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Abstract:

Nitrogen-containing heterocyclic volatile organic compounds (VOCs) are important
components of wildfire emissions that are readily reactive towards nitrate radicals (NO3) during
nighttime, but the oxidation mechanism and the potential formation of secondary organic aerosol
(SOA) and brown carbon (BrC) are unclear. Here, NO3 oxidation of three nitrogen-containing
heterocyclic VOCs: pyrrole, 1-methylyrrole (1-MP), and 2-methylpyrrole (2-MP) were
investigated in chamber experiments to determine the effect of precursor structures on SOA and
BrC formation. The SOA chemical compositions and the optical properties were analyzed using a
suite of online and offline instrumentation. Dinitro- and trinitro-products were found to be the
dominant SOA constituents from pyrrole and 2-MP, but not observed from 1-MP. Further, the
SOA from 2-MP and pyrrole showed strong light absorption while that from 1-MP were mostly
scattering. From these results, we propose that NOs-initiated hydrogen abstraction from the 1-
position in pyrrole and 2-MP followed by radical shift and NO, addition leads to the light-
absorbing nitroaromatic products. In the absence of a 1-position hydrogen, NOs addition likely
dominates the 1-MP chemistry. We also estimate that the total SOA mass and light absorption
from pyrrole and 2-MP are comparable to those from phenolic VOCs and toluene in biomass
burning, underscoring the importance of considering nighttime oxidation of pyrrole and

methylpyrroles in air quality and climate models.

Keywords: Biomass burning, light absorption, heterocyclic VOC, nitroaromatics, organic nitrate
Synopsis: Pyrrole and 2-methylpyrrole emitted from biomass burning may largely form
nitroaromatic products with strong light absorption during nighttime nitrate radical oxidation

through hydrogen abstraction of the secondary amine functional groups.
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Introduction

In recent years, wildfires have shown a global increase in occurrence and severity.!
Biomass burning events release volatile organic compounds (VOCs) and particulate matter into
the atmosphere which impact the Earth’s radiative budget, air quality and human health.’*
Nitrogen-containing heterocyclic VOCs such as pyrrole and its methyl derivatives could represent
an important portion of wildfire emissions. From fuels native to North America, pyrrole has
emission factors ranging from 0.014 — 0.11 g kg'!, 1-methylpyrrole (1-MP) from 0.0023 —0.023 g
kg! and 2-methylpyrrole (2-MP) from 0.0023 — 0.015 g kg'!.> In comparison, another class of
well-studied wildfire emissions, phenolic VOCs, have total emission factors ranging from 0.10 —
0.64 g kg'! from similar fuels.”” During biomass burning events, increased levels of NO, (= NO
+ NO3) can quickly react with ozone (O3) to produce nitrate radicals (NOs), which may act as the

10-12 "and even during daytime.!> The NO;

primary oxidant for some VOCs during nighttime,
oxidation of pyrrole and methylpyrroles has been understudied but may represent a significant
pathway towards the formation of secondary organic aerosol (SOA).!* These SOA are often found
to be light absorbing (i.e., forming brown carbon, BrC), which further enhance their climate
impacts.!>17 Therefore, it is of vital importance to understand the NO3 oxidation chemistry of
pyrrole and methylpyrroles and incorporate it into the current air quality and climate models.
Several prior studies have investigated NO3 oxidation of heterocyclic VOCs such as furan
and methylfurans,'®2° but there have been very few studies of pyrrole and methylpyrroles.'*?! The
primary nighttime oxidant, NOs, has been shown to react very quickly with pyrrole in the gas
phase with a rate constant of 4.9 x 10! cm?® molecules™ s1.2223 The low-volatile products from

NO; oxidation of pyrrole can partition into the particle phase with significant SOA yields and

exhibit strong light-absorbing properties.!* Pyrrole has been reported to have 109 + 29% SOA
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yield from NOs oxidation and an average mass absorption coefficient (<MAC>) of 0.34 + 0.07 m?
gl from 290 — 700 nm encompassing the UV and visible light.!* However, the composition and
formation mechanism of SOA and BrC from NOj3 oxidation of pyrrole and methylpyrroles remain
poorly understood. Pyrrole and methylpyrroles contain double bonds which might undergo NO3
addition following mechanisms like those established for many alkenes to form organic nitrates;>*
2 they are also aromatic compounds, thus it is conceivable that they could also undergo reactions
involving H-abstraction by NOj like those reported for phenolic VOCs and form nitroaromatics in
the presence of NO,.3%3 In the NOs oxidation of phenolic VOCs, nitroaromatic products generally
constituted a significant portion of SOA mass and may contribute to the strong light
absorption.??32:33:36-39 In this study, we investigate the SOA formation from NO; oxidation of
pyrrole, 1-MP and 2-MP using a comprehensive suite of analytical instrumentation. We identify
the major SOA products from NOs oxidation of the three N-containing heterocyclic VOCs,
measure the optical properties of their SOA, and discuss how the chemical structure regulates the

oxidation mechanisms that lead to the distinct formation of light-absorbing chromophores.

