Author Response for “Aqueous SOA formation from the direct photosensitized oxidation of
vanillin in the absence and presence of ammonium nitrate” by Mabato et al.

We thank the reviewers for the thorough review and many constructive comments that
helped improve the manuscript. The major issues identified during the review are as follows:
(1) focus of the study, (2) uncertainties for the normalized abundance of products, and (3)
speculative discussions due to the lack of detailed reaction mechanisms and kinetic model
analysis. Below are our overall responses to these, followed by our point-by-point responses
to the reviewers’ comments (changes to the second version of the manuscript and supporting
information are in red, moved content in double-line strikethrough, and removed content in
strikethrough). Please note that the line numbers in the responses refer to our revised
manuscript with tracked changes.

(1) First, we have revised the title to ‘Aqueous SOA formation from the direct photosensitized
oxidation of vanillin in the absence and presence of ammonium nitrate’ to reflect the focus
of this study. We have also removed the guaiacol + nitrate experiments to avoid distracting
the readers from the main objectives of the paper. The novelty of the paper includes the (a)
evaluation of aqSOA formation from the direct photosensitized oxidation of a triplet
precursor (vanillin, VL, a phenolic aromatic carbonyl) alone (VL*) and in the presence of
ammonium nitrate (VL+AN) based on VL decay kinetics, detected products, and light
absorbance changes, (b) investigation of the effects of different reaction conditions (air- vs.
N»-saturated experiments, solution pH, and reactants concentration and molar ratios) on
aqSOA formation, and (c) assessment of aqSOA formation from the oxidation of guaiacol, a
non-carbonyl phenol, via photosensitized reactions of VL.

(2) Moreover, the rationale and purpose of using the normalized abundance of products were
already stated in the previous version of the manuscript. The comparisons of peak abundance
in mass spectrometry have been used in many recent studies (e.g., Lee et al., 2014;
Romonosky et al., 2017; Wang et al., 2017; Fleming et al., 2018; Song et al., 2018; Klodt et al.,
2019; Ning et al., 2019) to show the relative importance of different types of compounds
(Wang et al., 2021). Also, the assumption of equal ionization efficiency for calculating the
normalized abundance of products is commonly used to estimate O:C ratios of SOA (e.g.,
Bateman et al., 2012; Lin et al., 2012; Laskin et al., 2014; De Haan et al., 2019). In the revised
version, we emphasize the uncertainties associated with the normalized abundance of
products due to the variability in ionization efficiencies for various compounds. Despite the
intrinsic uncertainties, the normalized abundance of products enables a semi-quantitative
analysis that gives an overview of how the signal intensities (extracted ion chromatogram
peak areas from UHPLC-qToF-MS) changed under different experimental conditions. In
addition, the use of the more common ‘relative abundance’ (product peaks are normalized to
the highest peak) (e.g., Lee et al., 2014; Romonosky et al., 2017; Fleming et al., 2018; Klodt et
al., 2019) would yield the same major products determined using the normalized abundance
of products and maintain the conclusions of this work. This demonstrates the usefulness of
the normalized abundance of products for comparisons among different experimental
conditions.



(3) Lastly, there are not enough experimental results on the reactive intermediates in this
study to provide detailed mechanisms without being speculative and to build a kinetic model.
Further work is needed to exclude all other possibilities, and hence we are on the conservative
side. Regardless, the discussions in this study were supported by our results and compared
with previous studies.
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Reviewer 3

The authors have addressed some of the major comments and questions and the paper has
improved upon revision. However, | think this manuscript still fails to address the following
important issues. Though the topic is very interesting, this manuscript doesn’t tell a very clear
and nice story that meets the requirements of ACP.

1. The novelty of this study is that it characterized the product compositions and light
absorbance changes. However, it failed to show a link between the observed changes in the
chemical composition among different experiments (e.g. more oligomers, functionalized
monomers, nitration) and the changes in light absorbance. The authors replied in the final
response “However, it is possible that the products detected using UHPLC-gToF-MS in positive
ESI mode might not have contributed significantly to all products formed and hence may not
be the primary contributors to the absorbance enhancement.”, but meanwhile they got the
conclusion that “The majority of the most abundant products from both VL photo-oxidation
pathways were potential Brown carbon (BrC) chromophores.”. In Fig. S11, they showed the
major compounds from pH 4 experiments under air-saturated conditions are potential BrC
compounds, including both monomers and oligomers, compounds with and without N.
However, this doesn’t help to explain the differences in light absorption under different
experimental conditions (Fig. 3).

Response: Thank you for your comment. The main novelty of this study is the investigation of
aqSOA formation from the direct photosensitized oxidation of VL in the absence and presence
of ammonium nitrate. The reactions were characterized based on VL decay kinetics, detected
products, and light absorbance changes. As mentioned in lines 189-190, ‘the major products
detected in this study are probably those with high concentration or high ionization efficiency
in the positive ESI mode.” Based on this, the products detected using UHPLC-qToF-MS in
positive ESI mode might not have contributed significantly to the total products formed and
hence may not be the primary contributors to the absorbance enhancement. In other words,
the absorbance enhancement may not necessarily correlate directly with the products
detected.

Correlating speciated chromophores with absorbance changes may be useful in
demonstrating how aqSOA influence the Earth’s radiative balance and identifying chemical
reactions that can affect the overall light absorption by agSOA. This can be accomplished by
using liquid chromatography coupled with photodiode array (PDA) detector and high-
resolution mass spectrometry (LC/PDA/HRMS platform) (e.g., Lin et al., 2017; Jiang et al.,
2021; Misovich et al., 2021). In our experiments, VL (and GUA) concentration measurements,
product characterization, and absorbance measurements were performed using UHPLC-PDA,
UHPLC-qToF-MS, and UV-Vis spectrophotometry, respectively. A similar approach is then
possible using the current methods in this work by matching the retention time (RT) of the
products detected using UHPLC-qToF-MS with that in the PDA. However, the concentration
of the chromophores in this study is below the detection limit of the PDA based on the lack
of distinct PDA signals from the products. Nonetheless, the overall light absorbance changes



were characterized by integrating the area of absorbance from 350 to 550 nm to incorporate
all light-absorbing compounds. Fig. S11 was used to show that majority of the detected
products (50 most abundant products) from pH 4 experiments were potential BrC
chromophores. The differences in the light absorbance changes under different experimental
conditions (Fig. 3) were discussed in lines 321-360 for VL photo-oxidation under N; and air-
saturated conditions, lines 411-418 for VL photo-oxidation under varying pH conditions, and
lines 540-543 for oxidation of guaiacol by photosensitized reactions of VL, next to the
discussions for detected products and their normalized abundance. Overall, we agree with
the reviewer that it would be interesting and valuable to examine and identify the specific
BrC chromophores responsible for the changes in the optical properties, unfortunately, this
is an experimental limitation for the current work. Changes in the text and clarifications
regarding these are as follows:

Lines 325-344: For both VL* and VL+AN, evident absorbance enhancement was observed
under air-saturated conditions, while the absorbance changes under N;-saturated conditions
were minimal, consistent with the VL decay trends. Dimers and functionalized products have
been shown to contribute to chromophore formation for the aqueous photo-oxidation of
guaiacyl acetone (another aromatic phenolic carbonyl) by 3DMB*(Jiang et al., 2021). Based on
this, the higher normalized abundance of Fhisabserbance-enhancementcan-be-explainedby
thefermation-of oligomers, whichith have large, conjugated m-electron systems (Chang and
Thompson, 2010), and hydroxylated products (Li et al., 2014; Zhao et al., 2015)#r-agreement
with—the—observed—reaction—products observed under air-saturated conditions have
contributed to the absorbance enhancement. However, it is worth noting that the products
detected may not have contributed significantly to the total products formed and hence may
not be the primary contributors to the absorbance enhancement. As mentioned earlier, the
major products detected in this study are probably those with high concentration or high
ionization efficiency in the positive ESI mode. In other words, the absorbance enhancement
may not necessarily correlate directly with the products detected.

Correlating speciated chromophores with absorbance changes may be useful in
demonstrating how agSOA influence the Earth’s radiative balance and identifying chemical
reactions that can affect the overall light absorption by agSOA. This can be accomplished by
using liquid chromatography coupled with photodiode array (PDA) detector and high-
resolution mass spectrometry (LC/PDA/HRMS platform) (e.g., Lin et al., 2017; Jiang et al.,,
2021; Misovich et al., 2021). In our experiments, VL (and GUA) concentration measurements,
product characterization, and absorbance measurements were performed using UHPLC-PDA,
UHPLC-qToF-MS, and UV-Vis spectrophotometry, respectively. A similar approach is then
possible using the current methods in this work by matching the retention time (RT) of the
products detected using UHPLC-ToF-MS with that in the PDA. However, the concentration of
the chromophores in this study is below the detection limit of the PDA based on the lack of
distinct PDA signals from the products.

2. The addition of guaiacol (as another non-carbonyl phenol) oxidation experiments doesn’t
help a lot with the topic of this manuscript. The major conclusion from this part (as written in
the abstract) is “guaiacol oxidation by photosensitized reaction of VL is less efficient relative
to nitrate-mediated photo-oxidation.” As claimed by the authors in the final response:



“However, we did not intend to compare 3VL* and nitrated-mediated pathways either”, why
did they compare the efficiency of photosensitized reaction of VL with nitrated-mediated
photo-oxidation of guaiacol?

Response: Thank you for pointing this out. We apologize for the confusion. As stated in lines
495-498: ‘The oxidation of phenols by 3C* has been mainly studied using non-phenolic
aromatic carbonyls (Anastasio et al., 1997; Smith et al., 2014, 2015; Yu et al., 2014; Chen et
al., 2020) and aromatic ketones (Canonica et al., 2000) as triplet precursors. Recently, 3VL*
has also been shown to oxidize syringol (Smith et al., 2016), a non-carbonyl phenol, although
the reaction products remain unknown.” The guaiacol experiments were added to examine
the formation of aqgSOA from guaiacol oxidation via VL photosensitized reactions. Indeed, we
did not intend to compare 3VL* and nitrated-mediated pathways in this study. The primary
objective of this study is to investigate aqgSOA formation from the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate. To reflect the focus of the
paper, we have revised the title to ‘Aqueous SOA formation from the direct photosensitized
oxidation of vanillin in the absence and presence of ammonium nitrate’. Also, to avoid
distracting the readers from the main objectives of the paper, guaiacol + nitrate experiments
have been removed from the manuscript. Changes in the text are as follows:

Abstract: Vanillin (VL), a phenolic aromatic carbonyl abundant in biomass burning emissions,
forms triplet excited states (3VL*) under simulated sunlight leading to aqueous secondary
organic aerosol (agSOA) formation. Nitrate and ammonium are among the main components
of biomass burning aerosols and cloud/fog water. 4Under atmospherically relevant cloud and
fog conditions, solutions composed of either VL only or VL with ammonium nitrate were
subjected to simulated sunlight irradiation to compare agSOA formation via the direct
photosensitized oxidation of VL in the absence and presence of ammonium nitrate. The

reactions were characterized Ih&d#eekphetesen%teed—eaadaﬂen—eﬂﬁlrwas—eem-pare&m

through by examlnlng the VL decay kmetlcs product composmons and Ilght absorbance

changes.

