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Formation of secondary organic aerosol from nitrate radical oxidation of phenolic VOCs:
Implications for nitration mechanisms and brown carbon formation
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Abstract: Volatile phenolic derivatives are substantially emitted from biomass burning and
produced from photochemistry of atmospheric aromatic volatile organic compounds (VOCs).
Oxidation of phenolic VOCs at night by nitrate radicals (NO3-) may represent a significant source
of secondary organic aerosols (SOA) and brown carbon (BrC) formation in the atmosphere. In this
study, NOs- oxidation of five phenolic derivatives, including phenol, catechol, 3-methylcatechol,
4-methylcatechol and guaiacol are investigated in laboratory experiments. The SOA constituents
from the NOs3- oxidation were analyzed using electrospray ionization ion mobility spectrometry
time-of-flight mass spectrometry, which allows for characterization and identification of isomers
in the oxidation products. Through these analyses, several classes of nitro-containing products in
addition to the well-known nitrophenol compounds were observed, including: (1) the nitrophenol
type of products with additional hydroxyl functional groups; (2) non-aromatic/ring-opening nitro-
products with lower double bond equivalence; (3) phenol and catechol products from the C;
phenolic VOCs with carbon-containing substitutions; and (4) nitrated diphenyl ether dimers. The
present work indicates that new products from previously unrecognized pathways are formed
during NOs- oxidation of phenolic VOCs and may contribute an important portion of the SOA.

Some of these products were also observed in ambient aerosols during biomass burning. We
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suggest that the ubiquity of the nitrophenol type of products in the SOA derived from phenolic
VOC + NOs- are responsible for the strong light absorption measured in this study. Therefore,
elucidation of these pathways will be critical for understanding the nighttime oxidation and BrC

formation mechanisms.

Key words: biomass burning, light absorption, nighttime oxidation, ion mobility spectrometry,

nitrophenols

1. Introduction

Wildfires are becoming increasingly severe globally and biomass burning events have been
shown to strongly influence tropospheric chemistry, the climate, and human health (Crutzen and
Andreae, 1990, Pope and Dockery, 2006). Namely, volatile organic compounds (VOCs) and
nitrogen oxides (NOy) emitted from biomass burning undergo various oxidation reactions in the
troposphere, substantially impacting the tropospheric ozone (O3) budget (Arnold et al. 2015).
Further, secondary organic aerosols (SOA) from these oxidation reactions can affect the Earth’s
radiative balance by scattering and absorbing solar radiation in the troposphere (Hobbs et al., 1997).
Phenolic derivatives have been shown to make up an important portion of the VOC emissions
during biomass burning events (Hatch et al., 2015). They are also key intermediates from
photooxidation of aromatic hydrocarbons (also abundant from biomass burning emissions) in the
atmosphere (Bloss et al. 2005). The major phenolic VOCs have total emission factors ranging from
0.10 to 0.64 g kg'! from the combustion of fuels native to the western United States (Hatch et al.
2015; Fine, Cass, and Simoneit, 2004; Oros and Simoneit, 2001). Moreover, their SOA formation

potential is among the highest due to their relatively large SOA yields (Hatch et al., 2017). These
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SOA are often found to be light absorbing (i.e., forming brown carbon, BrC), which further
enhance their climate impacts (Lin et al. 2018, 2017, 2015).

There have been extensive studies on the oxidation of phenolic VOCs and most of them
have focused on hydroxyl radical (-OH) oxidation (Finewax et al. 2019, 2018; Krofli¢ et al. 2015;
Lauraguais et al. 2016; Nakao et al. 2011; Pang et al. 2019; Pereira et al. 2015; Schwantes et al.
2017; Vidovi¢ et al. 2020). In these studies, phenolic VOCs such as phenol, catechol, 3-
methylcatechol (3MC), 4-methylcatechol (4MC), and guaiacol have been shown to produce SOA
in high yields ranging from 25-145% from -OH-initiated chemistry (Coeur-Tourneur et al. 2010;
Finewax et al. 2018; Lauraguais et al. 2014; Nakao et al. 2011; Pereira et al. 2015; Schwantes et
al. 2017; Vidovi¢ et al. 2020; Yee et al. 2013). The -OH-oxidation of phenolic VOCs in the
presence of nitrogen oxides (NOy) were also found to produce large amounts of BrC, due to the
substantial formation of nitrophenol products (Bluvshtein et al. 2017; Fleming et al. 2020; Lin et
al. 2018, 2017, 2015). These products, such as nitrophenols and nitrocatechols, have been reported
from laboratory studies and field measurements (Bluvshtein et al. 2017; Finewax et al. 2018;
Fleming et al. 2020; Lin et al. 2018, 2017, 2015). The phenolic VOCs could also be oxidized by
nitrate radicals (NOs-) which, however, has been understudied. The NO3- oxidation could be an
important reaction pathway of phenolic VOCs during nighttime, relevant to both biomass burning
events and urban atmosphere (Rollins et al. 2012). BrC formation has also been recently reported
during NOs- oxidation of tar aerosols from wood pyrolysis which largely contain phenolic
compounds (Li et al. 2020a). Despite their significance, the understanding of NOj3- oxidation
mechanisms of individual phenolic VOCs and the SOA formation in prior studies have been very
limited. Often, nitro-phenolic compounds were the only major products reported in the SOA

composition (Bolzacchini et al. 2001; Finewax et al. 2018; Frka et al. 2016; Kitanovski et al. 2014;
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Vidovi¢ et al. 2020, 2018; Yuan et al. 2016). Other products such as those with additional
functional groups and oligomers have not been systematically examined, despite that such low-
volatility compounds could be important SOA constituents under ambient conditions. It is unclear
whether and to what extent these types of products form during NO3- oxidation of phenolic VOCs.