Materials and Methods

Chemicals and reagents. The chemicals and reagents used in this study and their purities
and suppliers are as follows: pyrrole (TCI America, >99%), 1-methylpyrrole (TCI America,
>99%), 2-methylpyrrole (aa blocks, 98%), sodium chloride (99.5%, Sigma Aldrich), methanol
(HPLC Grade Fischer Chemical), and acetonitrile (HPLC Grade Fischer Chemical). All chemicals
were used without further purification.

Laboratory experiments. All the experiments (see Table 1) were performed in a 10 m?

Teflon FEP smog chamber under dark conditions, low relative humidity (RH < 20%), at room
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temperature (20 — 25°C) and pressure (730 Torr). A duplicate experiment was performed for each
of the five conditions listed in Table 1 to verify reproducibility. NOs radicals were generated
through the reaction of O3 and NO> in the chamber. O3 was introduced into the chamber using an
Os generator (A2Z Ozone 3GLAB) and the initial concentration of Os for each experiment was ~
1400 — 1700 ppb. Directly following this, NO: (Airgas) was injected into the chamber to achieve
an NO» concentration of ~ 150 ppb or 450 ppb. Thus, the initial NO2/Oj3 ratio in the chamber was
approximately 0.1 or 0.3, which is similar to that measured in relatively fresh wildfire plumes.*’
The O3 and NO, concentrations in the chamber were measured in real-time by an O3 analyzer
(Advanced Pollution Instrumentation, Inc.) and a NO. analyzer (Teledyne Instruments),
respectively. Oz and NO; were allowed to react for ~ 1 h in the chamber before injection of pyrrole,
1-MP, or 2-MP at approximately 200 ppb by passing 15 L min™! of N, gas through a heated jar
containing the liquid VOC to initiate the NO3 oxidation experiment. A scanning electrical mobility
scanner and a mixing condensation particle counter (SEMS and MCPC, Brechtel Manufacturing
Inc.) were used to measure size distribution and number concentrations of the SOA from 10 — 800
nm with 140 size bins. After the formed SOA mass concentrations reached a plateau, SOA samples
were collected on PTFE membrane filters (Tisch Scientific) at 16.7 L min™! for 1 h, allowing for a
total collected SOA mass of 149 — 422 ng, estimated based on the measured aerosol effective
densities described below. The collected SOA samples were stored at -20°C until analysis. Before
all the aerosol measurements, the particles from the chamber passed through a 30 cm-long
diffusion dryer filled with silica gel (Sigma-Aldrich) and Purafil (Thermo Scientific).

In addition to the chamber experiments, we also performed kinetic experiments in a
continuous flow stirred tank reactor (CFSTR) to constrain the oxidation rate constants of 1-MP

and 2-MP in reactions with O3 and NOs radicals.?>*! The decays of the methylpyrroles relative to
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pyrrole upon oxidation by O3 and NOj radicals were measured by a proton-transfer reaction mass
spectrometer (PTR-MS). Details are described in the Supplemental Information (SI), Text S1.
SOA Chemical Characterization. The collected SOA filter samples were extracted for
offline chemical analysis. Specifically, 20 mL of methanol was added to each vial containing a
filter sample followed by 45-min sonication. The filters were then removed from the vials and
methanol was evaporated off with a gentle flow of N>. Immediately after filter extraction, the
extracts were dissolved in 100 pL acetonitrile with 0.1 mM NaCl for analysis using an electrospray
ionization (ESI) ion mobility spectrometry time-of-flight mass spectrometer (IMS-TOF, Tofwerk
Inc.) in the negative ion mode. The doped NaCl allows for molecules to form adducts with chloride
[M+CI]™ in (-)ESI, which has been shown to be an effective approach to detect non-acidic organic
nitrates which are otherwise challenging to ionize directly by ESL.*? Each sample extract was
injected into the IMS-TOF using a syringe pump at a rate of 1 pL min™!. After the (-)ESI, the
generated ions enter into a drift tube and are met with a counterflow of N> gas (at 1.2 L min’')
which serves to separate different ions based on their collisional cross sections thereby giving each
ion a characteristic drift time.>>* Upon exiting the drift tube, the ions were focused through a
pressure-vacuum interface which contains two segmented quadrupoles operated at ~ 2 mbar and 5
x 10~ mbar, respectively. By varying the voltages between the two segmented quadrupoles,
collision-induced dissociation (CID) of parent ions is achieved. The IMS-TOF was operated over
an m/Q range of 45 — 600 Th. The IMS resolution is (t/At) ~ 100 and the TOF mass resolution is
(m/Am) ~ 4000, determined by various standard ions with m/Q between 100 — 200 Th.?>*? All the
IMS-TOF data processing were performed using Tofware (version 3.2.0, Tofwerk Inc.) running