Bboth pat-hwa),cs

conditions generated oligomers, functionalized monomers, and oxygenated ring-opening
products, and ammonium but nitrate promoted functionalization and nitration, which-can-be
aseribed likely due to its photolysis products ("OH, *NO2, and N{H}-NO2 or HONO). Moreover,
a potential imidazole derivative observed frem-nitrate-mediatedVphoto-oxidation in the
presence of ammonium nitrate suggested that ammonium may-be-invelvedparticipated in the
reactions. Fthe majority of the most abundant products from both conditions were potential
Brown carbon (BrC) chromophores. The effects of oxygen (0z), pH, and reactants
concentration and molar ratios on M—phete-exidatien the reactions were also explored. Our
findings show that O, plays an essential role in Vi—pheoto-exidatien the reactions and oligomer
formation was enhanced at pH < 4. Also, functionalization was dominant at low VL
concentration, whereas oligomerization was favored at high VL concentration. Furthermore,
oligomers and hydroxylated products were detected from the oxidation of-cemparisens—of

the-apparentguantum—efficieney-of guaiacol (a non-carbonyl phenol) via VL photosensitized



reactions photodesradation indicate that in-thisstudycuaiscoloxidation by photosensitize
%@n&eﬂb&b&%ﬁﬂe@%&hﬂ%ﬂ%ﬁe@p@%@m Lastly, potentlal
agSOA formation pathways via the direct photosensitized oxidation of VL in the absence and
presence of ammonium nitrate M—phote-oxidation were proposed. This study indicates that
the direct photosensitized oxidation of VL and-nitrate-mediated-\Lphoto-oxidation may be
an important agSOA sources in areas influenced by biomass burning emissiens and
underscores the importance of nitrate in the aqueous-phase processing of aromatic
carbonyls.

Lines 89-122: Nitrate and ammonium are also among the main biomass burning aerosol
components (Xiao et al., 2020; Zielinski et al., 2020). As BB aerosols are typically internally
mixed with other aerosol components (Zielinski et al., 2020), VL may coexist with ammonium
nitrate in BB aerosols. The aguesus-phase-phote-oxidatien direct photosensitized oxidation
of VL in the absence and presence of ammonium nitrate may then reveal insights into the
atmospheric processing of BB aerosols. Moreover, tFhe 3C* of non-phenolic aromatic
carbonyls (e.g., 3-4-dimethoxybenzaldehyde, DMB; a non-phenolic aromatic carbonyl)
(Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021) and phenolic aromatic carbonyls (e.g.,
acetosyringone, vanillin) (Smith et al., 2016) have been shown to oxidize phenols, but the
reaction products from the latter are unknown.

Previous works agSOA formation via triplet-mediated oxidation are mostly based on
reactions between phenols and a non-phenolic aromatic carbonyl as triplet precursor (e.g.,
Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021). Also, studies examining the effects of
inorganic nitrate on aqgSOA formation and properties remain limited. The present study aimed
to evaluate aqSOA formation via the direct photosensitized oxidation of a triplet precursor
(VL) alone. Furthermore, aqgSOA formation via the direct photosensitized oxidation of VL in in
the presence of ammonium nitrate was also examined. Accordingly, the main goals of this
study are (1) to compare agSOA formation in cloud/fog water via the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate, (2) to evaluate the
influences of Oy, solution pH, and reactants concentration and molar ratios on the reactions,
(3) to investigate the participation of ammonium in the direct photosensitized oxidation of VL
in the presence of ammonium nitrate, and (4) to examine agSOA formation from the oxidation
of guaiacol, a non-carbonyl phenol, via photosensitized reactions of VL. To achieve these
goals, solutions composed of either VL only or VL in the presence of ammonium nitrate were
subjected to simulated sunlight irradiation under atmospherically relevant cloud and fog
conditions. Solutions composed of VL in the presence of sodium nitrate were also examined

for comparlson with the presence of ammonium mtrate—'Fe—evaJ-ua%e—t—he—pet—ent—ra-l

H-nder—at-mesﬁqeﬁeaW—Felewort—eenel-Ft-rens— Ln—t-ms—week— The reactions were characterlzed
based on VL decay k|net|cs detected products, and Ilght absorbance changes—and The




eaeel-aiaen FlnaIIy, we proposed aqSOA formatlon pathways via the dlrect photosensmzed
oxidation of VL in the absence and presence of ammonium nitrate-\Vi—phete-oxidation. This
work presents a comprehensive comparison of aqSOA formation from the direct
photosensitized oxidation of VL phete-exidatien in the absence and presence of ammonium

nitrate by M photosensitization-and-inthe presenceof inorganicnitrate.

Lines 145-146: Moreover, comparisons-were-made-between the photo-oxidation of guaiacol
(GUA) (0.1 mM), a non-carbonyl phenol, in the presence of VL (0.1 mM) was studied-e-AN-{Z

b

Lines 211-213: In this work, the direct photosensitized oxidation of VL in the absence (VL only
experiments) and nitrate-mediated-Vphoto-oxidation presence of ammonium nitrate are

referred to as VL* and VL+AN, respectively.

Lines 554-556: In Fthis study, shews—that—thepheote-exidation—ef—via—its—the direct

photosensitized reactions oxidation of VL in the absence and in-the presence of ammonium
nitrate under atmospherically relevant cloud and fog conditions have been shown to ean
generate aqSOA composed of oligomers, functionalized monomers, oxygenated ring-opening
products, and nitrated compounds (fernitrate-mediatedreactionsfrom VL+AN).

Minor comments:

1. The updated explanation of pH-dependency of light absorbance is not clear to me. The pH
range tested in this study was 2.5 — 4. In Fig. S10, the UV-Vis absorption spectra of VL*-derived
agSOA didn’t change between the pH range of 1.5 — 4, though the intensity of absorption at
longer wavelengths significantly increased when the pH was higher than 5.5

Response: In Fig. S10, we showed the changes in the UV-Vis absorption spectra of the agSOA
formed from VL* at pH 4 and 2.5 measured over a range of pH conditions from 1.5 to 10.5 to
determine whether the observed pH dependence is due to the acid-base chemistry of the
products or of the reactions. If the changes in the UV-Vis absorption spectra for the two
solutions of varying pH are different, the pH dependence is due to different products formed
from VL* at pH 4 compared to pH 2.5. However, the comparable changes in the UV-Vis
absorption spectra for the two solutions indicate that the observed pH dependence (Fig. 3b)
may be attributed to the acid-base chemistry of the reactions, which may involve 3VL* or the
excimer of VL (Smith et al., 2016). Changes in the text are as follows:

Lines 411-418: Higher absorbance enhancement for both VL* and VL+AN (Fig. 3b) was
observed as pH increased. To determine whether the pH dependence is due to the acid-base
chemistry of the products or of the reactions, we—measured the changes in the UV-Vis
absorption spectra pH-dependence of the aqSOA formed from VL* at pH 4 and 2.5 were
measured over a range of pH conditions from 1.5 to 10.5 (Fig. S10). For both cases, the
intensity of absorption at longer wavelengths significantly increased as the pH of the solutions

was raised. Moreover, the eemparablepH-dependenceefchanges in the UV-Vis absorption



spectra for the two solutions of varying pH are comparable, suggestings that the observed pH
dependence may—be—attributed—to—the is rooted in acid-base chemistry of the reactions
involving—which—may—tvelve 3VL* or the excimer of VL (Smith et al., 2016), as discussed
earlier.
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Reviewer 4

Mabato et al., studied the aqueous-phase photochemistry of vanillin (VN) in cloud/for
relevant conditions leading to agSOA. They conducted two types of photochemistry,
photolysis of VN and nitrate-mediated VN (irradiation of VN + Ammonium Nitrate mixture)
and analyzed VN decay, product mass spectra, 02/pH/ammonium effects, and UV spectra for
light absorbance of products. They indeed conducted full analyses of aqgSOA chemistry.
However, novel findings with compelling experimental evidence in this manuscript are not
well written. Instead, their arguments are mostly speculative:

1. (a) The purpose of conducting two types of photochemistry is not clear. Didn’t you compare
the photolysis and OH-radical reactions of VN? Then, it is not clear how much of OH radical
was generated in their condition. (b) According to Fig. S3 and also the main text,
photochemistry by OH radical is negligible. Then, why not set the concentration of OH radical
relevant to cloud/fog condition adjusting nitrate concentration, which can be obtained by a
kinetic model based on decay rate of VN and table 1? (c) If the purpose is to study the
nitration, then why was ammonium nitrate (AN) used? Ammonium clearly complicates the
system. Since authors used sodium nitrate (SN), why did not authors conduct explicit
comparison between AN and SN that could lead to chemical insights in the aqueous phase?

Response:

(a) In this work, we aimed to compare agqSOA formation in cloud/fog water via direct
photosensitized oxidation of VL in the absence (VL*) and presence of ammonium nitrate
(VL+AN). The motivations for this are already stated in the introduction. From lines 83-89:
‘Photodegradation kinetics and agSOA vyields have been reported for direct VL
photodegradation under simulated sunlight (Smith et al., 2016), with oxygenated aliphatic-
like compounds (high H:C, > 1.5 and low O:C, < 0.5 ratios) noted as the most likely products
(Loisel et al., 2021). Additionally, agueous-phase reactions of phenols with reactive nitrogen
species have been proposed to be a significant source of nitrophenols and SOA (Grosjean,
1985; Kitanovski et al., 2014; Krofli¢ et al., 2015, 2021; Pang et al., 2019a; Yang et al., 2021).
For instance, nitrite-mediated VL photo-oxidation can generate nitrophenols, and the
reactions are influenced by nitrite/VL molar ratios, pH, and the presence of *OH scavengers
(Pang et al., 2019a).” The major group of products from the direct irradiation of VL (0.1 mM)
(Loisel et al., 2021) has been reported to be mainly oxygenated aliphatic-like compounds,
probably due to the use of ESI in the negative ion mode, which has higher sensitivity for
detecting compounds such as carboxylic acids (Hol¢apek et al., 2010; Liigand et al., 2017), and
solid-phase extraction (SPE) procedure causing the loss of some oligomers (LeClair et al.,
2012; Zhao et al., 2013; Bianco et al., 2019). Moreover, nitrate and ammonium are also among
the main biomass burning aerosol components (Xiao et al., 2020; Zielinski et al., 2020). As BB
aerosols are typically internally mixed with other aerosol components (Zielinski et al., 2020),
VL may coexist with ammonium nitrate in BB aerosols. The direct photosensitized oxidation
of VL in the absence and presence of ammonium nitrate may then reveal insights into the
atmospheric processing of BB aerosols. These reactions were characterized based on VL decay
kinetics, light absorbance changes, and detected products. Aside from reporting the most



abundant products, we also compared different reaction conditions using the normalized
abundance of products. The addition of ammonium nitrate was not specifically to initiate *OH-
driven reactions, but rather to examine its effect on agSOA formation from the direct
photosensitized oxidation of VL. As mentioned in lines 244-246, ‘Furthermore, while the
irradiation of other phenolic compounds can produce H;0>, a precursor for *OH (Anastasio et
al., 1997), the amount of H,0; is small. Based on this, only trace amounts of H,0; were likely
generated from VL* (Li et al., 2014) under-air saturated conditions, suggesting that
contribution from *OH was minor.” Changes in the text are as follows:

Lines 76-122: Biomass burning (BB) is a significant atmospheric source of both phenolic and
non-phenolic aromatic carbonyls (Rogge et al., 1998; Nolte et al., 2001; Schauer et al., 2001;
Bond et al., 2004). Upon exposure to sunlight, aromatic carbonyls are excited to their triplet
excited states, which can initiate oxidation leading to aqSOA formation (e.g., Smith et al.,
2014; 2015, 2016). Fer An example is; vanillin (VL) (Henry’s law constant of 4.56 x 10> M atm"
L Yaws, 1994), a phenolic aromatic carbonyl that has been used as a model compound for
methoxyphenols, which are abundant in BB emissions (Li et al., 2014; Pang et al., 2019a). The
aqueous *OH oxidation and direct photodegradation of VL; kashave been shown to yield low-
volatility products, although these findings were based on 254-nm irradiation (Li et al., 2014)
via—agueous—"OH-oxidation—and—directphotodegradation. Photodegradation kinetics and
agSOA yields have been reported for direct VL photodegradation under simulated sunlight
(Smith et al., 2016), with oxygenated aliphatic-like compounds (high H:C, 2 1.5 and low O:C, <
0.5 ratios) reperted noted as the most likely products (Loisel et al., 2021). Additionally,
aqueous-phase reactions of phenols with reactive nitrogen species have been proposed to be
a significant source of nitrophenols and SOA (Grosjean, 1985; Kitanovski et al., 2014; Krofli¢
et al., 2015, 2021; Pang et al., 2019a; kroflicetal—20621; Yang et al., 2021). For instance,
nitrite-mediated VL photo-oxidation can generate nitrophenols, and the reactions are
influenced by nitrite/VL molar ratios, pH, and the presence of *OH scavengers (Pang et al.,
2019a). Nitrate and ammonium are also among the main biomass burning aerosol
components (Xiao et al., 2020; Zielinski et al., 2020). As BB aerosols are typically internally
mixed with other aerosol components (Zielinski et al., 2020), VL may coexist with ammonium
nitrate in BB aerosols. The aguesus-phase-phote-oxidatien direct photosensitized oxidation
of VL in the absence and presence of ammonium nitrate may then reveal insights into the
atmospheric processing of BB aerosols. Moreover, tFhe 3C* of non-phenolic aromatic
carbonyls (e.g., 3-4-dimethoxybenzaldehyde, DMB; a non-phenolic aromatic carbonyl)
(Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021) and phenolic aromatic carbonyls (e.g.,
acetosyringone, vanillin) (Smith et al., 2016) have been shown to oxidize phenols, but the
reaction products from the latter are unknown.

Previous works aqSOA formation via triplet-mediated oxidation are mostly based on
reactions between phenols and a non-phenolic aromatic carbonyl as triplet precursor (e.g.,
Smith et al., 2014; Yu et al., 2014, Jiang et al., 2021). Also, studies examining the effects of
inorganic nitrate on aqgSOA formation and properties remain limited. The present study aimed
to evaluate aqSOA formation via the direct photosensitized oxidation of a triplet precursor
(VL) alone. Furthermore, agSOA formation via the direct photosensitized oxidation of VLin in



the presence of ammonium nitrate was also examined. Accordingly, the main goals of this
study are (1) to compare agSOA formation in cloud/fog water via the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate, (2) to evaluate the
influences of Oy, solution pH, and reactants concentration and molar ratios on the reactions,
(3) to investigate the participation of ammonium in the direct photosensitized oxidation of VL
in the presence of ammonium nitrate, and (4) to examine aqSOA formation from the oxidation
of guaiacol, a non-carbonyl phenol, via photosensitized reactions of VL. To achieve these
goals, solutions composed of either VL only or VL in the presence of ammonium nitrate were
subjected to simulated sunlight irradiation under atmospherically relevant cloud and fog
conditions. Solutions composed of VL in the presence of sodium nitrate were also examined

for comparlson with the presence of ammonium mtrate—'Fe—e»taJeate—the—peteaHan

ender—aiemespheﬁea#ly—re#evant—equmem— l-n—th+s—we+=k— The reactions were characterlzed
based on VL decay kmetlcs detected products, and Ilght absorbance changes—and The

e-)eel-aiﬂen FlnaIIy, we proposed agSOA formatlon pathways via the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate-\—phete-exidation. This
work presents a comprehensive comparison of aqSOA formation from the direct
photosensitized oxidation of VL phete-exidatien in the absence and presence of ammonium

nitrate by-Vipheotosensitization-and-inthe presence-of inorganicnitrate.

(b) In this study, we aimed to compare agSOA formation in cloud/fog water via the direct
photosensitized oxidation of VL in the absence and presence of ammonium nitrate under
atmospherically relevant cloud and fog conditions. The addition of ammonium nitrate was
not specifically to initiate *OH-driven reactions but rather to examine its effect on agSOA
formation from the direct photosensitized oxidation of VL. Experiments using sodium nitrate
were also performed for comparison with the presence of ammonium nitrate and confirm the
participation of ammonium in the reactions. As mentioned in lines 139-144, ‘Although the
concentration of VL in cloud/fog water has been estimated to be < 0.01 mM (Anastasio et al.,
149961997), a higher VL concentration (0.1 mM) was used in this study to guarantee sufficient
signals for product identification (Vione et al., 2019). The chosen ammonium nitrate (AN) or
sodium nitrate (SN) concentration (1 mM) was based on values observed in cloud and fog
water (Munger et al., 1983; Collett et al., 1998; Zhang and Anastasio, 2003; Li et al., 2011;
Giulianelli et al., 2014; Bianco et al., 2020). It should be noted that this study is not intended
to identify the concentrations of ammonium nitrate that would affect the kinetics.” Additional
text are as follows:



Lines 143-145: It should be noted that this study is not intended to identify the concentrations
of ammonium nitrate that would affect the kinetics but to examine the effect of ammonium
nitrate on agSOA formation from the direct photosensitized oxidation of VL.

(c) Thank you for pointing this out. The main objective of this study is to compare agSOA
formation in cloud/fog water via the direct photosensitized oxidation of VL in the absence
and presence of ammonium nitrate under atmospherically relevant cloud and fog conditions.
Inorganic salts such as ammonium nitrate are major components of aerosols and cloud/fog
water. Based on these, we chose AN as the nitrate source in our experiments. We aimed to
investigate agSOA formation from these reactions in general, and not being necessarily
focused on nitration. For instance, ammonium (NHs4*) can react with carbonyls producing
light-absorbing compounds and highly oxygenated oligomers, as well as catalyze different
reactions (De Haan et al., 2009, 2011; Noziere et al., 2009, 2010, 2018; Shapiro et al., 2009;
Yu et al,, 2011; Lee et al., 2013; Powelson et al., 2014; Gen et al., 2018; Mabato et al., 2019).
Our findings indicate the participation of ammonium in the reactions based on the detection
of a potential imidazole derivative from VL+AN experiment at pH 4. In addition to N-
containing compounds, the addition of nitrate also resulted in the formation of more
functionalized monomers, as well as CsHoNOs which is likely an aminophenol (VL* vs. VL+AN
under Nj-saturated conditions). We also did parallel experiments with SN (VL+SN at pH 4
under air-saturated conditions) to confirm the participation of ammonium in the
photosensitized oxidation of VL in the presence of ammonium nitrate. We have performed
kinetics and absorbance measurements for VL+SN as well, and the results were similar with
those for VL+AN. We have now added this in the discussion. Comparisons between VL+AN
and VL+SN at pH 4 in terms of reaction products and oxidative characteristics were already
provided in section 3.1.3. Changes in the text as follows:

lines 419-438: 2-2—Pariicioaticn—of srmuenivie—ir—the souecrc ohotocsddation—¢
vanilin3.1.3 Participation of ammonium in the direct photosensitized oxidation of VLin the
presence of AN

Ammonium salts are an important constituent of atmospheric aerosols particles (Jimenez et
al., 2009), and reactions between dicarbonyls (e.g., glyoxal) and ammonia or primary amines
have-been-demeonstratedto form BrC (De Haan et al., 2009, 2011; Noziére et al., 2009; Shapiro
et al., 2009; Lee et al., 2013; Powelson et al., 2014; Gen et al., 2018; Mabato et al., 2019).
Imidazole and imidazole derivatives arehave-been—+eported—to—-be the major products of
glyoxal and ammonium sulfate reactions at pH 4 (Galloway et al., 2009; Yu et al., 2011; Sedehi
et al., 2013; Gen et al., 2018; Mabato et al., 2019). Here, we compared VL+AN and VL+SN at

pH 4 under air-saturated conditions in—terms—of—reaction—products—and—oxidative
eharacteristies to confirm the participation of ammonium in the photosensitized oxidation

agquesusphoto-oxidation of VL. The presence of ammonium did not appear to influence the
kinetics of VL decay and light absorbance changes based on VL+AN and VL+SN having no
statistically significant difference (p > 0.05) with respect to VL decay rate constants (Table 2)
and yielding comparable absorbance enhancement (Fig. 3a), respectively. However, it is
important to note that this may not be the case for lower concentrations of VL. As previously



stated, the reactions in this study were dominated by 3VL* chemistry, likely due to the higher
molar absorptivity of VL than that of nitrate and the high VL concentration used. Similarly,
Fthe normalized abundance of the products was comparable in both experiments (A7 and A9;
Table 2), with C10H100s (No. 54, Table S2) as the most abundant product (Figs. 1d and S6a),
but in VL+SN, there was a significant amount of a VL dimer (C15H120s; No. 108, Table S2). The
normalized abundance of N-containing compounds was also similar for VL+AN and VL+SN but
the-Mereover-the detected nitregen N-containing compounds were distinct. Aside from the
potential imidazole derivative (CsHsN3O2; No.65, Table S2), CsHoNOs (No. 32, Table S2),
possibly an aminophenol, was also observed from VL+AN but only under Nj-saturated
conditions (Fig. 1b), probably due to further oxidation by 3VL*. Relative to VL+AN, the
products from VL+SN had higher O:C ratios (e.g., CzHaN207; No. 118, Table S2), OS, and <OS¢>
values (Table 2). In summary, while the VL decay kinetics and absorbance enhancement for
VL+AN and VL+SN were similar, Fthe product analy5|s supportss&ggests the part|C|pat|on of
ammonium in the aqueous- phase reactions. Asan Se=g

2. The explicit mechanisms that could support their arguments are lacking. Fig. 2 is
oversimplified. Their arguments about explaining chemistry were heavily based on chemical
mechanisms, but the arguments were not convincing because authors did not propose
explicit mechanisms—radical-based full mechanisms containing steps in details.