The major SOA constituents of these reactions and the underlying mechanisms remain a
challenge to uncover, largely due to the limitations in detection and identification of the particle-
phase products. Previously, a variety of analytical techniques have been implemented to
characterize the phenolic VOC-derived SOA such as gas chromatography mass spectrometry (GC-
MS), liquid chromatography mass spectrometry (LC-MS), chemical ionization mass spectrometry
(CIMS), Fourier transform infrared spectroscopy (FTIR), and UV-Vis diode array detectors
(Bolzacchini et al. 2001; Finewax et al. 2018; Frka et al. 2016; Kitanovski et al. 2014; Krofli¢ et
al. 2015; Li et al. 2020a; Vidovi¢ et al. 2018; Yuan et al. 2016; Zaytsev et al. 2019). However,
most of the instruments listed are incapable of unambiguously characterizing the SOA constituents,
especially on the isomer level. In this study, we performed NOs- oxidation experiments in a
continuous flow stirred tank reactor (CFSTR) of five phenolic VOCs, including phenol, catechol,
3MC, 4MC, and guaiacol (structures shown in Figure 1). We use electrospray ionization (ESI)
coupled to an ion mobility spectrometry time-of-flight mass spectrometer (IMS-TOF) for offline
analysis of the SOA from these experiments. The IMS-TOF allows for separation, characterization,
and sometimes, identification of structural isomers. Additionally, a UV-Vis spectrometer is
utilized for analysis of the light absorption of the SOA materials. With these analytical instruments,
we comprehensively identify the major products from these reactions and the underlying

mechanisms as well as characterize their optical properties.



91
92

93

94

95

96

97

98

99

100

101

102

103

104

105

OH OH

OH

phenol catechol
OH

OH OH OH

OH o

3-methylcatechol  4-methylcatechol guaiacol

Figure 1. Chemical structures of the phenolic derivatives under study.

2. Experimental methods
2.1. Chemicals and reagents

The chemicals and reagents used in the present study and their purities and suppliers are as
follows: phenol (99.5%, Sigma-Aldrich), guaiacol (=98%, Aldon Corporation), catechol (>99%,
Tokyo Chemical Industry), 3-methylcatechol (3MC, 95%, Combi Blocks), 4-methylcatechol
(4MC, 98%, Frontier Scientific), 2-nitrophenol (2NP, 98%, Tokyo Chemical Industry), 3-
nitrophenol (3NP, >98%, Tokyo Chemical Industry), 4-nitrophenol (4NP, >99%, Tokyo Chemical
Industry), 4-nitrocatechol (4NC, 97%, Fischer Scientific), sodium chloride (99.5%, Sigma-
Aldrich), methanol (HPLC Grade Fischer Chemical), acetonitrile (HPLC Grade Fischer Chemical),
and deionized (DI) water (18MQ , purified using a Milli-Q water system). All reagents and
solvents were used without further purification.

2.2. Laboratory experiments
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SOA was generated from oxidation of the five above-mentioned phenolic VOCs with NOs-
in a custom-made CFSTR (effective volume of 250 L, stainless steel enclosure with interior
coating by Teflon PFA). The CFSTR setup is illustrated in Figure 2. The total flow rate of the
CFSTR was approximately 4.1 L min™! and the residence time in the CFSTR was approximately
one hour. A clean air generator (Aadco Instruments, Inc., 747-30) was used to provide a constant
flow of clean dry air at 2.5 L min"! and humidified air at 1.0 L min’! by bubbling dry air through
DI water. The RH in the CFSTR stabilized at 35-40% for all experiments. This RH level is relevant
to that observed at nighttime in the western US during summer seasons when biomass burning has
a high frequency (Yuan et al. 2016). NaCl seed aerosols were generated by a constant output
atomizer (TSI) and introduced into the CFSTR at ~ 0.6 L min!' without upstream drying.
Nevertheless, the RH in the CFSTR is maintained below the efflorescence RH of NaCl (45 — 55%)
and thus the seed aerosols were dry throughout the experiments (Gao et al. 2007), to minimize
reactive uptakes of NOs- and N>Os and avoid aqueous-phase chemistry (Gershenzon et al. 1999;
Phillips et al. 2016; Seisel et al. 1997; Stewart et al. 2004; Thornton et al. 2010). The size
distribution and number concentration of SOA in the CFSTR were measured using a scanning
electric mobility scanner (SEMS, Brechtel Inc., 2100) and a mixing condensation particle counter
(MCPC, Brechtel Inc., 1720), respectively. The background particle concentrations in the CFSTR
were very low (< 0.1 um?® cm™) before the experiments started. Once seed aerosol was injected,
particle volume concentration was allowed to equilibrate to approximately 30 — 40 um? cm™ before
oxidation started. The seed aerosols were used to enhance the partitioning of gas-phase semi-
volatile products to the particle phase rather than loss to the walls. Each phenolic VOC of interest
was injected into the CFSTR a few hours before the experiments using a syringe pump (Chemyx