with Igor Pro (Wavemetrics Inc.).>%
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In addition, size-resolved mass distributions and particle chemical composition were
measured in real-time by a mini aerosol mass spectrometer (mAMS) coupled with a compact time-
of-flight mass spectrometer (Aerodyne Research, Inc.).* The size-resolved aerosol mass
distribution was compared with the concurrent SEMS-derived aerosol volume distribution to
determine the effective aerosol density (pef).*~*7 The calculation of pesis described in the SI, Text
S2. The calculated pe;r was then used to estimate the SOA mass concentrations shown in Table 1.
The mass accuracy of the mAMS is ~ 20 ppm and the resolving power is ~ 1200 — 1300. Size
selected ammonium nitrate particles or dry polystyrene latex spheres were regularly used to
calibrate the sensitivity and sizing capability of the mAMS. High resolution analysis of the raw
mass spectra was conducted from m/Q 20 — 115 Th to calculate the mass concentrations of all
species.*® Besides, supportive gas-phase chemical analysis was performed for selected
experiments (pyrrole and 1-MP) with a chemical ionization mass spectrometer using iodide (I") as
the reagent ion (I-CIMS, Aerodyne Research Inc.). The I forms adducts ([M + I]7) with
functionalized molecules containing oxygens and nitrogens. Further details about this instrument
can be found in our previous publication.'*

SOA Optical Property Characterization. Online analysis of the SOA optical properties
was performed using a Photoacoustic Extinctiometer (PAX, Droplet Measurement Technology,
Boulder, CO). The PAX allows for measurements of absorption and scattering coefficients at 375
nm (Bass 375 and Pscar375) at 1 Hz, which were averaged to the SEMS scan time interval (140 s).'
Online <MAC> at 375 nm (SMAC>niine;375) Was estimated by:

:8 bs,375
MAConline,375 = aCS (1)
SOA

where Csoy 1s the estimated SOA mass concentration. The calculation of Csoy4 is described in the

SI, Text S2. The single scattering albedo (SSA) at 375 nm was calculated by:



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

ﬁscat 375
SSAs,c = ' (2)
ﬁscat,375 + Babs,375

The calculated SSA is size dependent and is calculated as a function of size parameter (o). o0 was
determined with the following equation using d,, and the wavelength of radiation used in PAX (A

=375 nm):*

dm
A375 = HT 3)

Offline <MAC> profiles were obtained using measurements from a UV-Vis
spectrophotometer (Beckman DU-640). All the UV-Vis spectroscopy measurements were
operated under 293 K and 1 atm.!* The SOA filter samples were extracted using acetonitrile as the
solvent, following the same extraction procedure as described above. The data from these

measurements were used to calculate the <MAC> in m? g'! for each sample:
g p

A1) x In (10)
b x C,

< MAC >offline: (4)

where A4(7) is the absorbance at the wavelength of interest, b is path length of cuvette (0.01 m) and
Cy is the concentration of SOA in g m3.!* Additionally, the absorption Angstrom exponent (44E)

was calculated for each <MAC> profile from this data:

iy SMAC > (4y)
<MAC> (2
AAE,, = 7 (1) (5)
Az In (%
2

where 4; and 1, are two selected wavelengths. AAE290/400 and AAEa0/600 were calculated, which
will improve our understanding of the wavelength dependence of light absorption in the UV (290
— 400 nm) and visible (400 — 600 nm) regions.'*

In addition, offline analysis of chemical composition and light absorption was also carried
out using liquid chromatography coupled (LC) with a diode array detector (DAD) and (—)ESI high

resolution time of flight mass spectrometer ((—)ESI-HR-TOFMS, Agilent 6545 series).!*
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Kinetic simulations for NO;z concentrations and TD-DFT calculations. In this work,
since direct NOs measurement was unavailable, a kinetic model was used to estimate the
concentrations of NO3 before VOC injection for each experiment based on the measured initial O3
and NO; concentrations.* The gas-phase loss of NO3 and N>Os to the Teflon wall are incorporated
into the simulations using rates reported in previous research.’® The model suggests that NOs3
concentrations stabilized at ~8.0 ppb and ~22.0 ppb for NO,/Os3 ratios of 0.1 and 0.3, respectively
before VOC injections. The kinetic model was also used to estimate the fractions of VOCs oxidized
by NOs vs. Os using reaction rates reported in previous literature (for pyrrole)?? and constrained
in the CFSTR experiments in this work (for the methylpyrroles). As described in the SI, Text S1,
1-MP reacts with O3 faster than pyrrole by a factor of ~ 3.3 and with NO; slower than pyrrole by
a factor of ~ 1.9. In contrast, 2-MP reacts faster with both O3 and NOs3 than pyrrole by a factor of
~ 10.3 and ~ 9.8, respectively. Despite the variations in their reactivities, over 92% of all three
VOCs was oxidized by NO3 under the chamber conditions based on the kinetic model, suggesting
the dominance of NO3 oxidation chemistry in the SOA formation.