Response: In this work, we did not intend to develop full mechanisms of these complex
reactions. Mechanistic speculations have been greatly reduced from the initial version of the
manuscript based on the suggestions of Reviewer 1. Further experiments on the reactive
intermediates in this study are required to propose explicit mechanisms without being
speculative. Instead, we proposed major pathways for agSOA formation based on the
detected products. Fig. 2 and its discussions have been revised to show more potential aqgSOA
formation pathways consistent with previous studies. Changes in the text are as follows:

Lines 282-296: The potential agSOA formation pathways via the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate phete-exidatien in this
study are summarized in Fig. 2. At pH 4, 3VL*-initiated reactions yielded oligomeric species
such as Ci6H1206 and C22H2206. Earlier works on phenolic agSOA formation have reported that
oligomers can form via the coupling of phenoxy radicals or phenoxy and cyclohexadienyl
radicals (Sun et al., 2010; Yu et al., 2014; Vione et al., 2019). In this work, phenoxy radicals (in
resonance with a carbon-centered cyclohexadienyl radical) can be generated from several
processes such as the oxidation of ground-state VL by 3VL* via H-atom abstraction or electron
transfer coupled with proton transfer from the phenoxyl radical cation or from solvent water
(Neumann et al., 1986a, 1986b; Anastasio et al., 49961997) and photoinduced O-H bond-
breaking (Berto et al., 2016). Also, similar reactions can be initiated by *OH (Gelencsér et al.,



2003; Hoffer et al., 2004; Chang and Thompson, 2010; Sun et al., 2010), which in this study
can be generated from the reaction between 3VL* and O, as well as nitrate photolysis. Trace
amounts of H,0; could bewerelikely formed during VL photodegradation (Li et al., 2014),
similar to the case of other phenolic compounds (Anastasio et al., $39961997). In addition,
ring-opening products (Fig. S5) from fragmentation in both VL* and VL+AN may have reacted
with VL or dissolved ammonia to generate C10H100s5 (No. 54, Table S2) (Pang et al., 2019b) or
a potential imidazole derivative (CsHsN3O2; No. 65, Table S2), respectively. Moreover, nitrate
photolysis products promoted functionalization and nitration (e.g., C16H10N209; No. 43, Table
S2).

Lines 391-401: At pH < 4, 3VL* likely have higher reactivity as suggested by the increased
normalized abundance of oligomers (e.g., Ci6H1406; No. 76, Table S2 and C31H24011) and N-
containing compounds (e.g., Cis6H10N20g; No. 43, Table S2 and Ci3H1aN2010) (Fig. 2). The most
abundant product at pH < 4, Ci6H1406 (No. 7, Table S2), is likely a C—O coupled dimer. In
previous studies on phenolic agSOA formation, the generation of phenolic dimers has been
proposed to occur via C—C or C—0 coupling of phenoxy radicals (Sun et al., 2010; Yu et al.,
2014; Huang et al., 2018; Chen et al., 2020; Misovich et al., 2021). Similarly, functionalized
monomers such as C7HsO3 (demethylated VL; No. 8, Table S2) and hydroxylated products (e.g.,
CsHsO4; No. 9, Table S2) also had increased normalized abundance for both VL* and VL+AN.
The formation of C;HeO3 (No. 8, Table S2), which varies from the structure of VL by CH;, can
be explained by *OH addition at the carbon containing the methoxy group, succeeded by the
elimination of a methoxy radical (*OCHs) (Yee et al., 2013). This reaction has also been
postulated for the *OH oxidation of syringol (2,6-dimethoxyphenol) (Yee et al., 2013) and
transformation of DMB in a system composed of guaiacyl acetone and 3DMB* (Misovich et
al., 2021).

3. Most of the discussions sound speculative (words like “may, probably” were used often).
Experimental data and analyses do not seem to support their arguments. Although they
attempt to show their results to be consistent with others previous studies, it is difficult to
find the novelty of this manuscript.

Response: Thank you for pointing this out. Words such as ‘may, probably’ were used to
indicate more than one possible explanation for certain cases or further work is needed to
give a more detailed explanation. We have not conducted experiments to exclude all other
possibilities, and hence we are on the conservative side. Nonetheless, the discussions in this
study were supported by our results and compared with previous studies.

The novelty of this study are as follows: (a) Previous works on agSOA formation via triplet-
mediated oxidation are mostly based on reactions between phenols and a non-phenolic
aromatic carbonyl as triplet precursor. Also, studies examining the effects of inorganic nitrate
on agSOA formation and properties remain limited. In this work, we evaluated agqSOA
formation from direct photosensitized oxidation of a triplet precursor (VL, a phenolic aromatic
carbonyl) alone and in the presence of ammonium nitrate (VL+AN) based on VL decay kinetics,
detected products, and light absorbance changes. The photo-oxidation of VL has been studied



previously (Li et al., 2014, Smith et al., 2016, and Loisel et al., 2021,), but the discussions were
mainly on agSOA vyields, kinetics, ionic strength effects, and major group of compounds
(oxygenated aliphatic-like compounds). (b) The effects of different reaction conditions (air-
vs. Nz-saturated experiments, solution pH, and reactants concentration and molar ratios) on
aqSOA formation were further explored. (c) Moreover, triplets of non-phenolic aromatic
carbonyls (e.g., 3,4-dimethoxybenzaldehyde, DMB) and phenolic aromatic carbonyls
(including VL) have been shown to oxidize phenols, but the reaction products from the latter
are unknown. In this work, we showed that aqgSOA formation from the oxidation of guaiacol,
a non-carbonyl phenol, via photosensitized reactions of VL yield oligomers and hydroxylated
compounds as major products. These are now reflected in the revised objectives:

Lines 98-122: Previous works agSOA formation via triplet-mediated oxidation are mostly
based on reactions between phenols and a non-phenolic aromatic carbonyl as triplet
precursor (e.g., Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021). Also, studies examining
the effects of inorganic nitrate on agSOA formation and properties remain limited. The
present study aimed to evaluate agSOA formation via the direct photosensitized oxidation of
a triplet precursor (VL) alone. Furthermore, agSOA formation via the direct photosensitized
oxidation of VL in in the presence of ammonium nitrate was also examined. Accordingly, the
main goals of this study are (1) to compare aqSOA formation in cloud/fog water via the direct
photosensitized oxidation of VL in the absence and presence of ammonium nitrate, (2) to
evaluate the influences of O, solution pH, and reactants concentration and molar ratios on
the reactions, (3) to investigate the participation of ammonium in the direct photosensitized
oxidation of VL in the presence of ammonium nitrate, and (4) to examine aqSOA formation
from the oxidation of guaiacol, a non-carbonyl phenol, via photosensitized reactions of VL. To
achieve these goals, solutions composed of either VL only or VL in the presence of ammonium
nitrate were subjected to simulated sunlight irradiation under atmospherically relevant cloud
and fog conditions. Solutions composed of VL in the presence of sodium nitrate were also

examlned for comparlson with the presence of ammonium nltrate —'Fe—evaJ-ua%e—t—he—petent—ra-l

H-nde#at-mespheﬁeaW—Felevam—equmens— Ln—t-hﬁ—weele The reactions were characterlzed
based on VL decay kmetlcs detected products, and Ilght absorbance changes—and Fhe

eaeda%len FlnaIIy, we proposed aqSOA formatlon pathways via the direct photosensmzed
oxidation of VL in the absence and presence of ammonium nitrate\—phete-exidatien. This
work presents a comprehensive comparison of agqSOA formation from the direct
photosensitized oxidation of VL phete-exidatien in the absence and presence of ammonium

nitrate byl photosensitizationand-inthe presenceof inorganicnitrate.

4. Therefore, substantial revisions and restructure are recommended for publication.



Response: The manuscript has been revised and restructured to clarify the objectives and
discussions. Changes are shown throughout the author’s response.

Minor comments

1. Line 55: There needs to be a reason why NO3- in the aqueous phase is the source of
nitration in this work. In most of cases, nitration (organonitrate formation) occurs in the gas
phase. Why your aqueous phase study is suitable instead of multiphase experiments.

Response: The nitration of aromatic compounds can occur in both the aqueous and gas
phases (Harrison et al., 2005). In this study, we demonstrated that such reactions can take
place in the aqueous phase. Upon photolysis (Vione et al., 2006; Herrmann, 2007; Scharko et
al., 2014), inorganic nitrate in cloud and fog water can contribute to BrC (Minero et al., 2007)
and aqSOA formation (Huang et al., 2018; Klodt et al., 2019; Zhang et al., 2021) by generating
*OH and nitrating agents (e.g., °NO>). As stated in the introduction, aqueous reactions can be
an important source of SOA (Blando and Turpin, 2000; Volkamer et al., 2009; Lim et al., 2010;
Ervens et al., 2011; Huang et al., 2011; Lee et al., 2011; Smith et al., 2014) such as highly-
oxygenated and low-volatility organics (Hoffmann et al., 2018; Liu et al., 2019) which may
affect aerosol optical properties due to contributions to Brown Carbon (BrC) (Gilardoni et al.,
2016). Moreover, the atmospheric processing of phenols can occur in both the aqueous and
gas phases (e.g., Yee et al., 2013; Smith et al., 2014; Yu et al., 2014), and aqueous-phase
chemistry has been reported to be likely as important as gas-phase chemistry for phenolic
carbonyls (Huang et al., 2018). Recent works have demonstrated that phenols and phenolic
carbonyls can undergo reactions in atmospheric aqueous phases to form agSOA with high
mass yields (Smith et al., 2014; Yu et al., 2014; Huang et al., 2018).

Aqgueous photodegradation has been reported to be the dominant loss pathway for certain
phenolic aromatic carbonyls (including VL) (Smith et al., 2016). The opposite has been
reported for almost all the aliphatic carbonyls that Epstein et al. (2013) considered, in which
gas-phase photolysis and *OH oxidation were the major pathways, while aqueous reactions
(photodegradation and *OH oxidation) were insignificant. This is due to the much higher
Henry’s law constants (10°to 108 M atm™) of these phenolic aromatic carbonyls compared to
those of aliphatic carbonyls. Based on these, the current work is intended to simulate the
formation of agSOA via the direct photosensitized oxidation of VL in atmospheric cloud and
fog water. For a more atmospherically relevant approach, the presence of nitrate and the
effects of reaction conditions such as solution pH and reactants concentrations were also
considered.

