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ABSTRACT: Sulfur-containing volatile organic compounds emit-
ted during wildfire events, such as dimethyl sulfide, are known to
form secondary aerosols containing inorganic sulfate (SO4

2−) and
surfactant-like organic compounds; however, little is known about
the fate of sulfur in other emitted reduced organosulfur species.
This study aimed to determine the sulfurous product distribution
resulting from the nighttime oxidation of thiophene as a model
system. Ion chromatography (IC) and aerosol mass spectrometry (a mini aerosol mass spectrometer, mAMS) were used to constrain
the proportions of sulfurous compounds produced under wildfire-relevant conditions ([NO2]/[O3] = 0.1). With constraints from
IC, results indicated that the sulfurous particle mass consisted of 30.3 ± 6.6% SO4

2−, while mAMS fractionation attributed 24.5 ±
1.6% of total sulfate signal to SO4

2−, 15.4 ± 1.9% to organosulfates, and 60.1 ± 0.9% to sulfonates. Empirical formulas of
organosulfur products were identified as C1−C8 organosulfates and sulfonates using complementary mass spectrometry techniques.
This study highlights the nighttime oxidation of thiophene and its derivatives as a source of SO4

2− and particulate organosulfur
compounds, which have important implications for the atmospheric sulfur budget and aerosol/droplet physical and chemical
properties.
KEYWORDS: volatile organosulfur, wildfire, biomass burning, nighttime chemistry, sulfate, sulfonate, organosulfate, secondary aerosol

1. INTRODUCTION
The growing prominence and frequency of wildfires have not
only changed the distribution of elements such as sulfur
throughout the environment, but also the potential chemical
pathways available to pollutants within it. Large-scale wildfires
are causing disruption to the normative sulfur distribution and
volatilizing sulfur present in biomass.1 Although sulfur is
volatilized more dominantly as sulfur dioxide (SO2) during
biomass burning with emission factors up to ∼0.68 g SO2/kg
burned,2 wildfires have been reported to emit reduced
organosulfur species such as dimethyl sulfide (DMS),3−5

thiophene, and methyl thiophene in large quantities.6,7 The
fate of sulfur during the atmospheric oxidation of these
precursors has yet to be fully constrained under nighttime
conditions.4,5,8 Rapid volatilization and oxidation of these
species may result in production of secondary aerosols (SA)
containing sulfurous products of differing environmental
impacts, structures, and sulfur oxidation state−namely,
inorganic sulfate (SO4

2−), organosulfates (OS), and sulfo-
nates.9−12 Hence, predicting the fate and distribution of sulfur-
containing products formed during volatile organic compound
(VOC) oxidation remains vital to understanding their impacts

on atmospheric chemical composition and physical character-
istics.
Under daytime conditions, hydroxyl (OH) radicals are well

established as predominant oxidants in oxidation reactions,
with photolysis of ozone (O3) serving as a key step in their
formation. While many theoretical, laboratory and field studies
have examined the oxidation behavior of thiophene under
daytime conditions,8,13−21 the nighttime chemistry of thio-
phene oxidation is largely unknown. Only a few studies have
investigated thiophene reactivity against nitrate (NO3) radicals
and have primarily focused on the kinetics and initiation steps
of the mechanism, with very little discussion of compounds
produced through multigeneration oxidation.22−26 Ozonolysis
of thiophene has also not had its mechanism investigated for
conclusive evidence of proposed products. The mechanism for
gaseous ozonolysis of olefins proceeds through the formation
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of a primary ozonide and rapid decomposition into Criegee
intermediates and a pair of carbonyl products.27 However,
Kaduk et al.21 propose that O3 could form a primary ozonide
with the S and α-carbon. Nighttime chemistry is a complex
mixture of oxidants, suggesting the oxidation of thiophene may
be a competition between NO3, OH, O3, hydroperoxyl radical
(HO2), and intermediate oxidation species such as Criegee
biradicals. This study aims to investigate the production of
oxidized sulfur under these complex dark conditions, which
represents nighttime oxidation mechanisms possible in a
biomass burning plume.
Oxidized forms of sulfur have been initially explored as

products of DMS oxidation and SO2 multiphase reactions, as
well as for their impact on particle physical and chemical
properties;4,28−32 however, the fate of other volatile organo-
sulfur compounds, such as thiophene, and the distribution of
sulfurous products in secondary aerosols have yet to be
thoroughly characterized. With an emission factor of (4.6 ±
1.2) × 10−3 g thiophene/kg biomass burned from common
west coast vegetation such as the Ponderosa Pine,6 thiophene
and other heterocyclic aromatic wildfire pollutants may be
increasingly concentrated in and downwind of burn areas, and
thus exposure estimations and gas-aerosol chemical conversion
mechanisms may not currently account for products in these
environments. Similarly, thiophene emission was observed
from wildfires during the recent 2016 FIREX campaign with
magnitudes similar to DMS emissions at an emission rate of
0.014 g/kg fuel burned,33 or 0.057 ppb thiophene/ppm carbon
monoxide (CO) emitted. Since a maximum of 600 ppm has
been reported for CO concentrations near sources of wildfire
plumes,34 thiophene concentrations near sources are expected
to be ∼34 ppb. This has called into question whether the fate
of the sulfur atom under wildfire conditions is being properly
accounted for under current atmospheric processing predic-
tions. Recent discoveries by Decker et al.35 have revealed that
the high VOC reactivity in biomass burning plumes can cause
the rate of reactions with NO3 to exceed both the photolysis
rate and nitric oxide (NO) reaction, thereby allowing NO3
chemistry to dominate during typical daylight hours. This
study suggests that oxidation by NO3 mechanisms resulting
from reactions between nitrogen dioxide (NO2) and O3 may
play a more widespread and crucial role than previously
thought when considering sulfur atmospheric distribution.
The objective of this study was to constrain the distributions

of sulfonates, OS, and SO4
2− produced by the NO3 oxidation

of thiophene as a model system relevant to biomass burning.
As aromatic VOCs, thiophene and its derivatives represent an
understudied yet critical component during wildfire events that
may potentially impact the ecosystem-wide sulfur cycling.2,5,6

