysis pathways that produce CoH30O, coupled with the absence of
any explanation for direct CoHsO production, suggest that C2H30 is primarily responsible for the

peak at m/z 244.154.
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The second largest increase for an organic radical adduct appeared for the peak at m/z
230.140 with a corresponding formula of C11H2004N", which could either correspond to the [M]*
ionization of BMPO-CH30 adduct or the [M+2H]" ionization of a BMPO-CHO adduct. Both
radicals can be expected as CH30 can be produced via photolysis of compound 4 in Fig. S11, and
CHO can be produced via the fragmentation of compounds shown in Fig. S8, 9, 13, and 14
(compounds 1, 2, 6, and 6a). We can tentatively conclude that both CHO and CH3O radicals
contribute to the peak at m/z 230.140 and are both present in the sample.

The next most significant increase in organic BMPO adduct is observed at m/z 214.144
with a formula C;1H2003N", which can be assigned to corresponds to [M]" ionization of the
BMPO-CHj3 adduct. Unlike the previous two peaks, this assignment is less ambiguous as there are
no known ways to produce CH radical in photolysis of a-pinene SOA compounds. Based on the
mechanisms for the precursors explored in the SI, the CHj3 radical can be formed through the
photolysis of compounds 1, 6, and 6a shown in Fig. S8, S13, and S14. These radicals detected
by mass spectrometry offer chemical formulas for the organic radical adducts detected by EPR,
but they do not offer any structural information about the adducts. The CHj3 radical can only
contribute to the BMPO-R EPR signal, although CHO and C>H30 can resonate between both
carbon centered and oxygen centered radicals, providing a likely source for some of the BMPO-
OR signal shown in Fig. 2.

The mass spectrometry results listed in Table 1 can also be used to identify several BMPO-
adducts corresponding to the larger fragments produced by the photolysis pathways described in
Fig. S8-14. Unlike the three organic radicals discussed in this section, most of these larger radicals
are only produced by one or two photolysis pathways, providing more concrete evidence for the

occurrence of individual pathways. For example, Fig. S8 shows the radical products from the
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Norrish type I photolysis of oxopinonaldehyde across the ketones producing several pairs of
organic radicals: CoH1302 and CHO and C9H1103; and CH3, discussed below, as well as CgHi130
and CoHO» and CsH;10; and C,H30O, discussed in the SI.

The BMPO adduct for CoH;30z is detected as both [M]" and the more prominent [M+2H]"
at m/z 352.212 and 354.227, respectively, while the CHO adduct was detected prominently as an
[M+2H]" adduct, as previously discussed. The detection of both radicals is consistent with the
photolysis mechanism in Fig. S8.

The CoH;10; radical is also detected as a BMPO adduct at m/z 368.207 for [M+2H]",
however there is no signal at m/z 366.192, the anticipated m/z for the [M]" adduct. Additionally,
the m/z 368.207 also corresponds to the [M]" BMPO adduct with CoH;303, which can also be
produced via photolysis of compounds 2, 4, and 5. This suggests it is unlikely that this photolysis
pathway is contributing significantly to the radical formation detected in the solution. This could
be because the other radical produced via this pathway, CHs, is a small, unstable radical, making
it relatively less favorable than the resonance stabilized radicals produced by the other photolysis
pathways of this compound.

The mass spectrometry results offer molecular identification of the organic radical adducts
detected using EPR and provide insights into the photolysis mechanisms occurring within the
sample. The mass spectrometry results also suggest the aging of a-pinene SOA is a significant
source for acyl radicals, which have an important role in atmospheric chemistry as precursors for
highly oxygenated organic molecules (HOMs) and acylperoxynitrates.>!~>*

ROS formation from model compounds. To further explore potential sources for the

radical formation from irradiated SOA, different model compounds and their mixtures were
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characterized under similar photoirradiation conditions, including #-butyl peroxy benzoate, #-butyl
hydroperoxide, cumene hydroperoxide, and cis-pinonic acid (Fig. S15).