Inc.) at pre-calculated rates to allow the concentration of the VOC in the reactor to stabilize at
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approximately 100 ppb, estimated based on the law of mass conservation. Most of the VOCs
(except for guaiacol) investigated are solid at room temperature and hence were dissolved in
methanol before being added into the syringe. The methanol concentrations in the CFSTR were
estimated to be ~ 4 ppm. It was not expected to be involved in the oxidation chemistry, except to
scavenge the negligible amount of produced -OH. NOs- was produced by reacting O3 with nitrogen
dioxide (NO>) in the CFSTR. O3 was generated by passing O2 gas through an ozone generator
(Ozone solution Inc.) at ~500 — 620 ppb. NO; was supplied directly from a gas cylinder of NO»
(20 ppm in N2, Airgas Inc.) at 50 cm?® min™!, indicative of an injection concentration of ~250 ppb.
The concentrations of Oz and NO> were measured using a 49C O3 (Thermo Environmental
Instruments) and a 42C NO-NO>-NOx analyzer (Thermo Environmental Instruments), respectively
(Zhao et al. 2019a). We apply the injection rates of VOCs, O3, and NO», as well as the measured
steady-state concentrations of O3 and NO, in a MCM-based kinetic model to estimate the
concentrations of VOCs and NOs- under steady state (Bloss et al. 2005). Once the formed SOA,
O; and NO, concentrations approximately reached steady state, sample collection was commenced
using a sequential spot sampler (Aerosol Devices Inc.) at 1.6 L min™! for 2 hours. After collection,
the sample was immediately extracted into 60 puL acetonitrile with 0.1 mM NaCl for analysis by
the IMS-TOF. At this time, another sample collection was begun using the spot sampler again at
1.6 L min™! for another 2 hours. This sample was immediately extracted into 500 uL methanol for

analysis with a UV-Vis spectrophotometer.
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Figure 2. A diagram of the experimental setup is shown on the right which includes the CFSTR,
VOC, O3, NO», and seed aerosol injection lines. On the left, corresponding arrows are drawn to
the analytical tools which were implemented in this study.
2.3. IMS-TOF

Following extraction of the samples into 60 puL acetonitrile with 0.1 mM NacCl, the samples
were immediately analyzed using the IMS-TOF instrument (Tofwerk Inc. and Aerodyne Research
Inc.) with ESI in the negative ion mode. The ACN-NaCl combined solvent was tested to lead to
the best ionization efficiency using various chemical standards (Zhao et al. 2020, 2019a, 2019b).
A detailed description of the instrument has been provided in our recent publications (Zhao et al.
2020, 2019a, 2019b). The organic concentration in the extracts ranged from ~50 ng uL™! (phenol
SOA) to ~200 ng puL! (catechol SOA). To further validate the atmospheric relevance of the
products characterized from the laboratory experiments, a PM; aerosol sample collected from

Centreville, AL, during the 2013 Southern Oxidant and Aerosol Study (SOAS) field campaign was
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analyzed using the IMS-TOF. This ambient sample was collected during the major biomass
burning event on June 4%, 2013 from ~4 am to ~4 pm (Zhang et al. 2018). Thus, the composition
in this aerosol sample could represent a combination of nighttime and daytime processing of the
biomass burning emissions. This ambient aerosol sample was extracted following the procedure
published previously before analysis (Zhang et al. 2011a, 2012a, 2012b). Each sample extract was
introduced into the instrument using a 250 pL syringe (Hamilton) mounted on a syringe pump
(KD Scientific Inc.) with a flow rate of 1 pL min!. The samples were ionized by negative-mode
ESI (-1650 V) before introduction into the drift tube. In our prior studies we reported nitrate and
nitro species clustering with Cl" in (-)ESI-IMS-TOF (Zhang et al. 2019). But for nitro-phenolic
species that are slightly acidic the dominant ionization scheme turned out to be [M-H]". The flow
of ions was aided by a flow of N gas at 0.8 L min"!. The drift tube was held at a constant pressure
of 1000 mbar and a constant temperature of 60.0°C. The ions were met with a counterflow of N»
gas at 1.2 L min™! which served to separate the ions based on their size and geometry, termed as
their collisional cross-section (CCS). Based on their extent of interaction with N> gas, each ion
exits the drift tube with a specific drift time (Zhao et al. 2019a). Next, the ions are focused into a
pressure-vacuum interface composed of two segmented quadrupoles. Collision-induced
dissociation (CID) can occur between the two segmented quadrupoles by adjusting the voltages
on the ion optical elements (Zhang et al. 2019). Thus, the IMS-TOF allows for isomer-resolved
characterization of the collected SOA constituents. In an effort to unambiguously identify the
single nitro-products of phenol and catechol, chemical standards were run in the IMS-TOF for 2-
nitrophenol (2NP), 3-nitrophenol (3NP), 4-nitrophenol (4NP), and 4-nitrocatechol (4NC). The
IMS-TOF instrument was operated over an m/Q range of 20-1500 Th. The average resolution of

the IMS is (t/At) ~ 100 and for the TOFMS (m/Am) ~ 4000 (Zhang et al. 2019). All post processing
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was done using Tofware (version 3.2.0, Tofwerk) running with Igor Pro (WaveMetrics, OR, USA)
(Zhao et al. 2019a).
2.4. UV-visible spectroscopy

All UV-Vis spectroscopy measurements (Agilent Inc. 8453) were operated under 293 K
and 1 atm. A 500 pL cuvette with a path length of 1.0 cm was used and all samples were run using
methanol as the solvent. Three trials were run for each sample and the averaged results were
reported. The data from this analysis was used to calculate the mass absorption coefficient (MAC)

in m? g'! and averaged <MAC> for each sample. The equations for these MAC are shown here:

A(D) x In (10)

MACQA) = X C
m

where A(A) is the absorbance at the wavelength of interest, b is path length of cuvette (0.01 m) and
Cnm is the concentration of SOA in g m™ (Jiang et al. 2019).

n_MAC(A;
<MAC >=22=2 ~ -V (4)

The averaged MAC was calculated over the range of 290 — 700 nm and 400 — 550 nm so

that our results can be compared with prior relevant studies.