A unique combination of online and offline instrumentation
was used to quantify and identify major sulfur-containing
products at [NO2]/[O3] ratios observed within wildfire
plumes. We hypothesize that reduced volatile organosulfur
pollutants are a currently unaccounted source of SO4

2−, OS,
and sulfonate compounds in the atmosphere and that
distributions of these products will be impacted by NO3 as
an oxidant. Ion chromatography (IC) and mass spectrometry
(a mini-Aerosol Mass Spectrometer (mAMS)) were used to
constrain the distribution of sulfur within SO4

2−, sulfonates,
and OS compounds. Through utilization of complementary
MS techniques coupled to chromatographic separation,
empirical formulas and functional group information on
several major sulfur-containing products were obtained.

Results of this study will further improve understanding of
the atmospheric sulfur budget and distribution of sulfurous
compounds and thus capability of models to predict particle
composition, acidity, and surface tension.

2. METHODS
2.1. Chamber Experiments for Aerosol Generation.

Experiments were carried out in a 10 m3 fluorinated ethylene
propylene (FEP) film indoor chamber under conditions typical
for nighttime oxidation under low relative humidity (<20%).
The temperatures were maintained constant throughout
oxidation experiments (22 ± 4 °C). Further details on
experimental set up can be found in SI Text S1−S3 or within
our prior publications.36−41 This study focused on investigat-
ing oxidation products observed under nighttime oxidation
conditions attributed to NO3 produced by the reaction of NO2
and O3. Although the ratio and concentration of NO3
precursors vary greatly with distance from the source, the
focus of this study was not to identify the effect of NO3
concentration on thiophene products. An assumption was
made that [NO2]/[O3] = 0.1 was representative of a somewhat
processed wildfire plume observed by Singh et al.42

Furthermore, we will not investigate the fate or reaction of
peroxy radicals, which may be sensitive to this ratio. Absolute
concentrations of oxidant precursors for each experiment used
to achieve the biomass burning condition ratio observed by
Singh et al.42 are shown in Table S1.
Thiophene reagent (Alfa Aesar, 99%) was introduced in the

chamber using a small glass jar wrapped with a heating coil to
ensure a consistent elevated temperature (>90 °C) for
complete volatilization of thiophene. Thiophene was injected
into the heated glass jar and flushed into the FEP chamber
using 15 LPM zero air as a carrier gas. A target mixing ratio of
200 ppbv thiophene was selected for this set of experiments,
and oxidation was allowed to proceed for 3 h. Previous model
predictions conducted by Mayorga et al.36 showed a theoretical
NO3 concentration of ∼8 ppb under experimental NO2/O3
conditions before VOC introduction. The lifetime of
thiophene against NO3 and O3 were determined based on
the rate constants reported by Atkinson et al.13,26 The lifetime
of thiophene against NO3 oxidation was calculated to be ∼2.6
min (k = 3.2 × 10−14 cm3 molecule−1 s−1, calculated for 8 ppbv
NO3), while the lifetime of thiophene against O3 was
calculated to be >5.2 days (k < 6 × 10−20 cm3 molecule−1

s−1, calculated for 1500 ppbv O3). While the reaction rate
constant of thiophene with O3 is several orders of magnitude
slower than the reaction with NO3,

13,26 the concentration of
O3 is several orders of magnitude higher than NO3 under
[NO2]/[O3] = 0.1. This implies, while initially thiophene
reacts with NO3, subsequent oxidation of later generation
products is likely a competition between O3 and NO3, as well
as OH radicals produced by ozonolysis of early generation
products or reactions between NO3 and HO2. The
competition between O3, NO3 radicals, OH radicals, and
Criegee intermediates may change the product distribution or
observed product identity during the SOA formation process if
an individual oxidant favors the formation of SO4

2−, OS, or
sulfonate products. Additional oxidative species formed
throughout the initial phases of the experiment, such as OH
radicals formed through ozonolysis or NO3 reactions with
HO2, may play a role in later phases of oxidation. Other
oxidizing species likely present and able to participate in
reactions include HO2, RO2, and RO radicals. All of these
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species are formed through expected reactions under nighttime
conditions for VOC oxidation and thus should not be
discounted or excluded. Within this study we were not able
to determine the branching ratio of competing oxidation
pathways and greater mechanistic detail; however, this should
be further investigated in future studies. To distinguish the
major products and relative product distributions resulting
from the NO3 oxidation pathways against ozonolysis, control
experiments were performed with O3 as the only oxidant. Next,
an additional O3-only experiment was performed to test the
impact of OH radicals during these O3 experiments using 1-
butanol as an OH scavenger.43 These experiments were
performed identically to O3-only control experiments;
however, 200 ppm of 1-butanol (Fisher Chemical, > 99%)
was injected prior to thiophene VOC injection. Separate
thiophene oxidation experiments with nitric anhydride (N2O5)
as the precursor for NO3 formation were also conducted as an
O3-free control. As is obvious in Figure S2 the N2O5 present in
O3-free controls is much higher than in NO2/O3 experiments.
Figure S3 shows the modeled concentration of NO3 under
NO2/O3 conditions. Since N2O5 breaks down into NO2 and
NO3, Table S1 suggests that the NO3 concentrations under
N2O5 conditions were much higher than under NO2/O3
conditions. The experimental conditions for N2O5 and O3-
only control experiments are depicted in Figure S4.
The SA formation progress during chamber experiments was