2. Line 100-101: | don’t understand this statement. Shouldn’t you want nitrates to affect the
kinetics of VN photolysis by generating sufficient OH radicals? The purpose of adding
ammonium nitrate should be clearly stated.

Response: In this study, the addition of ammonium nitrate was not specifically to affect the
VL decay kinetics but rather to examine the effect of ammonium nitrate on agSOA formation



from the direct photosensitized oxidation of VL in general. The concentration of ammonium
nitrate (1 mM) used was based on values observed in cloud and fog water (Munger et al.,
1983; Collett et al., 1998; Zhang and Anastasio, 2003; Li et al., 2011; Giulianelli et al., 2014;
Bianco et al., 2020). Thank you for this suggestion. The introduction and objectives have been
revised to clarify this as follows:

Line 60: Inorganic salts such as ammonium nitrate are is-a major components of aerosols and
cloud/fog water.

Lines 65-67: For example, the aqSOA yields from the photo-oxidation of phenolic carbonyls in
ammonium nitrate are twice as high as that in ammonium sulfate solution (Huang et al.,
2018).

Lines 68-75: Moreoverkurthermeore, nitrate photolysis has been proposed to be a potentially
important process for SO, oxidation and SOA formation via the generation of *OH, *NO>, and
N(II) within particles (Gen et al., 2019a, 2019b; Zhang et al., 2020, 2021), and it can also
potentially change the morphology of atmospheric viscous particles (Liang et al., 2021).
Furthermore, ammonium (NH4*) can react with carbonyls producing light-absorbing
compounds and highly oxygenated oligomers, as well as catalyze different reactions (De Haan
et al., 2009, 2011; Noziere et al., 2009, 2010, 2018; Shapiro et al., 2009; Yu et al., 2011; Lee et
al., 2013; Powelson et al., 2014; Gen et al., 2018; Mabato et al., 2019). AceerdinglyTherefore,
beth 3C* and inorganic nitrate can contribute to agSOA and BrC formation.

Lines 89-93: Nitrate and ammonium are also among the main biomass burning aerosol
components (Xiao et al., 2020; Zielinski et al., 2020). As BB aerosols are typically internally
mixed with other aerosol components (Zielinski et al., 2020), VL may coexist with ammonium
nitrate in BB aerosols. The aguesus-phase-phote-oxidatien direct photosensitized oxidation
of VL in the absence and presence of ammonium nitrate may then reveal insights into the
atmospheric processing of BB aerosols.

Lines 98-122: Previous works agSOA formation via triplet-mediated oxidation are mostly
based on reactions between phenols and a non-phenolic aromatic carbonyl as triplet
precursor (e.g., Smith et al., 2014; Yu et al., 2014, Jiang et al., 2021). Also, studies examining
the effects of inorganic nitrate on agSOA formation and properties remain limited. The
present study aimed to evaluate agSOA formation via the direct photosensitized oxidation of
a triplet precursor (VL) alone. Furthermore, agSOA formation via the direct photosensitized
oxidation of VL in in the presence of ammonium nitrate was also examined. Accordingly, the
main goals of this study are (1) to compare aqSOA formation in cloud/fog water via the direct
photosensitized oxidation of VL in the absence and presence of ammonium nitrate, (2) to
evaluate the influences of Oy, solution pH, and reactants concentration and molar ratios on
the reactions, (3) to investigate the participation of ammonium in the direct photosensitized
oxidation of VL in the presence of ammonium nitrate, and (4) to examine agSOA formation
from the oxidation of guaiacol, a non-carbonyl phenol, via photosensitized reactions of VL. To
achieve these goals, solutions composed of either VL only or VL in the presence of ammonium
nitrate were subjected to simulated sunlight irradiation under atmospherically relevant cloud



and fog conditions. Solutions composed of VL in the presence of sodium nitrate were also
examlned for comparlson with the presence of ammonium mtrate —'Fe—e#aJ-&a%e—t—he—pe-tent—ra-l

H-nde#at-me&pheﬁeaﬂ-y—m#evant—eenelmens— Ln—t-hw—we#k— The reactions were characterlzed
based on VL decay klnetlcs detected products and I|ght absorbance changes—and Fhe

eaad-a%ren FlnaIIy, we proposed agSOA formatlon pathways via the direct photosensitized
oxidation of VL in the absence and presence of ammonium nitrate\—phete-exidatien. This
work presents a comprehensive comparison of agqSOA formation from the direct
photosensitized oxidation of VL phete-exidatien in the absence and presence of ammonium

nitrate byl photosensitization-and-inthe presence-of inorganicnitrate.

3. Line 126-127: | disagree the equal ionization efficiency for different compounds. This
cannot be true.

Response: The reviewer is correct that ionization efficiency varies among different
compounds. As stated in lines 172-178, ‘Comparisons of peak abundance in mass
spectrometry have been used in many recent studies (e.g., Lee et al., 2014; Romonosky et al.,
2017; Wang et al., 2017; Fleming et al., 2018; Song et al., 2018; Klodt et al., 2019; Ning et al.,
2019) to show the relative importance of different types of compounds (Wang et al., 2021).
However, ionization efficiency may greatly vary for different classes of compounds (Kebarle,
2000; Schmidt et al., 2006; Leito et al., 2008; Perry et al., 2008; Kruve et al., 2014), and so
uncertainties may arise from comparisons of peak areas among compounds. In this work, we
assumed equal ionization efficiency of different compounds, which is commonly used to
estimate O:C ratios of SOA (e.g., Bateman et al.,, 2012; Lin et al., 2012; Laskin et al., 2014; De
Haan et al., 2019), to calculate their normalized abundance.” We understand that it can be a
weak assumption, but it is also in line with many similar studies in the literature on related
analysis.

The normalized abundance of products in this study is a semi-quantitative analysis intended
to provide an overview of how the signal intensities (as normalized in Eq. 2) changed under
different experimental conditions, but not to quantify the absolute concentration of products.
Even if relative abundance (product peaks are normalized to the highest peak), which has
been widely utilized (e.g., Lee et al., 2014, https://pubs.acs.org/doi/10.1021/es502515r;
Romonosky et al., 2017, https://pubs.acs.org/doi/10.1021/acs.jpca.6b10900; Fleming et al.,
2018, https://doi.org/10.5194/acp-18-2461-2018; Klodt et al., 2019,
https://pubs.acs.org/doi/pdf/10.1021/acsearthspacechem.9b00222) in the literature is used
instead of normalized abundance in our analysis, the major products detected as well as the
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conclusions of this study will remain the same. While ESI ionization is not ideal for product
guantification, Nguyen et al. (2013) (https://doi.org/10.1039/C2AY25682G) found a positive
correlation between ESI signal and “adjusted mass” (= molecular mass x H: C). Based on that
study, the uncertainty would be a factor of 2 — 4 if only the “adjusted mass” is considered,
and further complications of matrix effect and polarity are disregarded. However, what we
compared is not the absolute concentrations (or contributions) of the products observed. The
comparison was based on how the signal intensities (as normalized in Eq. 2) changed under
different experimental conditions. We compared the responses of the same products (or at
least the same class of products) as conditions varied, and their ionization efficiency might
not be very different within the same class, according to the “adjusted mass” concept by
Nguyen et al. (2013). Moreover, given the same instrumental settings, the variations caused
by the instrumental fluctuations would be smaller than the effects caused by the difference
in ionization efficiency among different species. If there is any, it would be taken into account
by the normalization in Eq. 2, which is why the normalized signal intensities were used instead
of absolute signal intensities. For reference, relative uncertainties for MS signal peak areas of
VL at the same concentration measured from different experiments range from 0.14 to 0.25.
The propagated uncertainties from the MS signal intensities and [VL] are shown in Table 2.

4. Line 133-138: The term, “normalized abundance of products” is scientifically meaningless,
unless ionization efficiencies for each product were taken into account.

Response: Please see our response to minor comment #3 for the use of normalized
abundance of products in this study.

5. Line 149-156: A schematic containing radical-based full mechanisms is required. This should
be Fig. 2, which is currently oversimplified.

Response: Thank you for the suggestion. Please see our response to major comment #2 for
the modifications involving Fig. 2.

6. Line 179-181: Building a kinetic model based on Table 1 is recommended. You can verify it
by simulating a kinetic model.

Response: Thank you for the suggestion. Further experiments on the reactive intermediates
in this study are needed to build a kinetic model, unfortunately, this is beyond the scope of
the current work. Nonetheless, these statements are based on the findings of Anastasio et al.
(1997) and Li et al. (2014).

7. Line 192-194: | do not understand the purpose of conducting N2 experiments in the first
place. Clearly, O2 is the oxidant that required for the oxidation. Therefore, you expect better
oxidation with O2. There always exists 02 in cloud/fog droplets. This is not a novel finding.

Response: We are not aiming to show that there is oxidation under air-saturated conditions.
The purpose of the air- and N»-saturated experiments are provided in lines 130-133: ‘The aim


https://doi.org/10.1039/C2AY25682G

of the air-saturated experiments was to enable the generation of secondary oxidants (10,
0,°/°HO,, *OH) from 3VL* as O3 is present. Conversely, the N,-saturated experiments would
inhibit the formation of these secondary oxidants, which can lead to 3VL*-driven reactions
(Chen et al., 2020)." In this study, we found that the direct photosensitized oxidation of VL is
likely governed by 3VL* and that these secondary oxidants have minor participation (line 237).
Nonetheless, further study on the impact of O; on the reactive intermediates involved is
required to understand the exact mechanisms occurring under air-saturated conditions (line
262). Revisions in the text are as follows:

Lines 133-134: Comparison of results of air and N-saturated experiments can vyield
information on the reaction pathways that require O; involved in the direct photosensitized
oxidation of VL.

8. Line 225-227: Negative-mode analysis sounds more suitable for oxidized products. The
reason for conducting positive-mode analysis that would bring a benefit and unique results in
this work needs to be addressed.

Response: The selectivity and sensitivity of ESI in the positive and negative ion modes can vary
towards specific biomass burning organic aerosols (Lin et al., 2016). However, in this study,
the negative ion mode signals were too low for our analyses (as mentioned in line 153), hence
only positive ion mode data were useful for our analyses.

9. Line 234-237: This statement is weak. You need to make a strong statement based on your
compelling evidence.

Response: These statements summarize the findings for the comparisons of detected
products and their normalized abundance from the N, and air-saturated experiments. For
both VL* and VL+AN under air-saturated conditions (O3 is present), the products had higher
normalized abundance, and the higher OScindicates the formation of more oxidized agSOA.
For VL+AN, the N-containing products also had higher normalized abundance under air-
saturated condition, suggesting a potential enhancement of VL nitration in the presence of
0..