3. Results and discussion
3.1. SOA formation from NOj3- oxidation of phenolic VOCs and general mechanisms

The experimental setup used in this study leads to SOA formation from NOs- oxidation of
phenolic VOCs under approximate steady state. Table 1 summarizes the experimental conditions.
The timeseries for total aerosol mass and oxidant concentrations (O3 and NOy) are shown in the
Supporting Information (SI), Figure S1. Because a direct NO3- measurement was not available

in this work, we used the MCM mechanism to provide approximate estimates of NOs-
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concentrations based on the injected and measured O3 and NO, (Bloss et al. 2005). In the MCM
box model simulations, the injection concentrations were either measured directly (O3 in the
injection line) or estimated based on the law of mass conservation (for the phenolic VOCs and
NO2). The MCM mechanism (detailed in the SI, Table S1) includes detailed gas-phase reactions
for phenol, catechol, and 3MC, but not for 4MC and guaiacol. Thus, the initial NO3- oxidation
reactions are added for 4MC (1.47 x 107'° ¢cm® molecules™ s!') and guaiacol (2.69 x 10! ¢cm?
molecules™ s7), using the rate constants reported in previous research (Table S2, Lauraguais et al.
2016; Olariu et al. 2004). The products for 4MC oxidation are assumed to be the same as those for
3MC oxidation, while further reactions for guaiacol are not included due to limited information
available. In addition, the loss rates of gas-phase NOs- and N>Os onto the Teflon wall (1.5 x 1073
stand 0, respectively) and the dry NaCl seed aerosols (5.0 x 103 s and 2.0 x 1073 57!, respectively)
are specifically represented in the simulations, using rates reported in previous studies (Fry et al.
2014; Gershenzon et al. 1999; Stewart et al. 2004). All other gas-phase species are assumed to
have wall loss rates of 5.0 x 107 s”!. The simulated O3 concentrations at approximate steady state
for the five experiments are generally consistent with the measurements, while the NO.
concentrations were under predicted (shown in Figure S1, SI). This is likely due to the interference
in NO, measurements by other inorganic and organic nitrogen. The kinetic models suggest that the
NOs- concentrations in the experiments were on the order of 0.4 — 15 ppt under steady state, as
shown in Table 1. The much higher steady-state NO3- concentration for the phenol experiment is
due to the slower reaction rate (3.8 x 10712 cm?® molecules™ s!), compared to those of the other
phenolic VOCs. Under the experimental conditions, the box model simulations suggest that the
produced -OH concentrations are very low (< 5 x 10° molecules cm™) and the majority (> 90%)

of the phenolic VOCs reacted with NOs-, rather than Oz or -OH. We should note that the MCM
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NOs- oxidation mechanisms for the phenolic VOCs used here are not necessarily comprehensive
and accurate; certain concentrations and rate constants were estimated because key gas-phase
measurements were unavailable. Nevertheless, the goals of using these simulations were not to
accurately describe the oxidation reactions, but rather to (1) demonstrate that NO3- oxidation is the
main loss pathway for the phenolic VOCs; and (2) develop a basic understanding of the oxidation
regimes (e.g., concentrations of NOs-, reacted amounts of VOCs, etc.). The formed SOA mass
concentrations from the steady-state experiments should be interpreted differently from the typical
batch-mode chamber experiments and hence are not directly comparable. This is likely due to the
short reaction time (~1 hr) in the present experimental setup and we expect that the observed SOA
yields are likely lower than from other chamber experiments. Further, despite of the usage of seed
aerosols, the relatively small reactor volume could have caused some wall loss of the gas-phase
oxidation products. In addition, the parent phenolic VOCs might also have significant wall losses
due their functionality that could more substantially lead to lower SOA formation (Matsunaga and
Ziemann 2010). The vapor wall loss, however, should have little influence on the molecular

characterization and optical properties of the SOA constituents.

Table 1. Experimental conditions.

Injected/steady . b . b Estimated SOA mass <MAC> values (m?> g

voC -state® [VOC] I:g;(;t?g /]S t(e;ac]ij);- sg?{;%/?t?adg)-c steady-state® | concentration | ') (365 nm/400-500
(ppb) ~ PP PPV | INOxT(ppt) | (ugm?)® | nm/290-700 nmy:

Phenol 100/15.9 580/420 250/190 13.7 16.5 1.307/0.413/0.896
Catechol 100/17.6 450/325 250/110 0.4 65.6 3.121/0.799/1.389
3MC 100/8.5 600/415 250/125 0.6 56.8 1.981/0.553/0.974
4MC 100/8.7 600/400 250/130 0.6 40.5 1.990/0.973/1.298
Guaiacol 100/25.0 500/330 250/120 1.0 46.5 0.618/0.171/0.304