monitored using a Scanning Electrical Mobility Spectrometer
(SEMS, Brechtel Mfg.) to determine the particle size
distribution and volume concentrations in real time. The
SEMS was set to scan from 10 to 800 nm with 120 bins and a
total scan time of 120 s. Aerosol bulk composition was
monitored online by a mini aerosol mass spectrometer
equipped with a compact time-of-flight (C-ToF) mass
spectrometer (mAMS, Aerodyne Research Inc.). Integrated
volume concentration was converted to mass concentration
using aerosol effective density (discussed below). Filter mass
loading was calculated by multiplying the volume concen-
tration measured by SEMS by the density estimated by the
mAMS, the collection flow rate, and the duration of the filter
collection period. Experiments were performed in triplicate (n
= 3) for each condition to ensure reproducibility of the results.
2.2. Quantitative Analysis of SA Bulk Composition. As

mentioned before, chemical composition and sulfur fate were
investigated through a combination of online and offline
instrumentation. The mAMS provided concentrations of
organic, sulfate, and nitrate aerosols. Particle effective density
was calculated through a comparison of the mode of mAMS
mass distributions and the mode of SEMS volume distribu-
tions.44,45 Assuming spherical particles and unit density (ρ0) of
1 g/cm3, aerosol effective density was calculated using eq 1
that relates vacuum aerodynamic diameter mode (dva)
measured by the mAMS to mobility diameter mode (dm)
measured by the SEMS.44,45

= d
deff

va

m
0 (1)

To determine the concentration of SO4
2−, filters were

extracted into 7 mL of Milli-Q water, diluted by 1:1 sample to
Milli-Q water, and analyzed by a Dionex Aquion IC system
(Thermo Fisher Scientific). The IC system was equipped with
a Dionex IonPac AS14 (4 × 250 mm, Thermo Scientific)
column and operated using a 0.1 M carbonate/bicarbonate

isocratic mobile phase elution. To ensure proper separation
and peak sensitivity, an analysis time of 21 min per 5 mL
sample was selected. A 7-point calibration curve covering the
range of 0.1 ppm-50 ppm of SO4

2− was obtained prior to
analyzing each set of samples.
Due to the nature of the mAMS utilizing electron impact

(EI) hard ionization, the total sulfate fraction accounts for all
species that fragment into SO+ (m/z 48), SO2

+ (m/z 64), SO3
+

(m/z 80), HSO3
+ (m/z 81), and H2SO4

+ (m/z 98). Thus,
SO4

2−, OS, and sulfonates all contribute to the fraction of
sulfate observed by the mAMS. This total sulfate concentration
was estimated from the volume concentrations measured by
SEMS, multiplied by the calculated effective density and sulfate
fraction ( f SO d4

) of the aerosols as provided by the mAMS, while
the SO4

2− mass concentration was determined by IC. By
subtracting the mass concentration of SO4

2− from the total
sulfate mass concentration observed by the mAMS, the mass
concentration of sulfate fragments arising from organic
molecules (e.g., OS or sulfonates) was calculated. The
percentages of total particle sulfur in the inorganic and organic
forms formed by NO3 oxidation in NO2/O3 experiments were
contrasted with the control experiments (i.e., ozonolysis) to
demonstrate the dependence of product distribution on NO3
oxidation. These results were compared to a novel mAMS
fractionation method based on approaches taken by Chen et
al.46 to determine the relative proportion of SO4

2−, OS, and
sulfonate products that contribute to the total sulfate fragments
measured by mAMS.
Despite the extensive fragmentation that occurs during

mAMS measurements, fragmentation patterns may be used to
approximate the fractions of various sulfur-containing species
in mAMS data using multiple sulfur-containing standards as
references.46 In the current work, seven standards (ethyl
sulfate, ≥98% Sigma-Aldrich; potassium phenyl sulfate, ≥98%
Sigma-Aldrich; potassium nitrophenyl sulfate, ≥98% Sigma-
Aldrich; sodium octyl sulfate, 99%, Alfa Aesar; propane-
sulfonate, 99% Sigma-Aldrich; benzenesulfonate, 97% Sigma-
Aldrich; sulfuric acid, 95−98% Hach) were nebulized into the
mAMS, and signal intensities of the main sulfur-containing
fragments (SO+ (m/z 48), SO2

+ (m/z 64), SO3
+ (m/z 80),

HSO3
+ (m/z 81), H2SO4

+ (m/z 98)) were recorded at
multiple aerosol concentrations. The signal ratios of m/z 64,
80, 81, and 98 to m/z 48 were calculated to highlight the
differences in fragmentation patterns of the three classes of
compounds (sulfonate, OS, or SO4

2−). Table S2 shows the
results of fragmentation of each standard run, while Table S3
shows the average and standard deviations of the fragment
ratios calculated for the sulfur compound classes. Based on
these results, it was determined that these compounds show a
more unique fragmentation pattern at SO3

+ and HSO3
+ relative

to SO+ (i.e., m/z 80/48 and m/z 81/48). Assuming that the
sulfate signal in the experiments is a linear combination of
signals from SO4

2−, OS, and sulfonate, the average ratios of m/
z 80/48 and m/z 81/48 from the standard compounds were
compiled in a system of equations shown below and solved for
the fraction of inorganic sulfate ( f SOd4i), organic sulfate ( f OS),
and sulfonates ( fsulfon).