In addition, time-dependent density functional theory (TD-DFT) computational chemistry
approaches were also used in this study to predict the UV-Vis spectra for several BrC
chromophores of interest.”! The calculations for the predicted UV-Vis spectra were performed
with the Gaussian 16 program and the spectra were visualized using GaussView 06 software. All
calculations were computed with acetonitrile as the solvent to be consistent with the offline UV-
Vis measurements. To optimize the geometry PBEO functional method with the 6-311+G(d,p)
basis set was used, along with acetonitrile as the solvent. Likewise, the same functional method

and basis set were used for the TD-DFT calculations, with 20 excited states. The cartesian
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coordinates for optimized geometries used for the simulated UV-Vis spectra are listed in Tables

S1-S2.

Results and Discussion

Chemical Composition of the SOA. Figure 1 presents the (—)ESI-IMS-TOF mass spectra
for SOA from NOs oxidation of pyrrole, 2-MP and 1-MP in the experiments with initial NO2/O3
= 0.3, with chemical formulas highlighted for the major product ions. Similar mass spectra from
the initial NO»/O3; = 0.1 experiments are shown in the SI, Figure S1. All the identified major ions
contain at least two nitrogen atoms and have [M-H]~ chemical formulas, despite the usage of NaCl
as the dopant. This deprotonation ionization scheme was previously reported for nitroaromatics
and nitrophenols using the same instrument.?>*>>2 In contrast, non-acidic organic nitrates were
found to mainly form [M+Cl]~ adducts with doped CI.** Alternatively, organic nitrates containing
acidic groups may also exhibit [M-H]". The acidic groups could be carboxylic acids or alcohols on
heterocyclic rings.>? To distinguish between nitroaromatics and acidic organic nitrates (which may
also deprotonate by the acidic groups in (—)ESI), we introduce a term for the three studied VOC

systems, “NO; index”:

Inox = —2 (6)

where ny and ny are the numbers of oxygens and nitrogens per formula, respectively; ny — 1
represents the number of additional nitrogens to the initial pyrrole or methylpyrroles. Thus, for
products which only contain nitro groups (—-NO2), Iyo, = 2. To form organic nitrates (—-ONO3)
through NOs3 addition to a double bond, another O-containing functional group must be added via
peroxy radical chemistry. Therefore, for organic nitrate products, Iyo, > 4. Iy, between 2 and 4

likely suggests multifunctional species that contain both -NO> and ~ONO:..
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Table 1. Summary of Experimental Conditions®.

(03] [NOM] Peak SOA | <MAC>otfline (rnz g'l) AAE»90/400 and SSA375°
voC ( Sb;% ( b")f,q mass conc. | (375 nm and 290- AAE400/600
PP PP (ug m>) 700 nm average)’

Pyrrole 1332 265 298 0.35/0.21 4.98/6.23 0.80 +£0.01
1-MP 1308 262 250 0.13/0.07 5.14/8.00 0.97 £0.00
2-MP 1392 177 422 0.69/0.35 4.72/8.83 0.76 £0.01

Pyrrole 908 88 149 0.23/0.13 4.46/5.18 0.80 +£0.02
1-MP 898 76 175 0.16/0.08 4.88/7.02 0.97 £0.00

2A duplicate experiment was performed for each of the five conditions and the values reported in
the table are averages of duplicates which usually vary within 10%; *Steady-state O3 and NOx
concentrations measured before 200 ppb of VOC injection. Here, NO>, NO3, and N>Os could be
detected as NO,; ‘Peak SOA mass was calculated using calculated effective SOA density for each
experiment; YThe 290 — 700 nm results for <MAC> are averaged values within the specific
wavelength ranges; °The average SSA37s throughout the experiments when the size parameter was

greater than 1.
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Figure 1. (-)ESI-IMS-TOF mass spectra with major products highlighted for (A) pyrrole + NO3
SOA, (B) 2-MP + NO3 SOA, and (C) 1-MP + NO3 SOA. For simplicity, the molecular formulas
are labeled. The intensities of significant products, C4H3N3O4 for pyrrole and CsHsN3O4 for 2-MP,
are multiplied by factors of 0.03 and 0.2 respectively to make the additional key products visible.
The inserted plots in (A) and (B) show characteristic fragment ions ([M-H-NO]~ and [M-H-NO]"
) for C4H3N304 in pyrrole SOA and CsHsN3Os in 2-MP SOA using IMS drift time vs. intensity
data obtained at high CID voltage (20 V). The x-axes are shifted by +14 in (B) and (C) in
comparison to (A), to account for the difference by —CH; in the VOC precursors, so that the

oxidation products can be more easily compared.