aSteady-state VOCs are estimated by the kinetic model; Pinjected concentrations of O3 and NOx
are based on injection rates; °the steady-state NO, was measured by the NO, analyzer and could
include some interference from other inorganic and organic nitrogen; %a density of 1.4 g cm™ was
assumed for the average density of SOA; °the 400-500 nm and 290-700 nm results are averaged
values within the specific wavelength ranges.
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The generalized initial gas-phase reaction scheme of NO;- oxidation of phenolic VOCs that
leads to the addition of one nitro group (—NO>) to the phenolic backbone is shown in Figure 3A.
It can likely be applied to the other phenolic VOCs studied here with slight adjustments
(Bolzacchini et al. 2001; Krofli¢ et al. 2015; Vidovi¢ et al. 2018). Presented in Figure 3B is a more
comprehensive mechanism showing the gas-phase formation pathways of the main products from
the NO;- oxidation of phenol including the nitro- and dinitro-phenols as well as a variety of their
dimer products, which likely undergo gas-particle partitioning and were measured in the particle
phase. The other studied phenolic VOCs all likely undergo similar mechanisms to form monomeric
and dimeric products with 1 — 3 nitro groups. Some possible exceptions are discussed in later
sections. The mechanism shown here, however, only presents the formation of nitro-phenolic
products. Whether and how other types of products (e.g., additional functional groups on the
aromatic ring) could be formed remains unclear. In Figure 3A, the highlighted portion in green
represents a phenyl radical intermediate whose stability determines the likelihood of isomeric
ratios of the products. It should be noted that the type and number of substitution groups occupied
on the initial aromatic ring likely govern the intermediate’s stability, and hence the isomer
preference and diversity. For example, prior studies suggest that 2NP and 4NC are the dominant
products from NOs- oxidation of phenol and catechol, respectively, in the absence of O
(Bolzacchini et al. 2001; Finewax et al. 2018). However, Bolzacchini et al. reported that the
presence of O3 could affect the intermediate’s stability during the phenol NOs;- oxidation and
change the nitrophenol isomers’ distribution (i.e., leading to the formation of 4NP). How the
relevant isomers are distributed in the real atmosphere where O3 is usually present in comparison

to laboratory studies have not been demonstrated.
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280  Figure 3. (A) General mechanism for the NOs- oxidation of phenolic VOCs leading to the
281  nitrophenol type of products. The various R groups represent a variety of functional groups
282  including -H, -OH, -OCHs, -CH3. The structure highlighted in green represents a key phenyl
283  radical intermediate in the mechanism. (B) General mechanism for the NOs- oxidation of phenol
284  to form single-nitro phenols (orange), dinitrophenol (red), single-nitro dimers (pink), dinitro
285  dimers (blue) and a tri-nitro dimer (purple).

286

287  3.2. Characterization of the SOA constituents from NO3- oxidation of the phenolic VOCs

288 The IMS is capable of separating isomers based on their CCS and the TOF allows for
289  accurate molecular formula characterization of the products. The capability of the instrument to

290  provide fragment mass spectra further facilitates identification of functional groups in the products
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and investigation of fragmentation patterns. Therefore, detailed analysis of molecular and
structural information of the phenolic VOCs NOs- oxidation products under study are possible.
Figure 4A presents a two-dimensional plot of the drift time vs. m/Q for all of the products observed
from the NOs- oxidation of phenol and catechol; Figure 4B presents the same type of plot for the
products of the NO3- oxidation of 3MC, 4MC, and guaiacol. The two-dimensional drift times vs.

m/Q diagrams enable visualization of the number of isomers formed at each m/Q.
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Figure 4. (A) 2D drift time vs. m/Q plot for the NO3- oxidation experiments of phenol and catechol.
(B) 2D drift time vs. m/Q plot for the NOs- oxidation experiments of 3MC, 4MC and guaiacol.
These products represent monomer and dimer products described in the text. The symbol sizes
represent the relative peak intensities in the IMS-TOF. In (A), the drift times of the chemical
standards, 2NP, 4NP, and 4NC are labelled. Also shown are the identical compounds identified
from the SOAS biomass burning aerosol sample. The vertical dashed lines at the specific m/QOs are
for guidance.
3.2.1 Formation of nitrophenol products with additional alcohol groups

The chemical formulas of the major SOA products from the five studied phenolic VOCs
shown in Figure 4 are usually featured by the additions of xXNO; + yO —xH (x = 1-3, y = 0-3) onto
the initial chemical formulas. These formulas could represent addition of —NO; groups to the
aromatic backbone, forming nitro-phenolic products as widely known. However, the additional
oxygens are unexpected for NOs- oxidation in which -OH radicals are predicted to be very low.

They could be due to the alcohol groups (—OH) in addition to the —-NO> groups or formation of —

NOs- functional groups instead of —NO». It is also unlikely that these products are formed from
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peroxy radical cross reactions, as the phenol-derived peroxy radicals (with the Oz- on an aromatic
carbon) do not undergo the Russell mechanism and produce ketones and alcohols as peroxy
radicals on aliphatic carbons do (Russell 1957). It is apparent that many identical products (i.e.,
same m/Q and drift time) are observed in the NOs- oxidation of phenol and catechol (Figure 4A).
These results suggest that although catechol is functionalized with one more alcohol group than
phenol, the NOs- oxidation of phenol produces a number of identical products, evident for the
addition of alcohol groups to the aromatic ring. A representative example for this observation is at
m/Q 154 (CsHaNOy') in the NOs- oxidation of phenol and catechol. Shown in Figure 5 are the
driftgrams for m/Q 154 from the NOjs- oxidation of (A) phenol, (B) catechol, and (C) the SOAS
aerosol sample. Three prominent drift time peaks are present in these samples, at 22.4 ms, 24.2 ms
and 25.8 ms. The peak at 24.2 ms was confirmed to be 4NC by the authentic chemical standard.
In the NOs- oxidation of catechol (Figure 5B), only two major drift time peaks were present at
m/Q 154, as expected, which would represent 3-nitrocatechol (3NC) and 4NC. This suggests that
the peak at 25.8 ms is likely 3NC, but it cannot be definitively assigned due to the lack of a standard
for 3NC. With our tentative assignment, the substantial presence of 3NC in the NO3- oxidation of
catechol is in contrast to previous studies, where only 4NC was detected as a major product
(Finewax et al. 2018). One likely explanation is that the presence of O3 in our study has strongly
affected the stability of the intermediate which modifies the products’ isomer distribution
(Bolzacchini et al. 2001), while the study by Finewax et al., (2018) used N,Os as the NOs-
precursor and O3 was not present. Nonetheless, the perfect drift time peak matching clearly
suggests that the NOs3- oxidation of phenol could produce nitrocatechols. Two possibilities for the
additional peak at 22.4 ms are N-nitroresorcinol or N-nitrohydroquinone, which contain their