= + +i
k
jjj y

{
zzz f f f

80
48

0.541( ) 0.062( ) 0.427( )i
observed

SO sulfon OS4

(2)
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= + +i
k
jjj y

{
zzz f f f

81
48

0.316( ) 0.135( ) 0.008( )i
observed

SO sulfon OS4

(3)

= + +f f f1 ( ) ( ) ( )iSO sulfon OS4 (4)

The observed ratios of 80/48 and 81/48 from the end of
each experiment (corresponding to the start of filter collection)
were used in eqs 2 and 3, and the system of equations was
solved to determine the fractional contribution of each sulfur-
containing product type to the sulfate signal observed by the
mAMS.
A two-way ANOVA test was performed to determine the

statistical significance of the differences in product distribu-
tions observed with the different oxidants. Šid́aḱ and Tukey
multiple comparison posthoc analyses were performed using
GraphPad Prism 9 to determine statistical significance of
attributed fractions between experimental oxidation condi-
tions. A resulting p value of p < 0.05 was considered
statistically significant.
2.3. Qualitative Analysis of SA Molecular Composi-

tion. Multiple filter samples were collected from each
experiment for offline IC, LC/MS, and a Filter Inlet for
Gases and AEROsols coupled to a time-of-flight-chemical
ionization mass spectrometer (FIGAERO-ToF CIMS) anal-
yses to quantify SO4

2− and identify sulfur-containing organic
products. A more detailed procedure for filter collection is
provided in SI, Text S3. One set of filter samples was analyzed
with the FIGAERO-ToF CIMS set up in offline desorption
mode. The instrument was operated using iodide (I−) as the
reagent ion. The thermal desorption temperature profile used
consisted of a ramping phase from 30 to 200 °C over a 15 min
interval, an isothermal soaking phase held for 25 min, and then
a 5 min cooling phase. Data were interpreted using the
Tofware v3.2.5 package through Igor Pro (WaveMetrics).
Samples were sonicated for 50 min to extract SA into MeOH

and concentrated into a 150 μL solution for LC/MS analyses.
Additional tests were carried out to compare the sonication
extraction procedures to vortex extraction procedures to
ensure sonication did not affect quantification or identification
of species during offline analysis. The EIC and mass spectra of
the standard undergone through sonication and vortex
extraction are shown in Figure S4, and the IC findings are
reported in Text S4. Samples were first analyzed using a liquid
chromatography triple quadrupole mass spectrometer (LC/
QQQ-MS) with precursor ion scan to identify SA constitutes
that fragment into SO4

−•, HSO4
−, SO3

−•, and HSO3
−,47

enabling a subsequent targeted search for their parent
compounds using the high-resolution tandem mass spectrom-
etry methods (i.e., LC/Q-ToF-MS). The precursor ion scan
was performed using an Agilent Technologies 1290 Infinity II
LC system and 6470 triple quadrupole MS equipped with an
electrospray ionization (ESI) ion source and operated in
negative ion mode. A 2.1 mm × 100 mm UPLC BEH Amide
Column (Waters ACQUITY) with a 1.7 μm particle size was
used for chromatographic separation.
High-resolution MS data was obtained by analyzing the

same solution using LC/Q-ToF-MS. Analysis was performed
on an Agilent 6545 LC-ESI-Q-ToF-MS with an Agilent
Poroshell 120 EC-C18 column (3.0 × 50 mm, 2.7 μm particle
size). For structural elucidation, the parameters and column
used for LC/Q-ToF-MS were replicated for tandem MS
analysis with a collision energy of 30 eV. This enabled the

confirmation of the OS and sulfonate candidates based on the
accurate mass fittings of the measured mass spectral peaks.

3. RESULTS AND DISCUSSION
The real-time concentrations of NO2 and O3 during SA
formation in typical chamber experiments are shown in Figure
1, labeled according to the experimental step to display

different phases of the reaction. Inspection of the concen-
tration curve for NO2 shows a drastic decrease upon injection
of O3, indicating the start of NO3 formation. The stabilization
of NOx concentrations is a result of limitations of the NOx
analyzer reading a combination of NO, NO2, N2O5, and NO3,,
HONO, RONO2, ClNO2, and peroxyacetyl nitrates.48 This
plateau corresponds to the establishment of an equilibrium.
The initial drop in NOx corresponds to the reaction of 2 NO2
molecules reacting with one O3 molecule to form N2O5. O3
would then decrease much more rapidly than the NO2 curve,
as the analyzer is still detecting the other reservoirs of NO2,

48

while the O3 curve represents the absolute concentration.
Figure S1 shows a decrease in N2O5 levels, which implies a
decreased presence of NO3 in later stages of the experiment.
Oxidation of later-generation products may therefore be a
competition between NO3 and O3 as oxidants under NO2/O3
experimental conditions. Figure S3 depicts the experimental
conditions for N2O5 and O3-only control experiments.
Figure 2 depicts the mass fractions of nitrate (broken down

into organic and inorganic nitrate), sulfate, and organics as
measured by mAMS. Reported numbers were the average of
measurements taken over the final 10 min before aerosol filter
collection began. Sulfate contributed to 26.6 ± 0.58% of the
bulk composition of particles formed. This contrasted with the
two other conditions, with the O3-only control conditions
showing a higher fraction of sulfate with an average of 34.2 ±
1.74%. N2O5 control conditions showed a sulfate fraction of
11.4 ± 0.69%, which was significantly lower than the other two
conditions. This confirmed that SA products observed under
the NO2/O3 condition could not be attributed solely to either
NO3 or O3 reactions, while O3 only and N2O5 conditions