From the NO; oxidation of pyrrole (Figure 1A) and 2-MP (Figure 1B), the most
significant products identified in the SOA are C4H3N3O04 (m/Q 156 Th) and CsHsN3O4 (m/Q 170
Th), respectively. These formulas both have two additional nitrogens with Iy, = 2, corresponding
to dinitropyrrole and 2-methyl-dinitropyrrole, respectively. Following methods described in
previous literature for identifying nitroaromatics in the IMS-TOF, we looked for the fragments of
[M-H-NOJ~ and [M-H-NO:]™ at high CID voltage for these species which is indicative of the
presence of —NO; functionality.*> We found evidence of such fragments by identifying identical
drift times between [M-H]~, [M-H-NO]™ and [M-H-NO:]™ for C4H3N304 in the pyrrole SOA and
CsHsN304 in the 2-MP SOA (inserted plots in Figure 1A and Figure 1B), thereby confirming that
they are dinitropyrrole and 2-methyl-dinitropyrrole, respectively. It should be mentioned that their
ion intensities are 5 — 30 times higher than the second largest product ions and thus are the most
important products in these oxidation systems. Similarly, the second largest products in the pyrrole

and 2-methylpyrrole SOA are C4H2N4Os (m/Q 201 Th) and CsHaN4Og (m/Q 215 Th), which have
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three additional nitrogens with Iyo, = 2, corresponding to trinitropyrrole and 2-methyl-
trinitropyrrole, respectively. Although authentic standards are unavailable for quantification, prior
work has shown that the relative sensitivities for SOA constituents in ESI-MS may vary by 1 — 2
orders of magnitude, and species with similar chemical structures and functional groups appear to
have smaller variation.>* Considering these factors, the dinitro- and trinitro-products are still major
constituents in the SOA from pyrrole and 2-MP, clearly suggesting that these two heterocyclic
VOCs exhibit a strong aromatic character during NO; oxidation and mainly form nitroaromatic
products.

Strikingly, the SOA from 1-MP + NOs do not show the same behavior, despite the very
similar chemical structure as pyrrole and 2-MP (Figure 1C). In fact, the same dinitro- and trinitro-
products were not observed at all in 1-MP SOA. Instead, the main products in 1-MP SOA are
CsHoN30Os.10 and CsHgN4O11. These products have Iy, from 3.7 to 5, suggesting that they contain
at least one -NOs with non-nitrogen-containing functional groups. Interestingly, similar high-Iy ¢,
products were also observed in the SOA from pyrrole and 2-MP (Figure 1A and 1B), but at much
smaller intensities. These results strongly suggest that unlike pyrrole and 2-MP, 1-MP exhibits
stronger alkene character which preferentially undergoes NO; addition. The molecular-level
findings from the (—)ESI-IMS-TOF results were well supported by the complementary
measurements using the LC-DAD-ESI-HR-TOFMS (Figure S2), where dinitropyrrole and 2-
methyl-dinitropyrrole were found to be the most dominant products in the SOA from pyrrole and
2-MP, but no nitro-products were observed in the 1-MP SOA. In the measurements made by the
mAMS, although the high vaporization temperature and ionization energy fragmented the
molecular species into small ions and made product interpretation challenging, several

characteristic fragment ions could still provide key evidence for the oxidation chemistry (Figure
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S3). Specifically, both NO* (m/Q 30 Th) and NO>" (m/Q 46 Th) are abundant in the mAMS mass
spectra, suggesting that nitro- or nitrate-containing products are major SOA constituents in all
three systems. Yet, distinct organic products and patterns are clearly shown. For example, when
comparing the SOA from 2-MP and 1-MP (which have the same VOC formulas), the 2-MP SOA
contain more fragment ions without oxygen (e.g., C3Ha3" and C23Ho3N*), while the 1-MP SOA
have more fragment ions with oxygen (e.g., C2H24NO" and CHNO;"). Consistent with the
individual fragment ions, the 2-MP SOA have a higher fraction of the C;H," family and the 1-MP
SOA have higher fractions of the CyH,0." and CH,O-N" families. These results imply that the 1-
MP SOA are likely comprised of more oxygen-containing functional groups with oxygens bonded
directly with carbons (e.g., —OH and —ONO,) than the 2-MP SOA, agreeing with the molecular
composition results.