As shown in Fig. 5, immediately after irradiation, (a) cumene hydroperoxide, (b) #-butyl
hydroperoxide, (c) pinonic acid, and (d) #-butyl peroxy benzoate formed a variety of radicals,
including superoxide, hydroxyl, and carbon-centered radicals, in line with the signal observed for
the SOA samples. However, the peroxide photolysis did not produce any detectable oxygen-
centered organic radical, which would form in photolysis of the weakest O-O bonds in these
molecules. This apparent lack of RO radicals could be due to the interconversion between oxygen-
and carbon-centered organic radicals via aqueous isomerization,” decomposition, or H-
abstraction.**>® This suggests that the type of organic radical detected is also influenced by radical
stability. No hydroxyl radical was observed upon photolysis of cumene hydroperoxide, suggesting
that this radical breaks into Re + HO»¢* instead of RO+ + *OH due the resonance stabilization of the
tertiary benzylic radical produced via C-O bond cleavage. The comparison of radical population
for SOA and peroxides suggests that peroxide photolysis is not solely responsible for the radical
production during SOA irradiation. By contrast, pinonic acid, a ubiquitous a-pinene SOA product,
formed both carbon- and oxygen-centered organic radicals upon irradiation in addition to
superoxide. This result confirms that photolysis of carbonyls can be a major source of oxygen-
centered radicals, consistent with previous studies.?*>’

Although mass spectrometry does not provide structural information about the adducts, the
formulas can provide possible explanations for the appearance of both BMPO-R and BMPO-OR
EPR signals. Based on the predicted photolysis pathways, only the peroxide photolysis in Fig. S10
and S13 resulted in oxygen centered radicals, but the direct photolysis of peroxides in aqueous

solutions produced no detectable BMPO-OR signal. This suggests that the other organic radicals
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detected via HRMS contribute to the BMPO-OR signal. Many of the carbon-centered radicals

predicted via Norrish type I photolysis appear on the carbon of a carbonyl, which can readily

undergo keto-enol tautomerization to produce an oxygen centered radica

1.>® This also explains the

oxygen- and carbon-centered radicals produced during the irradiation of pinonic acid, further

supporting that the photolysis of carbonyls is likely responsible for the oxygen-centered radicals

detected by EPR. Pinonic acid also contains a carboxylic acid functional group, but carboxylic

acids are not known to undergo photolysis at the wavelengths used in this study.”® Future

experiments using a wider variety of model carbonyl-containing compounds should be conducted

to gain further insight into the role of carbonyls in radical formation during irradiation.
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Figure 5. Radical yields by (a) 1 mM cumene hydroperoxide, (b) 1 mM #-butyl hydroperoxide (c)
10 mM pinonic acid, and (d) 1 mM #-butyl peroxy benzoate under UV-Vis irradiation.
Atmospheric Implications. In this study, we combined an in-situ UV-Vis irradiation
system with EPR to characterize the photolytic formation of ROS from laboratory-generated SOA.
Substantial radical formation is observed upon irradiation for isoprene, a-pinene, a-terpineol, and
toluene SOA, with enhancement factors of up to ~30 for *OH radicals and up to ~10 for superoxide
radicals, compared to dark conditions as well as the emergence of organic radicals. Using total
peroxide measurements and model peroxide EPR results, we observed that photolysis of peroxide
and carbonyl compounds provide an aqueous source of ROS. The formation of ROS induces
radical chain reactions and oxidative aging in the condensed phase, which may alter the climatic

and toxicological properties of the particles.®*%!

The results from high-resolution mass spectrometry provide chemical formulas for the
organic radicals formed during the photochemical aging of a-pinene SOA, identifying CoH30,
CHO, and CH3 as the most abundant organic radicals. They also suggest that carbonyl photolysis
is a major source of organic radicals during a-pinene irradiation, producing a multitude of acyl
radicals (*R=0). These acyl radicals may serve as precursors for the formation of atmospheric
esters and other highly oxygenated organic molecules,’'*? which affect SOA loading in the
atmosphere. Acyl radicals can also undergo O, addition to form acyl-peroxy radicals that can react
in the presence of NO> to form acylperoxynitrates, which represent an important atmospheric

reservoir for NOy.>*

This work identifies organic peroxides and carbonyls as important sources of ROS and

organic radicals during the photochemical aging of SOA. Future work should explore the
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mechanisms responsible for radical formation in SOA and explore the role of other functional

groups in atmospheric photochemical aging.
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