Figure 1. Reaction progress during the NO2/O3 experiment, with the
gas phase oxidant precursors and VOC concentrations plotted along
with the time series of secondary aerosol volume concentrations.
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could be used as controls for chamber experiments since the
observed differences between sulfate fractions and organic
nitrate fractions under each condition are significant (p <
0.0001), as determined by the Tukey multiple comparisons
test. Total nitrate fraction also differed between the three
conditions, with N2O5 showing a much larger fraction of
nitrate (33.1 ± 1.38%), likely due to the uptake of N2O5 and
subsequent hydrolysis into inorganic nitrate under these
experimental conditions. O3 only showed 1.5 ± 0.02% nitrate,
likely due to revolatilization of nitrate-containing components
deposited on chamber walls during prior experiments.
The nitrate fraction of products observed under NO2/O3

and N2O5 conditions was broken down into organic (as
organic nitrate or nitroorganic) and inorganic nitrate
contributions following procedures outlined in prior stud-
ies.49,50 Organic nitrate/nitroorganic contributed to ∼14.2%
and ∼1.0% of aerosol bulk composition in N2O5 conditions
and NO2/O3 conditions, respectively. Organic nitrate is
commonly used as a marker of nighttime chemistry, as NO3
will preferentially add to olefins at the most substituted
carbon.51 Inorganic nitrate in either condition may result from
either hydrogen abstraction or uptake of N2O5 followed by
subsequential hydrolysis under these conditions. Inorganic
nitrate is assumed to be either nitric acid or a nitrate salt. The
differences in fraction of bulk composition between atmos-
pheric conditions and control experiments show that O3 may
play a more critical role in the oxidation of second- and later-
generation products than previously thought.
The formation of SO2 was monitored using the online ToF-

CIMS over the course of the experiment. SO2 is well-known to
oxidize further in both the gas and aqueous phases to form
SO4

2−, leading to the potential acidification of droplets and

particles.30,52,53 Gaseous SO2 has been shown to be oxidized to
SO4

2− by stabilized Criegee intermediates (sCIs) in the
atmosphere.54 SCIs are formed through the ozonolysis of
olefins.55,56 The formation of SO2 over time under the NO2/
O3 condition is shown in Figure 3. As discussed in Section 3.1

below, the fractions of SO4
2− differed between the two

experimental conditions. The formation of SO2 is a likely
pathway for the formation of SO4

2− under nighttime
atmospheric conditions. SO2 emissions from biomass burning
have been defined as a primary emitted pollutant with an
emission factor ranging from 0.24 to 0.66 g/kg in Boise, Idaho,
and Salina, Kansas, during the recent FIREX-AQ campaign,57

as well as those observed by Andreae et al.58 within the
Amazon basin. As shown by Cabañas et al.,23 the NO3 radical
will react with thiophene by adding to the double bond and
undergoing a ring-opening pathway. Subsequently, an addi-
tional NO3 molecule will add to the S−C double bond, then
ejecting an SO2 molecule. An observed secondary formation of
SO2 in the process of thiophene oxidation implies a potential
bias in SO2 concentration estimates based only on primary
emissions.
3.1. Constrained Sulfurous Product Distribution by IC

Results. As mentioned in Section 2.2, a combination of the
measured aerosol volume concentration, effective density, mass
fraction of sulfate-related fragments in mAMS, and IC
measurements of SO4

2− allowed us to determine the
contribution of OS/sulfonate species to the measured sulfate
concentrations. NO2/O3 experiments yielded an average total
sulfate mass concentration of 36.2 ± 2.1 μg/m3. Of this total,
34.8 ± 3.4% was determined to be SO4

2−, while the remaining
∼65% was due to OS and/or sulfonate products. This
contrasted with the O3 only control experiments, which
yielded a total mass concentration of 20.2 ± 2.2 μg/m3 with
49.1 ± 5.9% of it attributed to SO4

2− and 50.9 ± 5.9% to OS/
sulfonate products (Figure 4).
The fractions of SO4

2− observed in NO2/O3 and ozonolysis
conditions showed a significant statistical difference (p =
0.0137) as determined by the Šid́aḱ multiple comparison test,
which confirmed that the nighttime NO2/O3 oxidation
condition was not primarily driven by ozonolysis. As discussed
above, the Criegee intermediates have been shown to be
produced during the ozonolysis of olefins, providing another
potential pathway for thiophene oxidation or gas phase
reactions between intermediate products. Additionally, ozo-
nolysis can lead to formation of OH radicals,59,60 which can

Figure 2. Bulk composition of aerosols as seen by mAMS for each
oxidation condition broken down into mass fraction of components
containing nitrate (fNO3), mass fraction of components containing
sulfate ( f SOd4

), and mass fraction of organics (fOrg). The f SOd4
signal

consists of all fragments of sulfate detected by the mAMS. Nitrate
observed under O3-only conditions was attributed to inorganic nitrate,
as signal was too low to accurately determine the fractions of
inorganic and organic nitrate. Statistical differences were observed
between the fraction of bulk composition associated with sulfate and
organic nitrate under all three oxidation conditions. Statistical
significance with a p value < 0.0001 was represented as ****.

Figure 3. Gaseous SO2 formation after injection of thiophene (i.e.,
VOC) under atmospherically relevant nighttime conditions. The
signal intensity was normalized to the I− + (H2O)I− signal.
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react with SO2 to form HOSO2, an important step in OH-
driven formation of atmospheric H2SO4.