Optical properties of SOA. To examine how the distinct functionalities in the SOA
compositions between pyrrole, 1-MP, and 2-MP discussed above may affect the SOA optical
properties, we report the light absorption and scattering properties by combing several online and
offline measurements. The results for online and offline optical properties from pyrrole, 1-MP and
2-MP SOA are tabulated in Table 1. In Figure 2A, the <MAC>finc is plotted as a function of
wavelength for SOA from NOs oxidation of pyrrole, 1-MP, and 2-MP. Here, the 2-MP SOA
showed to be the most absorbing with the highest <M AC>oniine, followed by the pyrrole SOA. In
contrast, the 1-MP SOA exhibited the least light absorbance with the lowest <M AC>oqiine. These
<MAC>onine profiles suggest that the SOA from pyrrole and 2-MP are greatly light absorbing in
the near UV-range showing a peak of absorbance around 330 nm. The online optical measurements
performed with the PAX show strong agreement with the offline measurements. In Figure 2B, the

<MAC>online,375nm 18 plotted vs. experiment time, showing significant light absorption for the 2-
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MP SOA and the pyrrole SOA and much lower light absorption for the 1-MP SOA. 2-MP shows
an average <MAC>online;375 of 0.89 + 0.03 m? g!, followed by pyrrole (0.54 + 0.01 m? g!) and 1-
MP (0.06 + 0.01 m?g!). In Figure 2C, the SSAs7s is plotted vs. size parameter, where the 2-MP
SOA shows the lowest average SSA3750f 0.76 = 0.01, followed by pyrrole (0.80 = 0.01) and 1-MP
(0.97 £ 0.00). The SSA375 of the pyrrole SOA from NOj3 oxidation agrees with previously reported
results from similar experiments.!'* Therefore, we suggest that the SOA from NO; oxidation of 2-
MP and pyrrole are strong BrC and show significant light-absorbing capabilities while those from
1-MP show little light-absorbing property and are mostly light scattering. Our calculations of AAE
show minimal difference in wavelength dependence in the UV-range (290 — 400 nm) between

pyrrole, 1-MP, and 2-MP SOA. However, in the visible range (400 — 600 nm), the SOA derived

from the methylpyrroles exhibited stronger wavelength dependence than the pyrrole SOA.

Figure 2. (A): <MAC>ofnine vs. wavelength (290-450 nm) calculated from UV-Vis and SEMS data
of SOA from NOs oxidation (with the high-NO; condition) of pyrrole (green), 1-MP (red) and 2-
MP (blue). (B): <MAC>oniine375 timeseries and (C): SSAs7s calculated from the online PAX

measurements.
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By considering the SOA molecular compositions and optical properties synergistically for
all three studied nitrogen-containing heterocyclic VOCs, it is conceivable that their SOA light
absorption could be positively related to the abundance of the nitroaromatic products in the SOA.
This is consistent with the fact that nitroaromatics have been shown to be strongly light absorbing.
In previous studies of NOs oxidation of aromatic VOCs, nitroaromatic products generally
constituted a significant portion of SOA mass and may have contributed to increased light
absorption.30-32:333639 Although prior work also suggested that organic nitrates could contribute to
BrC,> their light absorbing ability is likely much weaker. Further, we show that the
<MAC>online,3750m measurements from all the NO3 oxidation experiments (including the duplicate
experiments) exhibit clear positive correlations with the ratio of NO* and NO," fragments to total
organic ions obtained by the mAMS, which indicate that nitro and nitrate species are likely major
contributors to BrC in the SOA (Figure 3). Interestingly, the <MAC>online 3750m €xhibits a negative
correlation with the CHO-N" family (Figure S4). Assuming that oxygenated organic nitrates
(RONO»), as are expected to have formed in the 1-MP system, are more likely to form fragment
ions in the CHO-N" family (because of the higher oxygen content) than nitroaromatics (RNO>),
this contrast implies that it is the nitroaromatics, rather than organic nitrates, that contribute to the
BrC in these systems. In support of this, the LC-DAD-ESI-HR-TOFMS results exhibit strong light
absorption at wavelength 320 — 340 nm for dinitropyrrole and 2-methyl-dinitropyrrole (Figure
S2), consistent with the UV-Vis results. In addition, the TD-DFT calculations show that the
predicted UV-Vis spectra of dinitropyrroles (the dominant SOA constituents from pyrrole + NO3)
peak at approximately the same observed UV-Vis peak of the total pyrrole SOA, while organic
nitrates show very different spectral shapes with much lower absorbance (by more than two orders

of magnitude) under the TD-DFT calculations (Figure S5). These pieces of evidence collectively
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suggest that nitroaromatics are clearly the dominant, if not the only, BrC chromophores in the SOA

formed from NOs oxidation of pyrrole and 2-MP.