alcohol groups in the 1,3-position and 1,4-positions respectively. Since the alcohol groups are not
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in the 1,2-positions in these structures, they could only be formed from the NOs- oxidation of
phenol which is evident at 22.4 ms in Figure SA. We also note that both the nitrocatechol isomers
were largely observed from the ambient aerosol sample (Figure SC). These comparisons together
suggest that the oxidation of phenolic VOCs produces dynamic and complex isomer distributions,
likely mediated by Os. Further investigation is warranted to elucidate the mechanistic pathways

underlying the formation of 3NC and 4NC from the NOs- oxidation of phenol.

1.0 o o N o L ]
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Figure 5. Driftgrams of m/Q 154 (C¢HaNOy) from (A) phenol + NOs- SOA, (B) catechol + NOs-
SOA, and (C) the SOAS aerosol sample.

3.2.2 Oxidation products of the C7 phenolic VOCs

In Figure 4B, a number of products with identical chemical formulas were observed in the
NOs3- oxidation of 3MC, 4MC and guaiacol likely because these three phenolic VOCs have the
same chemical formula. However, these products are expected to have different structures and thus

should be separated by different drift times in the IMS-TOF. This is indeed the case, as evident in
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Figure 4B. Regardless, the major monomer products in all three systems appear to be highly
consistent with the mechanisms shown in Figure 3B. In addition, a variety of six-carbon (Cs)
monomers and twelve-carbon (Ci2) dimers were observed. Many of these products have the same
chemical formulas and drift times to the products identified in the NO3- oxidation of phenol and
catechol, indicating that they may exhibit identical structures. The observation of C¢ phenolic
products in the NO;- oxidation of the three C7 substituted phenolic VOCs suggests that the carbon-
containing substitutes could be replaced by a —OH or by a —NO> group. Despite the fact that a
methoxy group (in guaiacol) is typically a much better leaving group than a methyl group (in 3MC
and 4MC), the observation of C¢ monomers in the NOs- oxidation of 3MC and 4MC implies that
some scission mechanism of the substituted groups must have occurred. However, the scope and
techniques in the present study did not allow us to propose a mechanism for the observation that
requires further studies. Moreover, the presence of Ci2 dimers in the NOs3- oxidation of C7 phenolic
VOCs demonstrate that the Ce monomers were formed in amounts significant enough to undergo
further chemistry including dimerization. The Ci4 dimer products, however, have some notable
differences than the mechanism shown in Figure 3B. Specifically, dimers with one —-NO> group
are only observed with oxidation number (n0) greater than or equal to 8. This observation suggests
that simple dimers such as those from a nitromethylcatechol with a methylcatechol (no = 6) are
not present, in contrast to Figure 3B. This difference is further discussed in Section 3.2.4.

There are some exceptions where the products share similar drift times between two or all
three of these systems in Figure 4B. When the drift times of two products from 3MC and 4MC
overlap, the only difference between the products is the position of a methyl group which may
explain the identical drift times. However, when the products of guaiacol overlap with either 3MC

or 4MC, this drift time overlap is not as easily explained because in one case the methyl group is
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part of a methoxy group and in the other case, it is attached to the ring. To verify the differences
between such “identical” peaks, comparisons were made between the fragmentation mass spectra.
For example, similar drift times were observed in the NO;3- oxidation of 3MC and 4MC at m/Q
168 (C7HeNOy) with drift time ~ 25.6 ms, as well as in the NOs- oxidation of 3MC, 4MC and
guaiacol at m/Q 184 (C7He¢NOs") with drift time ~ 27.8 ms. Figures S2 and S3 compare the
fragmentation mass spectra at CID 20V of these products. In both cases, although the peaks have
similar drift times in the IMS, it is apparent that the fragmentation mass spectra are distinct,
suggesting that they do not have the same chemical structures, as expected. Further research needs
to be conducted to explain this observation, but it is possible that the resonance of the aromatic

ring largely constrains the CCS of the products and hence the observed drift times.

3.2.3 Non-aromatic products

In the analysis of the SOA constituents from NOs- oxidation of the phenolic VOC:s,
products with two additional hydrogens than the above-discussed compounds were observed.
These products include: m/Q 185 (CsHsN20s"), and m/Q 201 (CsHsN20g") in phenol; m/Q 201
(CeHsN20¢6") and m/Q 217 (CsHsN20O7) in catechol; and m/Q 215 (C7H7N20¢s"), m/Q 231
(C7H7N207), and m/Q 247 (C7;H7N20ys"), in 3MC, 4MC and guaiacol oxidation. These peaks were
not expected based on the known gas-phase reaction mechanisms (Figure 3) but were observed in
substantial abundances as shown in Figure 4. The addition of two hydrogens in each of these
phenolic VOCs effectively reduces the double bond equivalence (DBE) by one and removes its
aromaticity or suggests a possible ring-opening. The fragment mass spectra (Figures S4 — S8) of
these products at CID 20V revealed similar fragmentation patterns across each m/Q for each of the