61 When considering
the impact of these OH radicals as an oxidant in the chamber,
IC results showed no SO4

2− production during these
experiments. This implied that during our base experiments,
the OH radical played a key role in the formation of SO4

2−,
and removal of this oxidant may shut down or severely hinder
the pathway to SO4

2− formation. OH radicals can also be
produced through the reaction of HO2 and NO3,

62 ozonolysis
of olefin species,27,59,60 and potentially isomerization reactions
of other intermediate species.63 Since these reactions cannot be
ruled out within this study, it is difficult to determine the
significance of this OH production pathway relative to OH
production from the ozonolysis of olefins due to the inability
to constrain HO2 concentration. The difference in fractions of
SO4

2− emphasizes that different oxidation mechanisms
dominate each condition. The fractions of SO4

2− and OS/
sulfonates were not compared to N2O5 conditions due to the
technical limitation of synthesizing atmospherically relevant
concentrations of NO3 from N2O5 experiments described
above.
3.2. mAMS Fragmentation Pattern-Based Fractiona-

tion. The relative fractions of each class of sulfur-containing
compounds were determined using mAMS sulfur standard
fragmentation patterns, as described in Section 2.2 (Figure 5).
In NO2/O3 experiments, SO4

2− was responsible for 24.5 ±
1.60% of the total sulfate signal, while sulfonates and OS
contributed to 60.1 ± 0.94% and 15.4 ± 1.89%, respectively. In
contrast, in the ozonolysis control experiments, 34.4 ± 1.94%
of the sulfate was associated with SO4

2−, while 51.0 ± 2.31%
and 14.6 ± 1.72% were identified as sulfonates and OS,
respectively.
Sulfate product contributions calculated through mAMS

fragmentation pattern deconvolutions showed a statistical
difference for sulfonates (p < 0.001) and SO4

2− (p < 0.0001)
under the two atmospheric conditions as determined by the
Šid́aḱ multiple comparison test; however, there was no
statistical difference between the observed OS contributions.
Under both conditions, sulfonates dominated the majority of
sulfur containing compounds observed, with SO4

2− being the
second-largest category. Despite this similarity in trends
between product compound classes, mAMS fractionation
confirmed that nighttime oxidation of thiophene differed in
the extent of SO4

2− production between nighttime chemistry
and pure ozonolysis conditions. While formation of SO4

2− was

observed under all three conditions, it is clear that ozonolysis
favors formation of SO4

2− more than NO3-driven oxidation
conditions due to the higher fraction of SO4

2− observed.
However, the exact reason for this cannot be determined and
should be investigated in future mechanistic studies. The large
fraction of sulfonates observed in Figure 5 compared to OS
and SO4

2− fractions has potential mechanistic implications for
initiation of thiophene oxidation. Direct attack of NO3 on the
sulfur atom of thiophene prior to ring opening would be the
most efficient mechanism for forming sulfonate products,
though future studies are needed to determine the mechanism
and first-generational products that lead to sulfonate
compounds, OS compounds, and SO4

2−. It is also possible
that the ring opening pathway of oxidation may be able to
produce sulfonate products. However, a more in-depth
mechanistic study is required to determine more definitive
pathways of oxidation, as no mechanism for this formation is
known at this time.
This method of constraining sulfurous product distributions

is relatively new, with very few studies testing its accuracy and
precision compared to the more traditional offline analytical
methods, such as IC. Here, we compare the inorganic sulfate,
SO4

2−, fraction of total sulfate in NO2/O3 and ozonolysis
experiments determined by both methods. As shown in Figure
6, there was a statistical difference determined by the Šid́aḱ
multiple comparisons test between the SO4

2− fraction
estimated by either method in the NO2/O3 condition (p =
0.0023). Similarly, a statistical difference was observed between
the results obtained from mAMS fragmentations vs IC in the
ozonolysis condition (p = 0.0171). Despite this disjoint in
percentage of total sulfate observed by either method, both
methods suggest a higher fraction of SO4

2− in ozonolysis
conditions compared to NO2/O3. The difference in estimated
fractions will be discussed further in Section 3.4.
3.3. Particulate Organosulfur Product Identification.

Major sulfur-containing product identities investigated through
the LC/QQQ-MS precursor ion scan revealed the sulfonate
and OS candidates fragment into bisulfite ion (HSO3

− at m/z
81), sulfite ion radical (SO3

−• at m/z 80), bisulfate ion
(HSO4

− at m/z 97), and sulfate ion radical (SO4
−• at m/z 96),

respectively.47 These nominal precursor masses were then

Figure 4. Comparison of SO4
2− and OS/sulfonate fractions in sulfur-

containing secondary aerosol fragments observed by mAMS under
ozonolysis and NO2/O3 experimental conditions. Statistical signifi-
cance of results with a p value < 0.05 was indicated by *. Figure 5. Fractions of SO4

2−, OS, and sulfonate products in total
sulfur-containing secondary aerosol fragments observed by mAMS.
Statistical significance with a p value < 0.0001 was indicated by ****,
while statistical significance with a p value < 0.001 was indicated by
***.
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compared to the LC/Q-ToF-MS accurate mass data through a
target search to determine the formulas of OS/sulfonate
compounds in the thiophene-derived aerosols. This study
focused on the identification of products resulting from the
NO3 initiated oxidation pathways (i.e., products observed
under both NO2/O3 and N2O5 conditions). Future research is
needed to investigate the interplay of NO3 and O3 in the
nighttime oxidation of thiophene and its multigenerational
product formation−specifically, the role of O3 in modulating
later-generation product formation.
Each peak in the total ion chromatograph was extracted to

search for precursors of m/z 80, 81, 96, and 97. OS
compounds can fragment into all four species, while sulfonate
compounds fragment into only SO3

−• and HSO3
−. For

example, m/z 153 was identified as a precursor to fragment
into m/z 97 and m/z 81, as shown in Figure 7A,B.
Observations of m/z 153 under both 97 and 81 precursor

ion scans suggested a sulfate structure. After obtaining the
exact mass through LC/Q-ToF-MS, the same parameters were
kept, and the sample was analyzed by tandem MS scanning for
m/z 152.9872. The collision-induced dissociation (CID) of
identified precursors in tandem MS analysis revealed that
sulfates and sulfonates could be distinguished by their
fragmentation patterns, as sulfonates cannot fragment into
m/z 96, whereas OS compounds will exhibit fragmentation
patterns with a high intensity at m/z 96 and low to medium
intensity at m/z 80 and 81. The resulting spectrum, shown in
Figure 7C above, was used to confirm the presence of SO4