Figure 3. The correlations between <MAC>online3750m and AMS ion ratios of NO™ (green) and
NO," (brown) to total organic ions for all the performed experiments. The dashed lines represent

the error-weighted Pearson correlation fittings (R = 0.78 for NO>" and 0.81 for NO™).

Proposed mechanisms for formation of nitroaromatics from NOj3 oxidation of pyrrole
and methylpyrroles. After demonstrating that nitroaromatics in the SOA from pyrrole and 2-MP
are the dominant constituents and contributors to BrC, it is critical to elucidate their formation
mechanisms in the pyrrole and 2-MP systems and explain why nitroaromatics are not largely
formed in the 1-MP system. Apparently, a key difference is that both pyrrole and 2-MP are
secondary amines with N-H bonds, while 1-MP is a tertiary amine without an N—H bond.

Therefore, we propose that the N—H bonds play an important role in the NO; oxidation of pyrrole
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and 2-MP that led to the substantial formation of nitroaromatics. In Figure 4, a mechanism is
proposed for the addition of 1, 2, and 3 —NO> groups to the backbone of pyrrole through NO;
oxidation. In this mechanism, we propose H-abstraction by NO; for pyrrole on the 1-position (H
in the N—H bond), followed by a pyrrolyl radical-shift. NO> then adds to this radical and a
subsequent H-shift would occur to move the hydrogen back to the 1-position and form a
nitropyrrole. This initial step is somewhat similar to that proposed for H-abstraction of phenolic
species in which nitrophenols are observed.>*3* The nitropyrroles were not observed in the pyrrole
+ NO3 SOA by the IMS-TOF measurements, likely because they are too volatile to partition to the
particle phase. But they were indeed dominant gas-phase products, confirmed by the I-CIMS
results (Figure S6), supporting our proposed mechanism. From here, the mechanism repeats itself
beginning with the same H-abstraction on the 1-position by NOs3 for the additions of the second
and third —-NO> groups. Through this process, the original aromaticity is retained, facilitating
sequential -NO; addition. For simplicity, the formation of only one dinitropyrrole isomer and one
trinitropyrrole isomer are explicitly shown in Figure 4, but there could be up to 4 positional
dinitropyrrole isomers and 2 trinitropyrrole isomers, depending on how the pyrrolyl radicals shift.
In agreement with this, we observe 4 isomers for dinitropyrrole from the extracted ion
chromatogram in the LC-DAD-ESI-HR-TOFMS (Figure S2). The proposed mechanism is also
consistent with the results that higher NO> concentrations led to stronger light absorption in the
two pyrrole experiments (Table 1 and Figure 3), as higher NO> concentrations could enhance
formation of dinitro- and trinitro-pyrroles. In the real atmosphere affected by wildfire, NO»
concentrations have been reported to be as high as ~ 60 ppb, somewhat lower than the experimental
conditions in this work.® With lower NO: concentrations, it is possible that oxygen addition on

the pyrrolyl radicals (producing peroxy radicals) could become more competitive in comparison
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to NO; addition (producing nitropyrroles). However, the likely gas-phase products from peroxy
radical chemistry are found to be lower than the nitropyrroles by ~ 3 orders of magnitude with ~
90 ppb of NO: (Figure S7), suggesting that the NO, addition is the dominant pathway for the
pyrrolyl radicals even with ambient-level NO> concentrations. These results are highly consistent
with prior work on phenoxy radicals from phenol oxidation®” and o-semiquinone radicals from
catechol oxidation,*® both of which suggested dominant NO, addition in comparison to oxygen
addition.

The mechanism for addition of NO to 2-MP would be analogous to that of pyrrole except
that there is a methyl group in the 2-position which might interfere the pyrrolyl radical shift and
hence the number of possible positional isomers in comparison to pyrrole. In fact, the results shown
in Figure S2 suggest that there are two major 2-methyl-dinitropyrrole isomers in the 2-MP SOA.
It should be noted that there has not been direct measurement-based evidence for the proposed
radical or hydrogen shift in the (methyl)pyrrole or the phenolic NO3 oxidation systems, suggesting
that other unrecognized mechanisms cannot be fully ruled out. However, combining all the pieces
of evidence discussed above and in the literature,?** this mechanism appears to be a highly likely

one.
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Figure 4. Proposed chemical mechanism for the addition of 1, 2 and 3 NO» groups to pyrrole.
Only one isomer for each of C4H4sN2O2, C4sH3N304, C4HoN4Og is shown, but multiple isomers are

possibly formed, depending on how the pyrrolyl radicals undergo shift.