10. Line 244-246: 1t is difficult to conclude that products are mainly conjugated pi system
based on your ESI analysis (even MS-MS analysis).

Response: Obvious absorbance enhancement was noted under air-saturated conditions,
while the absorbance changes under Nj-saturated conditions were minimal. Also, the
normalized abundance of oligomers was observed to be higher under air-saturated conditions
compared to Nj-saturated conditions for both VL* and VL+AN. Dimers and functionalized
products have been shown to contribute to chromophore formation for the aqueous photo-
oxidation of guaiacyl acetone (another aromatic phenolic carbonyl) by 3DMB* (Jiang et al.,
2021). Based on this, the higher normalized abundance of oligomers, which have large,
conjugated m-electron systems (Chang and Thompson, 2010), and hydroxylated products (Li



et al., 2014; Zhao et al., 2015) observed in the presence of O, have contributed to the
absorbance enhancement. Moreover, the shaded area in Fig. S11 indicates compounds with
double-bond equivalency that form conjugated systems and hence are potential BrC
chromophores. Based on Fig. S11, majority of the 50 most abundant products from all pH 4
experiments in this work were potential BrC chromophores. Revisions in the text are as
follows:

Lines 325-332: For both VL* and VL+AN, evident absorbance enhancement was observed
under air-saturated conditions, while the absorbance changes under N;-saturated conditions
were minimal, consistent with the VL decay trends. Dimers and functionalized products have
been shown to contribute to chromophore formation for the aqueous photo-oxidation of
guaiacyl acetone (another aromatic phenolic carbonyl) by 3DMB*(Jiang et al., 2021). Based on
this, the higher normalized abundance of Fhisabserbance-enhancementcan-be-explainedby
thefermation-of oligomers, whichith have large, conjugated m-electron systems (Chang and
Thompson, 2010), and hydroxylated products (Li et al., 2014; Zhao et al., 2015),-#r-agreement
with—the—observed—reaction—products observed under air-saturated conditions have

contributed to the absorbance enhancement.
11. Line 266: The range of pH 2.5 and pH 4 seems too narrow to study a pH effect.

Response: Typical cloud pH values have been reported to range from 2 to 7, and the upper
limit (pH 4) of the pH range considered in this study is representative of moderately acidic
aerosol and cloud pH values (Pye et al.,, 2020). As discussed in section 3.1.2, our results
showed a clear pH effect indicated by marked differences within the pH range studied in
terms of VL decay kinetics, products characterization, and light absorbance changes.
Nonetheless, future studies evaluating a wider range of pH values for similar reactions
systems would be interesting and may provide additional insights into these reactions.

12. Line 270-271: This is speculative, again. You need to make a strong statement based on
your novel analysis.

Response: As discussed in section 3.1.1, the direct photosensitized oxidation of VL in this
study is likely governed by 3VL* and that the secondary oxidants have only minor
participation. In this work, the observed pH dependence was attributed to two possibilities
based on observed differences between pH 4 and pH < 4 and previous studies (Anastasio et
al., 1997; Smith et al., 2014; Smith et al., 2016): 3VL* being more reactive in its protonated
form and the excimer of VL being sensitive to acid-base chemistry. Again, we are cautious that
we cannot exclude all other possibilities from these experiments.

13. (a) Line 296-300 & (b) 305-306: Speculative
Response:

(a) As mentioned in minor comment #12, the direct photosensitized oxidation of VL in this
study is likely governed by 3VL* and that the secondary oxidants have only minor



participation. Moreover, as discussed in section 3.1.2 (VL photo-oxidation under varying pH
conditions), the VL decay kinetics, products characterization, and the observed pH
dependence of the absorbance enhancement indicate that the pH effect can be due to 3VL*
being more reactive in its protonated form or the excimer of VL being sensitive to acid-base
chemistry (Anastasio et al., 1997; Smith et al., 2014; Smith et al., 2016). Furthermore, the
higher normalized abundance of N-containing compounds at lower pH could be explained by
the dependence of N(lIl) (NO2” + HONO) speciation on solution acidity.

(b) In Fig. S10, we showed the changes in the UV-Vis absorption spectra of the agSOA formed
from VL* at pH 4 and 2.5 measured over a range of pH conditions from 1.5 to 10.5 to
determine whether the observed pH dependence is due to the acid-base chemistry of the
products or of the reactions. If the changes in the UV-Vis absorption spectra for the two
solutions of varying pH are different, the pH dependence is due to different products formed
from VL* at pH 4 compared to pH 2.5. However, the comparable changes in the UV-Vis
absorption spectra for the two solutions indicate that the observed pH dependence (Fig. 3b)
may be attributed to the acid-base chemistry of the reactions, which may involve 3VL* or the
excimer of VL (Smith et al., 2016). Changes in the text are as follows:

Lines 411-418: Higher absorbance enhancement for both VL* and VL+AN (Fig. 3b) was
observed as pH increased. To determine whether the pH dependence is due to the acid-base
chemistry of the products or of the reactions, we—measured the changes in the UV-Vis
absorption spectra pH-dependence of the agSOA formed from VL* at pH 4 and 2.5 were
measured over a range of pH conditions from 1.5 to 10.5 (Fig. S10). For both cases, the
intensity of absorption at longer wavelengths significantly increased as the pH of the solutions

was raised. Moreover, the eemparablepH-dependence-ofchanges in the UV-Vis absorption

spectra for the two solutions of varying pH are comparable, suggestings that the observed pH
dependence may—be—-atiributed—to—the is rooted in acid-base chemistry of the reactions
involving—which—may—ivelve 3VL* or the excimer of VL (Smith et al., 2016), as discussed
earlier.

14. Line 315: The term, “the 50 most abundant products” provides no scientific meaning. You
cannot tell the abundance of products by ESI signal. Besides, why did you choose 507

Response: We agree with the reviewer that ESI ionization is not ideal for product
quantification. Please see our response to minor comment #3 for the use of normalized
abundance of products in this study. As mentioned in lines 200-201, ‘In general, the 50 most
abundant products contributed more than half of the total normalized abundance of
products.” These were then used as representative products for discussions of reaction
pathways and calculation of the average carbon oxidation state (<OSc>). They are useful for
internal comparison among experiments under different conditions. Changes in the text are
as follows:



Lines 200-202: In general, the 50 most abundant products contributed more than half of the
total normalized abundance of products and can serve as representative products for
discussions of reaction pathways and calculation of the <OSc>.

15. Line 330-332: Speculative. Propose an explicit mechanism to support your argument.

Response: Thank you for this suggestion. More experiments on the reactive intermediates in
this study are needed to propose explicit mechanisms, unfortunately, this is beyond the scope
of this work. As the formation mechanism of dimers and higher oligomers during aqueous-
phase reactions of phenolic compounds involves the coupling of phenoxy radicals (Kobayashi
and Higashimura, 2003; Sun et al., 2010), the enhanced oligomerization at high [VL] can be
attributed to an increased concentration of phenoxy radicals (in resonance with a carbon-
centered cyclohexadienyl radical) at high [VL], promoting radical-radical polymerization (Sun
etal., 2010; Li et al., 2014). This is consistent with more oligomers reported from high phenols
concentration (e.g., 0.1 to 3 mM) (Li et al., 2014; Slikboer et al., 2015; Ye et al., 2019).
Revisions in the text are as follows:

Lines 459-467: For both VL* and VL+AN, the contribution of < 200 m/z to the normalized
abundance of products was higher at low [VL] than at high [VL], while the opposite was
observed for > 300 m/z (Fig. S12d). This indicates that functionalization was favored at low
[VL], as supported by the higher <OSc>, while oligomerization was the dominant pathway at
high [VL], consistent with more oligomers or polymeric products reported from high phenols
concentration (e.g., 0.1 to 3 mM) (Li et al., 2014; Slikboer et al., 2015; Ye et al., 2019). As the
formation mechanism of dimers and higher oligomers during agqueous-phase reactions of
phenolic compounds involves the coupling of phenoxy radicals (Kobayashi and Higashimura,
2003; Sun et al., 2010), the enhanced oligomerization at high [VL] can be attributed Fhis-is
probablydue to an increased concentration of phenoxy radicals (in resonance with a carbon-
centered cyclohexadienyl radical) at high [VL], promoting radical-radical polymerization (Sun
et al,, 2010; Li et al., 2014).

16. Line 350-352: How can you prove this based on your experiments?

Response: Imidazole formation requires the nucleophilic attack of ammonia on the carbonyl
group (Yu et al., 2011). The potential imidazole derivative (CsHsN303) observed from VL+AN
was not detected in VL+SN. Aside from this potential imidazole derivative, CsHoNO3 (No. 3,
Table S2), possibly an aminophenol, was also observed from VL+AN but only under N»-
saturated conditions, probably due to further oxidation by 3VL*. The detection of these
products in VL+AN but not in VL+SN supports the participation of ammonium in the reactions.

17. Line 352-354: (a) What are the anticipated product based on NH4+ chemistry? What are
the corresponding products you have found? (b) How does that related to BrC absorbance or

conjugate bond?

Response:



(a) The products reported from the reactions between dicarbonyls (e.g., glyoxal) and
ammonia or primary amines include imidazole and imidazole derivatives, oligomeric species,
and N-containing compounds (De Haan et al., 2009, 2011; Galloway et al., 2009; Noziére et
al., 2009; Shapiro et al., 2009; Yu et al., 2011; Lee et al., 2013; Sedehi et al., 2013; Powelson
et al., 2014; Gen et al., 2018; Mabato et al., 2019). For VL+AN at pH 4, the products observed
were oligomers, functionalized monomers, N-containing compounds, ring-opening products
(e.g., formic, oxalic acid), and a potential imidazole derivative (CsHsN30O;) that was not
detected in VL+SN. In addition, CsHoNO3 (No. 3, Table S2), possibly an aminophenol, was also
observed from VL+AN but only under N;-saturated conditions, probably due to further
oxidation by 3VL*.

(b) Comparable absorbance enhancement was noted among VL*, VL+AN, and VL+SN (Fig. 3),
likely due to 3VL* chemistry dominating the reactions even at 1:10 molar ratio of VL/AN,
probably due to the much higher molar absorptivity of VL compared to that of nitrate (Fig.
S1) and the high VL concentration (0.1 mM) used in this study. As mentioned in minor
comment #10, the shaded area in Fig. S11 indicates compounds with double-bond
equivalency that form conjugated systems and hence are potential BrC chromophores. Based
on Fig. S11, majority of the 50 most abundant products from VL*, VL+AN, and VL+SN were
potential BrC chromophores.