phenolic VOCs studied. In these fragmentation mass spectra, neutral losses of m/Q 31 (HNO), m/Q
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47 (HNO2), m/Q 63 (NO2 + OH or HNO:s3) are consistently observed to be dominant fragments
from the parent compounds. These fragmentation patterns are in contrast to the products with the
nitrophenol type of structures (e.g., m/Q 213 and m/Q 229), which will mainly lose NO» (m/Q 46)
at high CID voltage due to their aromaticity. Unfortunately, the interpretation of these fragments
does not help to uncover the exact structures of these products. Thus, it is still unclear how this
class of products are produced through NOs- oxidation of the phenolic VOCs. Nevertheless, the
results suggest that these products are common across different phenolic VOCs and may comprise
substantial fractions. It should also be mentioned that despite this loss of aromaticity or possible
ring-opening, these products were stable enough to be observed in the presence of NO3- and Os.
This suggests that the products might not contain C=C double bonds which could be quickly
oxidized by NOs- and O3, but rather carbonyls (C=0) on the cyclohexane ring. Further studies are
warranted to elucidate the chemical structures and formation mechanisms of these non-
aromatic/ring-opening products because such products have not been previously reported in NO;-

oxidation of the phenolic VOC systems.

3.2.4 Dimers in the NO3- oxidation products of the phenolic VOCs

All of the phenolic VOCs under study showed the capability to form a wide variety of
dimers upon NOs- oxidation with up to three nitrogen atoms per dimer molecule. Structural
analysis of these dimers was carried out by investigating the mass spectra at the same drift times
of the parent ions under high CID 20V. Figure 6 presents the fragmentation mass spectra of five
major dimers in phenol SOA (as shown in the reaction scheme in Figure 3B). These dimers are
all characterized by the diphenyl ether structures. In the fragmentation mass spectra shown in

Figure 6, bond scission at the ether linkages are evident, consistent with the proposed structures.
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In panels A and B are fragment mass spectra of two single nitro- dimers and both of these show
strong peaks indicating the fragmentation of m/Q 92 (phenol). In the case of m/Q 246 in panel B,
this loss of phenol indicates that the nitro and alcohol groups are located on the same ring. In panels
C and D are fragment mass spectra of two dinitro- dimers and both of these show strong peaks
indicating the loss of m/Q 169 (C¢H3NOs), possibly suggesting nitrophenol with two alcohol
groups as the monomeric building block. Lastly, for m/Q 320, a trinitro-dimer in panel E, a large
peak at m/Q 138 (nitrophenol) shows the loss of m/Q 182 (dinitrophenol). Since there are no
additional oxygens in this molecule, the two monomer building blocks can be deduced as
nitrophenol and dinitrophenol. Thus, the dimers’ monomer building blocks are revealed. From the
mechanism shown in Figure 3B, it was assumed that many of the dimers in these systems are
formed in the gas phase via phenoxy radical pathways, followed by gas-particle partitioning. This
is supported by the observation that volatile building blocks such as phenol and catechol are
present in the dimers; they are unlikely to be present in the particle phase in substantial amount
and participate in condensed-phase dimerization. Similar gas-phase phenoxy radical chemistry has
been proposed previously from both experimental and computational studies (Strollo and Ziemann
2016; Xu et al. 2010). Nevertheless, it is unclear whether all the dimers were formed via this
pathway due to the lack of gas-phase measurements. Specifically, the volatile monomeric building
blocks were not observed in the Ci4 dimers. The simplest single nitro dimer formed in the NOs-
oxidation of 3MC, 4MC and guaiacol was expected as Ci14H13NOg, which would be composed of
the building blocks C7HsO2 and C;H¢NO4. However, the smallest single nitro dimer ions observed
were C14H12NOg™ in 3MC and 4MC and C14H12NOy™ in guaiacol. The reason for such difference is
unclear, but the fact that volatile monomer building blocks are not present might indicate that the

major Ci4 dimers were formed via particle-phase reactions. Regardless, similar types of dimers are
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observed in all the studied phenolic VOC systems, suggesting that they are important constituents

in the phenolic SOA from NOs- oxidation.
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Figure 6. Fragment mass spectra of five dimers from the NO3- oxidation of phenol performed at
CID 20 V with their proposed structures shown on the left. From top to bottom the dimers’
formulas are A (C12H8N04'), B (C12H8N05'), C (C12H7N208'), D (C12H7N209'), E (C12H6N308').
3.2.5 Phenolic VOC products in ambient biomass burning aerosols

In the analysis of the SOAS aerosol sample, some identical products to those characterized

in the NOs- oxidation of the five phenolic VOCs in this study were observed and displayed in

Figure 4. Namely, a variety of Cs and C7 monomers as well as several Ci4 dimers were identified
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in the SOAS biomass burning sample with identical drift times to those observed in our study.
Additionally, some products containing additional alcohol groups, such as m/Q 170 (CcHsNOs")
in phenol and catechol, m/Q 229 (C;HsN,0O7") and 245 (C7HsN20sg") in 3MC, 4MC and guaiacol,
and non-aromatic compounds, such as m/Q 215 (C7H7N20¢), 231 (C7H7N207) and 247
(C7H7N2053") in 3MC, 4MC and guaiacol, identified in this study were also present in the SOAS
aerosol sample, indicating that these new chemical processes discussed here are relevant to that
observed in ambient biomass burning events. Furthermore, we should note that these compounds
were only observed in the sample that was collected during a major wildfire event but not in the
other 12 non-biomass burning samples, suggesting their relevance to biomass burning aerosol
processing. Although it is the only sample relevant to a large biomass burning event at the
beginning of the field campaign and its representativeness warrants further examination, the
identical products from different pathways are worthwhile to mention. It is also notable that the
particular SOAS biomass burning event started before sunrise, but the sample collection was
during the morning hours. Therefore, interference from daytime -OH-oxidation chemistry and
primary emissions cannot be ruled out (Chow et al. 2016; Li et al. 2020b). More distinct ambient
aerosol samples with higher time resolution are needed to further confirm how the observed

products are formed.