−•

and SO3
−• peaks, indicating the presence of an OS compound

at this exact mass.
Nominal masses observed using precursor ion scans

produced a targeted list of compounds to identify exact
masses of using LC/Q-ToF MS. A total of 29 exact masses and
empirical formulas were identified using LC/Q-ToF MS. The
12 highest abundance signals were selected for tandem MS
analysis including 6 compounds hypothesized to be OS and 6
compounds hypothesized to be sulfonates as suggested by
precursor ion scan results. Compounds that fragment into m/z
96 or 97 were determined to be OS compounds, while
compounds that only fragmented into m/z 80 or 81 were
determined to be sulfonate compounds. All products recorded
by LC/Q-ToF MS are shown in Table S6, however,
compounds not selected for tandem MS analysis will not be
discussed. The identified sulfur-containing products were

displayed in Figure 8 and color-coded according to their
sulfur functional group, as confirmed by LC/QQQ-MS, LC/
Q-ToF-MS, and the subsequent tandem MS experiments. A
full list of the exact masses, molecular formulas, observed
tandem MS fragments, and sulfur species types is provided in
Table S5, including several peaks that share the same nominal
mass that are difficult to distinguish in graphical representation
in Figure 8. Products ranged in carbon number from 1 to 6;
however, the majority fell at or below a 4-carbon chain
backbone. The appearance of compounds with a carbon count
greater than 4 implies potential gas phase reactions between
smaller carbon-count alkoxy radicals (RO) or alkyl peroxy
radicals (RO2). Although condensed phase reactions may be
possible, it is likely that these reactions will take place in the
gas phase due to the lower molecular weight and oxygen
number of intermediate products. This would then be followed
by partitioning of the higher carbon and oxygen count

Figure 6. IC calculated mass fractions of SO4
2− for both NO2/O3 and

ozonolysis conditions compared to the SO4
2− fractions deduced from

the mAMS fragmentation patterns. A p value of p < 0.05 was indicated
by *, while a p value of p < 0.01 was indicated by **.

Figure 7. (A) Precursor ion scan of NO2/O3 particle extract with
retention time of 9.250−10.307 min for the 81-precursor spectrum
and (B) retention time of 1.150−2.425 min for the 97-precursor
spectrum showing a precursor for fragments 81 and 97 at nominal m/
z 153, indicating fragmentation of an OS compound. (C) Tandem
MS spectrum at a retention time of 1.096−3.291 scanning for m/z
152.9872. Fragments shown show a peak for HSO3

− and HSO4
−,

indicating the presence of a sulfate functional group.
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products to the condensed phase. We identified more sulfonate
compounds (in number) than OS compounds, in line with the
results of the mAMS fragmentation pattern differences shown
in Figure 5. For all compounds confirmed as either a sulfonate
or OS in the current study, their precursor ion scan data and
tandem MS spectra similar to those presented in Figure 7 are
available in SI (Figures S4−S14).
A wide variety of sulfur-containing aerosol products was

observed by FIGAERO ToF-CIMS, resulting in a more
thorough profile of sulfur-containing products than could be

constrained by any single MS method. The instrument was
tuned using methanesulfonic acid (MSA), and signal response
was tested using MSA and methyl sulfate standards (Figures
S16 and S17). All observed sulfur-containing products are
displayed in Figure 9. Fitting results for observed compounds
are shown in Table S7 for NO2/O3 conditions and Table S8
for N2O5 conditions. Sulfur-containing compounds that were
confirmed to have resulted from NO3 oxidation (i.e.,
compounds present in both conditions) were identified and
highlighted in red to emphasize their abundance and

Figure 8. Sulfur-containing secondary aerosol products identified by LC/MS-based methods under the NO2/O3 condition displayed against the
N2O5 control experiment. Labeled peaks were observed in both conditions and color- coded according to sulfur-containing product type as
identified by tandem MS. Intensity was normalized to the highest peak, SO4

2−, and displayed in log scale.

Figure 9. Summary of CIMS observed sulfur-containing organic products categorized according to carbon chain length. Intensity was normalized
to the I− + (H2O)I− signals and displayed in log scale. Products displayed in red were observed and identified under both NO2/O3 and N2O5
conditions, providing evidence that these compounds resulted from the NO3 initiated oxidation pathway.
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distribution. The formation of detected products of a carbon
count higher than 4 is likely the result of gas phase
isomerization reactions or dimerization reactions between
thiophene and other subsequent generational products.
Further oxidation to subsequent ring opening would likely be
a competition between O3, OH, and NO3.
There was an overlap of 9 compounds observed by both the

LC/MS and CIMS methods. Of the products unique to
FIGAERO-ToF-CIMS analysis, we observed two notable
compounds containing nitrogen. Due to the susceptibility of
nitrate and nitro groups to hydrolysis, compounds such as
C3H2NSO6 and C8H11NSO7 could not be observed through
LC/MS. Consistent with these observations from LC/MS, the
largest proportion of OS/sulfonate products observed by
CIMS were C4 compounds, with the second largest being a tie
between C3 and C5 compounds. Many of the sulfur-
containing products shared similar temperatures of volatiliza-
tion, with max signal observed ∼140 °C. Thermograms of two
detected compounds are shown in Figure S18.
3.4. Potential Limitations. First, the conditions selected

in this experiment are a potential limitation of this study, as the
ratios of products may change drastically depending on various
oxidant concentrations. Since NO2 and O3 concentrations are
extremely high near the biomass burning emission source and
quickly decrease during photochemical O3 production and
NO2 oxidation, it is likely that the high amounts of oxidants
near the source may change the observed OS and sulfonates
along with each class of compound’s relative concentration.
The current mAMS analysis assumes that all the sulfur-

containing compounds have similar relative ionization
efficiency (RIE) values. In the mAMS-based method of sulfate
family fractionation, since we consider ratios of several
fragment ions from each sulfate family, the effect of differences
in RIEs cancels out. However, we still rely on mAMS-based
quantification of total sulfate when calculating IC-based
organosulfur fractions, which is sensitive to RIEs of each
sulfate family. Given the lower RIE of OS or sulfonate species
relative to SO4