18. Line 366: speculative

Response: As stated in lines 511-514: ‘The decay rate constant of VL in GUA+VL (A14; Table
2) was 3 times slower than that of VL* (A5; Table 2), which may be due to competition
between ground-state VL and GUA for reactions with 3VL* or increased conversion of 3VL*
back to the ground state through the oxidation of GUA (Anastasio et al., 39961997; Smith et
al., 2014).” These suggest that in this study, GUA was oxidized by 3VL*, similar to the findings
of Smith et al. (2016) in which the addition of syringol decreased the loss rate of VL. We have
revised this in the text as follows:

Line 501-514: Accordingly, the direct GUA photodegradation resulted in minimal decay, which
plateaued after ~3 hours. Hewever-lin the presence of VL-ernitrate, the GUA decay rate

constant was 2.2 times hlgher by—Z—Z—éGUA+¥I:)—aﬂd—1%—€GUA+AN-)—Hmes—Fe&peetwely—man

details}-The decay rate constant of VL in GUA+VL (A14; Table 2) was 3 times slower than that



of VL* (A5; Table 2), which may be due to competition between ground-state VL and GUA for
reactions with 3VL* or increased conversion of 3VL* back to the ground state through the
oxidation of GUA (Anastasio et al., 49961997; Smith et al., 2014).
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Abstract. Vanillin (VL), a phenolic aromatic carbonyl abundant in biomass burning emissions, forms triplet excited states
(®VL*) under simulated sunlight leading to aqueous secondary organic aerosol (agSOA) formation. Nitrate and ammonium

are among the main components of biomass burning aerosols and cloud/fog water. Under atmospherically relevant cloud and

fog conditions, solutions composed of either VL only or VL with ammonium nitrate were subjected to simulated sunlight

irradiation to compare agSOA formation via the direct photosensitized oxidation of VL in the absence and presence of

ammonium nitrate. The reactions were characterized

by examining the VL decay
kinetics, product compositions, and Ilght absorbance changes. The-majority-of the-most-abundant-productsfrom-both- WL
idati itien—Bboth pathways—conditions
generated oligomers, functionalized monomers, and oxygenated ring-opening products, and ammonium but-nitrate promoted
functionalization and nitration, which-can-be-aseribedlikely due to its photolysis products ("OH, *NO,, and N{HH-NO, or
HONO). Moreover, a potential imidazole derivative observed frem-nitrate-mediated-\/Lpheto-exidatienin the presence of

ammonium nitrate suggested that ammonium may-be-invehvedparticipated in the reactions. The majority of the most abundant
products from both conditions were potential Brown carbon (BrC) chromophores. The effects of oxygen (O2), pH, and reactants

concentration and molar ratios on \/L-pheote-oxidationthe reactions were also explored. Our findings show that O, plays an

essential role in \pheto-exidation;the reactions, -and oligomer formation was enhanced at pH < 4. Also, functionalization

was dominant at low VL concentration, whereas oligomerization was favored at high VL concentration. Furthermore,

oligomers and hydroxylated products were detected from the oxidation of comparisons-of the-apparent-quantum-efficiency-of

guaiacol_(a non-carbonyl phenol) via VL photosensitized reactions-phetedegradation-indicate-that-in-this-study.—guaiacel
1
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idation. Lastly, potential
agSOA formation pathways via the direct photosensitized oxidation of VL in the absence and presence of ammonium nitrate
VL phete-oxidation-were proposed. This study indicates that the direct photosensitized oxidation of VL and-nitrate-mediated
VLphete-oxidation-may be an important agSOA sources in areas influenced by biomass burning-emissiens and underscores

the importance of nitrate in the aqueous-phase processing of aromatic carbonyls.

1 Introduction

Aqueous reactions can be an important source of secondary organic aerosols (SOA) (Blando and Turpin, 2000; VVolkamer et
al., 2009; Lim et al., 2010; Ervens et al., 2011; Huang et al., 2011; Lee et al., 2011; Smith et al., 2014) such as highly-
oxygenated and low-volatility organics (Hoffmann et al., 2018; Liu et al., 2019) which may affect aerosol optical properties
due to contributions to Brown Carbon (BrC) (Gilardoni et al., 2016). BrC refers to organic aerosols that absorb radiation
efficiently in the near-ultraviolet (UV) and visible regions (Laskin et al., 2015). The formation of aqueous SOA (agSOA) via
photochemical reactions involves oxidation, with hydroxyl radical ("OH) usually considered as the primary oxidant (Herrmann
et al., 2010; Smith et al., 2014). The significance of photosensitized chemistry in atmospheric aerosols has recently been
reviewed (George et al., 2015). For instance, triplet excited states of organic compounds (*C*) from the irradiation of light-
absorbing organics such as non-phenolic aromatic carbonyls (Canonica et al., 1995; Anastasio et al., 29961997; Vione et al.,
2006; Smith et al., 2014) have been reported to oxidize phenols at higher fasterrates and with greaterhigher agSOA vyields
compared to “OH (Sun et al., 2010; Smith et al., 2014; Yu et al., 2014; Smith et al., 2016). Aside from being an oxidant, 3C*
can also be a precursor of singlet oxygen (*Oz), superoxide (Oz~) or hydroperoxyl ("HO2) radical, and ‘OH (via HO"/Oz"
formation) upon reactions with O, and substrates (e.g., phenols) (George et al., 2018). The 3C* concentration in typical fog
water has been estimated to be > 25 times than that of *OH, making 3C* the primary photo-oxidant for biomass burning phenolic
compounds (Kaur and Anastasio, 2018; Kaur et al., 2019). Recent works on triplet-driven oxidation of phenols have mainly
focused on changes of physicochemical properties (e.g., light absorption) and agSOA yield (e.g., Smith et al., 2014, 2015,
2016), with few reports on reaction pathways mechanisms-and characterization-of reaction-products (e.g., Yuetal., 2014; Chen
et al., 2020; Jiang et al., 2021).

Inorganic salts such as ammonium nitrate areis-a major components of aerosols and cloud/fog water. In cloud and fog
water, the concentrations of inorganic nitrate can vary from 50 pM to > 1000 pM, with higher levels typically noted under
polluted conditions (Munger et al., 1983; Collett et al., 1998; Zhang and Anastasio, 2003; Li et al., 2011; Giulianelli et al.,
2014; Bianco et al., 2020). Upon photolysis (Vione et al., 2006; Herrmann, 2007; Scharko et al., 2014), inorganic nitrate in
cloud and fog water can contribute to BrC (Minero et al., 2007) and agSOA formation (Huang et al., 2018; Klodt et al., 2019;
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Zhang et al., 2021) by generating *OH and nitrating agents (e.g., "NO). For example, the agSOA yields from the photo-
oxidation of phenolic carbonyls in_ammonium nitrate are twice as high as that in ammonium sulfate solution (Huang et al.,
2018). Nitration is a significant process in the formation of light-absorhing organics or BrC in the atmosphere (Jacobson, 1999;
Kahnt et al., 2013; Mohr et al., 2013; Laskin et al., 2015; Teich et al., 2017; Li et al., 2020). MoreoverFurthermore, nitrate
photolysis has been proposed to be a potentially important process for SO, oxidation and SOA formation via the generation of
‘OH, "NO;, and N(II1) within particles (Gen et al., 2019a, 2019b; Zhang et al., 2020, 2021), and it can also potentially change

the morphology of atmospheric viscous particles (Liang et al., 2021). Furthermore, ammonium (NH,*) can react with carbonyls

producing light-absorbing compounds and highly oxygenated oligomers, as well as catalyze different reactions (De Haan et
al., 2009, 2011; Noziere et al., 2009, 2010, 2018; Shapiro et al., 2009; Yu et al., 2011; Lee et al., 2013; Powelson et al., 2014;
Gen et al., 2018; Mabato et al., 2019). AccordinglyTherefore, both-3C* and inorganic nitrate can contribute to agSOA and BrC
formation.

Biomass burning (BB) is a significant atmospheric source of both phenolic and non-phenolic aromatic carbonyls
(Rogge et al., 1998; Nolte et al., 2001; Schauer et al., 2001; Bond et al., 2004). Upon exposure to sunlight, aromatic carbonyls

are excited to their triplet excited states, which can initiate oxidation leading to agSOA formation (e.g., Smith et al., 2014;
2015, 2016). Fer-An example_is; vanillin (VL) (Henry’s law constant of 4.56 x 105 M atm; Yaws, 1994), a phenolic aromatic
carbonyl that has been used as a model compound for methoxyphenols, -which are abundant in BB emissions (Li et al., 2014;

Pang et al., 2019a). The aqueous "OH oxidation and direct photodegradation of VL; has-have been shown to yield low-volatility
products, although these findings were based on 254-nm irradiation (Li et al., 2014)-via-agqueous-"OH-oxidation-and-direct
phetedegradation. Photodegradation kinetics and agSOA vyields have been reported for direct VL photodegradation under
simulated sunlight (Smith et al., 2016), with oxygenated aliphatic-like compounds (high H:C, > 1.5 and low O:C, < 0.5 ratios)

reperted-noted as the most likely products (Loisel et al., 2021). -Additionally, aqueous-phase reactions of phenols with reactive
nitrogen species have been proposed to be a significant source of nitrophenols and SOA (Grosjean, 1985; Kitanovski et al.,
2014; Krofli¢ et al., 2015, 2021; Pang et al., 2019a; Kroflicetal;2021:-Yang et al., 2021). For instance, nitrite-mediated VL
photo-oxidation can generate nitrophenols, and the reactions are influenced by nitrite/\VVL molar ratios, pH, and the presence

of "OH scavengers (Pang et al., 2019a).-Nitrate and ammonium are also among the main biomass burning aerosol components

(Xiao et al., 2020; Zielinski et al., 2020). As BB aerosols are typically internally mixed with other aerosol components
(Zielinski et al., 2020), VL may coexist with ammonium nitrate in BB aerosols. The agueous-phase-pheto-exidation-direct
photosensitized oxidation of VL in the absence and_presence of ammonium nitrate may then reveal insights into the

atmospheric processing of BB aerosols. Moreover, the °C* of non-phenolic aromatic carbonyls (e.g., 3.4-

dimethoxybenzaldehyde, DMB; a non-phenolic aromatic carbonyl) (Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021) and

phenolic aromatic carbonyls (e.qg., acetosyringone, vanillin) (Smith et al., 2016) have been shown to oxidize phenols, but the

reaction products from the latter are unknown.
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Previous works on agSOA formation via triplet-mediated oxidation are mostly based on reactions between phenols

and a non-phenolic aromatic carbonyl as triplet precursor (e.g., Smith et al., 2014; Yu et al., 2014; Jiang et al., 2021). Also,

studies examining the effects of inorganic nitrate on agSOA formation and properties remain limited. The present study aimed

to evaluate agSOA formation via the direct photosensitized oxidation of a triplet precursor (VL) alone. Furthermore, agSOA

formation via the direct photosensitized oxidation of VL in the presence of ammonium nitrate was also examined. Accordingly,

the main goals of this study are (1) to compare agSOA formation in cloud/fog water via the direct photosensitized oxidation

of VL in the absence and presence of ammonium nitrate, (2) to evaluate the influences of O,, solution pH, and reactants

concentration and molar ratios on the reactions, (3) to investigate the participation of ammonium in the direct photosensitized

oxidation of VL in the presence of ammonium nitrate, and (4) to examine agSOA formation from the oxidation of guaiacol, a

non-carbonyl phenol, via photosensitized reactions of VL. To achieve these goals, solutions composed of either VL only or