3.3. Optical properties of products from NOj3- oxidation of phenolic VOCs

The MAC values averaged at the various wavelength ranges for each of the phenolic
derivatives are tabulated in Table 1. The UV-Vis absorption spectra for each of these compounds
can be found in Figure S9. The MAC values were calculated for the SOA derived from each

phenolic VOC at 365 nm, average of 400 — 550 nm, and average of the entire UV-Vis range (290
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— 700 nm). The <MAC>400-500nm values had standard deviations of + 0.200 m? g! or less. The
<MAC>290-700nm values had standard deviations of + 1.182 m? g'! or less. Prior studies have
suggested that 365 nm is a characteristic wavelength of peak absorption for BrC (Lin et al. 2014;
Zhang et al. 2012c); <MAC>400-5500m Were shown for consistent comparisons with previous
measurements (Moise et al. 2015). Among the five studied phenolic VOC systems, guaiacol SOA
exhibit somewhat lower light absorption than the other four systems which all absorb light strongly.
To our knowledge, this is the first report of optical properties (i.e., MAC values) of phenolic VOC
+ NO;- SOA. Thus, we compared our measurements with laboratory aromatic SOA and ambient
organic aerosols relevant to urban atmosphere or biomass burning. Despite that there are some
variations between MAC values from different phenolic systems, our results suggest that the
measured MAC values from the SOA derived from phenolic VOC + NOj- oxidation are generally
3 — 10 times higher than the laboratory-generated aromatic SOA (e.g., from photooxidation of
toluene and the xylenes) (Liu et al. 2015; Nakayama et al. 2013, 2010; Zhong and Jang 2011).
These comparisons suggest that the SOA from photooxidation of aromatic VOCs are mostly less
absorbing compounds than formed from NOs- oxidation in the present work. In addition, prior
studies suggest that the guaiacol -OH oxidation SOA are much more light absorbing when NOx
was present (i.e., <MAC>400-550nm 0f ~ 0.19 m? g'! for SOA in the presence of NO,; in contrast to
that of ~ 0.02 — 0.03 m? g'! in the absence of NOy) (Lambe et al. 2013; Romonosky et al. 2016).
Note that the MAC values reported for guaiacol + -OH/NO, are very consistent with our
measurements for guaiacol + NO3* (i.e., <MAC>400-550nm of ~ 0.17 m? g!). These comparisons
could be explained by the fact that both -OH/NO, and NOs- oxidation of guaiacol (or other phenolic
VOCs) produce substantial nitrophenol-like products (Finewax et al., 2018), but this is not the case

for other aromatic VOCs such as toluene and the xylenes, which largely form non-absorbing
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oxygenated products (Ji et al. 2017; Kamens et al. 2011; Wagner et al. 2003; Zhou et al. 2011).
We should also mention that almost all the phenolic SOA constituents observed here contain at
least one nitro group on the aromatic rings, which is highly light absorbing. However, when
comparing with ambient organic aerosols, especially those relevant to biomass burning events, our

results are similar or lower than the ambient OA’s MAC values: MACsgsnm = 1.52 £ 2.10 m? g!
and <MAC>400-s00nm= 1.76 + 2.46 m*> g! (both values are represented as mean + standard deviation)
(Chen and Bond 2010; Cheng et al. 2011; Flowers et al. 2010; Hecobian et al. 2010; Hoffer et al.
2006; Kirchstetter et al. 2004; Lack et al. 2012; Magi 2011, 2009; Utry et al. 2013; Zhang et al.
2013, 2011b). The closer MAC values with ambient organic aerosols imply that nitro- or

nitrophenol type of products are substantial, especially from biomass burning aerosols.

4. Conclusions and atmospheric implications.

In this work, the SOA constituents from the NO3- oxidation of five major phenolic VOCs
relevant in ambient biomass burning emissions were analyzed using IMS-TOF. In addition to the
nitrophenolic products which have been demonstrated in prior research, our analysis suggested
observations of new products indicative of previously unrecognized oxidation mechanisms. These
new products and pathways include: (1) formation of multifunctional products containing both —
NO:2 and —OH groups; (2) formation of non-aromatic/ring-opening products; (3) formation of
diphenyl ether dimers; and (4) formation of fragmentation products when carbon-containing
substitutes are present in the phenolic VOCs. These products may form a substantial portion of the
total SOA mass. Additionally, the identification of these same products in the SOAS biomass
burning sample shows the relevance of these new product pathways in the ambient biomass

burning emissions. Although detailed mechanisms that are responsible for these products have not
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been elucidated, we suggest that they could be important focuses in future work to improve our
understanding of the oxidation and evolution of phenolic VOCs in the atmosphere during nighttime.
In particular, how the presence of O3 influences the isomeric distribution of the oxidation products
and how the additional alcohol functional groups are formed are critical to understand as biomass
burning is becoming increasingly important globally. Finally, the optical analysis of the SOA from
the NO;- oxidation of these phenolic VOCs has shown that phenolic VOCs with additional
functionalization form products with larger SOA mass and these products tend to absorb light
strongly in the UV and visible ranges. This increased functionalization and dimerization both lead
to lower SOA volatility and ultimately lead to an increase in light-absorbing brown carbon under
atmospheric conditions. The observations reported in this work strengthen the assumption that
nighttime NO;3- oxidation of phenolic VOCs can lead to a significant portion of light-absorbing

brown carbon in the atmosphere.
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