2−,46 we expect that the absolute concentration
of total sulfates in mAMS is being underestimated, which leads
to underestimating the OS/sulfonate fractions from the IC.
Data in Figures 4 and 5 are consistent with this. In Figure 5,
the sum of OS and sulfonate species contributes to 75% of the
S-containing species for NO2/O3 conditions as predicted by
the mAMS fragmentation method. On the other hand, the IC-
based calculations shown in Figure 4 predicted a total OS and
sulfonate fraction of ∼65% for the same conditions.
This study strived to constrain the fate of sulfur into three

sulfur-containing categories, while identifying the OS and
sulfonate products resulting from NO3 oxidation. However,
due to the high concentration of thiophene used for particle
concentration needed for offline analysis, there is likely
competition between OH radicals, O3, NO3, and other
reactions with RO, RO2, and Criegee biradicals. Partitioning
of secondary oxidation products such as SO2 to particle phase
with subsequent particle phase reactions is also possible, as
shown by Fung et al. (2022)28 for the oxidation of DMS.
Furthermore, during particle generation and filter collection,

a small fraction of particles was likely lost to the chamber walls
as volume decreased. However, all samples for various offline
analysis were collected simultaneously or through identical
protocols, so any particle loss experienced would likely be
experienced uniformly across all conditions and samples. Last
empirical formulas identified through FIGAERO−CIMS are

intriguing; however, since this method does not have tandem
MS functionality, future studies are required for confirmation
and structural elucidation.
3.5. Atmospheric Implications. The wide variety of OS

and sulfonate compounds empirically identified here empha-
sizes the importance of nighttime oxidation of understudied
reduced organosulfur VOCs as an underrepresented source of
SO4

2−, OS, and sulfonate in the atmosphere. During the
oxidation process, significant amounts of sulfonates, OS, and
SO4

2− are formed, all of which are well-known to have
environmental impacts. Sulfur oxidation products have a strong
impact on climate and chemical processes. OS and sulfonates
are well-known to cause changes in droplet surface tension by
disrupting the hydrogen bonding intermolecular forces
between water molecules, thereby reducing surface tension
and reducing the potential to act as cloud condensation
nuclei.64

OS/sulfonates with a carbon chain of only one or two may
provide more hydrogen bonding sites due to the highly
oxygenated SO4 or SO3 groups, and as such, they are only
weakly surface active due to the smaller hydrophobic portion
of the molecule.64 In contrast, longer carbon chain OS/
sulfonate compounds have a more prominent impact on the
critical supersaturation required to activate as a cloud
condensation nuclei as well as the growth and evaporation
rates of droplets.65,66 With the wide variety of carbon chain
lengths produced in the oxidation of the thiophene model
system, the high concentrations within smoke plumes will have
complex impacts on the short-term climate and particle phase
chemical and physical properties in the impacted area. These
products are currently unaccounted for in group contribution
models predicting aerosol properties. The non-negligible
contribution of OS/sulfonate compounds produced from
reduced organosulfur oxidation shows that prediction of
CCN formation, albedo, radiative forcing, and particle acidity
within and downwind of wildfire burn areas cannot be
estimated through consideration of SO4

2− alone, and further
development of models is needed to accurately predict the
impacts of organosulfur VOC oxidation on these particle
physical and chemical properties.64,66−69

Similarly, SO4
2− concentrations are directly linked to the pH

of aerosol particles or cloud droplets. The effects of pH on
droplet and particle chemical pathways are still being explored;
however, it is understood that pH plays a large role in what
reactions may be feasible in the atmosphere and during
aqueous processing. The fractions of SO4

2− observed through
this study can be applied to thiophene emission factors of
various flora species to estimate the impact of individual
biomass burning events on the regional atmospheric sulfate
budget.
Specifically, results of this study in conjunction with findings

from Jiang et al. (2019)40 and Hatch et al. (2015)6 make it
possible to predict thiophene contribution to the secondary
SO4

2− budget within biomass burning plumes. Assuming all of
thiophene is consumed and following eq 5, where EFthio is the
emission factor of thiophene, YSA represents the SA yield of
thiophene, f SOd4

represents the sulfate fraction observed by
mAMS, and f inorg is the fraction of total sulfate attributed to
SO4

2−, the formation rate of SO4
2− was calculated for

Ponderosa Pine, which is a common species throughout
North America and is often present in both prescribed and
wildfire burn areas.70
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× × × =Y f fEF
g SO

kg fuel burnedthio SA SO inorg
4

4 (5)

Using EFthio of 4.6 × 10−3 g thiophene/kg biomass burned,6

YSOA of 0.35,40 f SOd4
of 0.266, and f inorg of 0.303, we determine

1.30 × 10−4 g SO4
2− are formed for every kg of Ponderosa Pine

burned during wildfire events. While the formation of SO4
2−

through the oxidation of thiophene is low, large-scale burning
events may consume fuel quantities large enough to impact
aerosol sulfate content. Furthermore, additional work should
be carried out to constrain how thiophene and other reduced
organosulfur oxidation products affect the physical and
chemical properties of atmospheric aerosols, such as surface
tension, cloud formation, and particle acidity, compared to
products of other analogous heterocyclic aromatic VOC
systems.
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