In comparison to this mechanism, 1-MP is a tertiary amine and does not contain a N-H
bond like pyrrole and 2-MP. Thus, the mechanism shown in Figure 4 does not work for 1-MP,
explaining the absence of dinitro- and trinitro-products in the 1-MP SOA. Based on the
measurements discussed above, we also suggest the hydrogen in the N-H bond must be more
susceptible to abstraction by NO3 than other hydrogens on the ring. Instead, in the NO3 oxidation
of 1-MP, we rather observed products with -NO; and additional oxygen-containing functionality
(e.g.,—OH). The lack of the secondary amine structure in the backbone of 1-MP may require other
mechanisms to occur for 1-MP such as NO3 addition to the double bond. A tentative mechanism
is proposed in Figure S8, which may explain some of the observed 1-MP gas-phase and SOA
constituents. Particularly, the dominant gas-phase product, CsH7NO, (Figure S6) is likely formed
through nitrooxy alkoxy radical bond scission and NO, removal.’® The analogous product in the
pyrrole system (C4HsNOy) appears to be much smaller (Figure S6), again supporting that NOs
oxidation of pyrrole is mainly through H-abstraction. For 1-MP, the breaking of aromaticity
through the addition of —-NO; and —OH functional groups ultimately lead to decreased light
absorption in the SOA. Conversely, the retention of aromaticity and the addition of a strong
electron-withdrawing group, —NO», increases the strong light absorption of the pyrrole and 2-MP
SOA. The proposed mechanisms highlight the importance of secondary amines as key structures

in pyrrole and methylpyrroles to form BrC chromophores.
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Atmospheric Implications

In this study, we have demonstrated that small differences in the structures of pyrrole and
its methyl derivatives have significant implications for the optical properties of their SOA from
NO; oxidation. The NO; oxidation of 2-MP and pyrrole led to SOA compositions which were
almost entirely caused by products resulting from the addition of two or three -NO> groups. These
nitroaromatic products resulted in the strong light absorption of the SOA from 2-MP and pyrrole.
To understand the significance of the pyrrole and methylpyrroles on SOA mass concentration and
BrC light absorption from atmospheric biomass burning of different fuels, we estimate the SOA
formation potential (SOApe, g of SOA potentially formed per kg of fuel) and absorption cross-
section emission factor (EFaps, m? of absorption per kg of fuel) for pyrrole, 2-MP, and several other
relevant VOC oxidation systems (i.e., phenolic VOC + NO; and toluene + OH/NOy).!* The
estimations are based on emission factors (EF) from typical biomass burning fuels reported in

35,59

previous work,>®? SOA yields from previous laboratory oxidation studies,*>* and the reported

<MAC> results for the corresponding SOA in literature:3>-6°
SO0Apori = EF; X Ysoa, (7)
EFpsi = SOApor; X < MAC >, (8)

where Yso4, is the estimated SOA yield for a VOC species, i. The details are shown in Tables S3—
S5. For the VOCs whose SOA yields or <MAC> values are unknown, we use results from a similar
VOC in the same category as a reasonable approximate. From these calculations, we compare the
SOApor and EF 45 between the summed SOA from NOs oxidation of pyrrole and 2-MP with total
phenolic + NO3; SOA and toluene photooxidation SOA. In a recent study, Palm et al. reported that
phenolic SOA may contribute to 29 + 15% of biomass burning BrC during daytime and

underscored the importance to study nighttime processes of biomass burning emissions.®! Kodros
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et al. also pointed out that nighttime oxidation of biomass burning emissions may be an overlooked
source of oxidized organic aerosols.5? Here, we estimate that the total SO4,,: from NO; oxidation
of pyrrole and 2-MP may be 119 — 189% of that from NOj3 oxidation of phenolic VOCs and 52 —
277% of that from toluene photooxidation. In addition, the total EFus of pyrrole and 2-MP SOA
is 25 — 49% of that for the phenolic + NO3; SOA and 36 — 170% of that for toluene photooxidation
SOA. The large variations in these comparisons are due to strong fuel dependence of the VOC
emission factors. Although SOA yields and <MAC> results were obtained from different studies
under different experimental conditions, and thus some uncertainties are expected, these findings
clearly demonstrate that the SOA from nighttime oxidation of pyrrole and 2-MP will significantly
contribute to SOA mass concentration and light absorption in biomass burning derived aerosols.
Therefore, their oxidation chemistry and contribution to SOA and BrC need to be implemented in
air quality and climate models. The SOA and BrC formation from nighttime oxidation of nitrogen-
containing heterocyclic VOCs have been understudied. This study filled the knowledge gap and
demonstrated that small differences in chemical structure for these nitrogen-containing
heterocyclic VOCs have significant impacts on the chemical composition and light-absorption of

SOA.
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