VL in the presence of ammonium nitrate were subjected to simulated sunlight irradiation under atmospherically relevant cloud

and fog conditions. Solutions composed of VL in the presence of sodium nitrate were also examined for comparison with the

presence of ammonium nitrate.

itions. i ;The reactions were characterized based on VL decay kinetics, light
abserbance-changes,—and-detected products, and light absorbance changes. Fhe-influences-of-O,-solutionpH—and-reactants
oncentration-and-molarratios-on-these-two-photo-oxidation-pathways were-also-assessed-—The-*C* of non-phenolic-aromatic

—Finally, we
proposed aqgSOA formation pathways via the direct photosensitized oxidation of VL in the absence and presence of ammonium
nitrate\V—phete-oxidation. This work presents a comprehensive comparison of agSOA formation from the direct
photosensitized oxidation of VL phete-exidation-in the absence and presence of ammonium nitrateby-\/—phetosensitization

2 Methods

2.1 Aqueous--phase photo-oxidation experiments

Photo-oxidation experiments were performed in a custom-built quartz photoreactor. The solutions (initial volume of 500 mL)
were continuously mixed throughout the experiments using a magnetic stirrer. The solutions were bubbled with synthetic air
or nitrogen (N2) (> 99.995%) (0.5 dm3/min) for 30 min before irradiation to achieve air- orand Nj-saturated conditions,
respectively, and the bubbling was continued throughout the reactions (Du et al., 2011; Chen et al., 2020). The aim of the air-

4



131
132
133
134
135
136
137
138

|139
140

|141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

|160
161
162
163

|164

saturated experiments was to enable the generation of secondary oxidants (*Op, O2"/"HO,, *OH) from 3VL* as O, is present.
Conversely, the No-saturated experiments would inhibit the formation of these secondary oxidants, which can lead to 3VL*-

driven reactions (Chen et al., 2020). Comparison of results of air and N,-saturated experiments can yield information on the

reaction pathways that require O, involved in the direct photosensitized oxidation of VL. Solutions were irradiated through

the quartz window of the reactor using a xenon lamp (model 6258, Ozone free xenon lamp, 300 W, Newport) equipped with
a longpass filter (20CGA-305 nm cut-on filter, Newport) to eliminate light below 300 nm. Cooling fans positioned around the
photoreactor and lamp housing maintained reaction temperatures at 27 + 2 °C. The averaged initial photon flux in the reactor
from 300 to 380 nm measured using a chemical actinometer (2-nitrobenzaldehyde) was 2.6 x 105 photons cm? s nm* (Fig.
S1). Although the concentration of VL in cloud/fog water has been estimated to be < 0.01 mM (Anastasio et al., 19961997), a
higher VL concentration (0.1 mM) was used in this study to guarantee sufficient signals for product identification (Vione et
al., 2019). The chosen ammonium nitrate (AN) or sodium nitrate (SN) concentration (1 mM) was based on values observed in
cloud and fog water (Munger et al., 1983; Collett et al., 1998; Zhang and Anastasio, 2003; Li et al., 2011; Giulianelli et al.,
2014; Bianco et al., 2020). It should be noted that this study is not intended to identify the concentrations of ammonium nitrate
that would affect the kinetics_but to examine the effect of ammonium nitrate on agSOA formation from the direct
photosensitized oxidation of VL. Moreover, cemparisens-were-made-between-the photo-oxidation of guaiacol (GUA) (0.1
mM), a non-carbonyl phenol, in the presence of VL (0.1 mM)- was studiederAN-(I-mM). The GUA experiments allowed us
to examine agSOA formation from the oxidation of phenols by *VVL*. Samples (10 mL) were collected hourly for a total of 6
h for offline epticaland—chemical and optical analyses. Abserbanree—measurements—VL (and GUA) decay Kinetics
measurements —(calibration curves for VL and GUA standard solutions; Fig. S2), small-organic-acids-measurements,and

product characterization, small organic acids measurements, and aAbsorbance measurements;- were conducted using_ultra-

high-performance liquid chromatography with photodiode array detector (UHPLC-PDA), UHPLC coupled with quadrupole

time-of-flight mass spectrometry (UHPLC-qToF-MS) equipped with an electrospray ionization (ESI) source and operated in

the positive ion mode (the negative ion mode signals were too low for our analyses), ion chromatography (IC), and UV-Vis

spectrophotometry,—ultra-high-performance Hguid—chromatography—with—phe de—array—detector (UHPLC-PDA)—ion

lewforouranalyses); respectively. -Each experiment was repeated independently at least three times and measurements were

done in triplicate. The reported decay rate constants and absorbance enhancement are the average of results from triplicate
experiments, and the corresponding errors represent one standard deviation. The mass spectra are based on the average of
results from duplicate experiments. The Supporting Information (Text S1 to S67) provides details on the materials and
analytical procedures. The pseudo-first-order rate constant (k’) for VL decay was determined using the following equation
(Huang et al., 2018):

In ([VL]./[VL]o) = —K't (Eq.1)

5
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where [VL]; and [VL]o are the concentrations of VL at time t and 0, respectively. Replacing VL with GUA in Eq. 1 enabled
the calculation of GUA decay rate constant. -The decay rate constants were normalized to the photon flux measured for each
experiment through dividing k” by the measured 2-nitrobenzaldehyde (2NB) decay rate constant, j(2NB) (see Text S6 for more
details).

2.2 Calculation of normalized abundance of products

Comparisons of peak abundance in mass spectrometry have been used in many recent studies (e.g., Lee et al., 2014;
Romonosky et al., 2017; Wang et al., 2017; Fleming et al., 2018; Song et al., 2018; Klodt et al., 2019; Ning et al., 2019) to
show the relative importance of different types of compounds (Wang et al., 2021). However, ionization efficiency may greatly
vary for different classes of compounds (Kebarle, 2000; Schmidt et al., 2006; Leito et al., 2008; Perry et al., 2008; Kruve et
al., 2014), and so uncertainties may arise from comparisons of peak areas among compounds. In this work, we assumed equal
ionization efficiency of different compounds, which is commonly used to estimate O:C ratios of SOA (e.g., Bateman et al.,
2012; Lin et al., 2012; Laskin et al., 2014; De Haan et al., 2019), to calculate their normalized abundance. The normalized

abundance of a product, [P] (unitless), was calculated as follows:

— Apr  [VLIe
[P1 = Avpe [VLo (Ea-2)

where Ap, and Ay are the extracted ion chromatogram (EIC) peak areas of the product P and VL from UHPLC-qToF-MS
analyses at time t, respectively; [VL]:and [VL]o are the VL concentrations (uM) determined using UHPLC-PDA at time t and
0, respectively. Here, we relied on the direct quantification of [VL] using UHPLC-PDA (see Fig. S2 for VL calibration curve).
H-sheuld-be-noted\We emphasize that the normalized abundance of products in this study is a semi-quantitative analysis
intended to provide an overview of how the signal intensities changed under different experimental conditions but not to
quantify the absolute concentration of products. Also, as it is based on comparisons of peak abundance from UHPLC-qToF-

MS analyses, the normalized abundance of products in this study is associated with intrinsic uncertainties due to the variability

in ionization efficiencies for various compounds. Moreover, the major products detected in this study are probably those with

high concentration or high ionization efficiency in the positive ESI mode. The use of relative abundance (product peaks are
normalized to the highest peak) (e.g., Lee et al., 2014; Romonosky et al., 2017; Fleming et al., 2018; Klodt et al., 2019) would
yield the same major products reported. Typical fragmentation behavior observed in MS/MS spectra for individual functional

groups from HolCapek et al. (2010) are outlined in Table S1.



195

196
197
198
199
200
201
202

203
204
205
206
207
|208
209
|210
211
212
213

214

215

216
217
218
219
220
221
222
223
224
225

3 Results and Discussion

3.1 Kinetics, mass spectrometric, and absorbance changes analyses during the direct photosensitized oxidation of VL

in the aqueous -phase pheto-exidation-ofvanitin

For clarity purposes, the reactions involving reactive species referred to in the following discussions are provided in Table 1.
Table 2 summarizes the reaction conditions, initial VL (and GUA) decay rate constants, normalized abundance of products,
and average carbon oxidation state (<OS¢>) (of the 50 most abundant products). In general, the 50 most abundant products
contributed more than half of the total normalized abundance of products_and can serve as representative products for

discussions of reaction pathways and calculation of the <OS>.

As shown in Figure S3, VL underwent oxidation both directly and in the presence of ammonium (and sodium) nitrate

upon simulated sunlight illumination. VL absorbs light and is promoted to its excited singlet state (*VL"), then undergoes
intersystem crossing (ISC) to the excited triplet state, ®VL*. In principle, 3VL* can oxidize ground-state VL (Type |
photosensitized reactions) via H-atom abstraction/electron transfer and form O™ or HO,' in the presence of O, (George et al.,
2018), or react with O (Type Il photosensitized reactions) to yield O, via energy transfer or O, via electron transfer (Lee et
al., 1987; Foote et al., 1991). The disproportionation of HO,'/O,™ (Anastasio et al., £9961997) form hydrogen peroxide (H.05),
which is a photolytic source of *OH. Overall, air-saturated conditions, in which O is present, enable the generation of
secondary oxidants (*O,, 0,"/"HO,, "OH) from 3VL*-{*0.-0,"/"HO,"OH}. Moreover, “OH, *NO2, and NO2/HNO,, i.e., N(111),
generated via nitrate photolysis (Reactions 1-3; Table 1), can also oxidize or nitrate VL. In this work, the direct photosensitized

oxidation of VL_in the absence (VL only experiments) and ritrate-mediated-\-photo-oxidation-_presence of ammonium
nitrate are referred to as VL™ and VL+AN, respectively.

3.1.1 VL photo--oxidation under Nz and air-saturated conditions

As previously stated, the No-saturated experiments would inhibit the formation of secondary oxidants (10, O,"/*HO,, ‘OH)

from SVL*, facilitating ®VL*-driven reactions (Chen et al., 2020). In contrast, the air-saturated experiments can enable the

generation of these secondary oxidants from3VL* as O, is present. Moreover, for experiments conducted under three saturated

gases (air, Oy, and Ny), the rate constant for 4-ethylguaiacol (a non-carbonyl phenol) loss by *DMB* decreased in the order of

air > N, > O,. This was attributed to the presence of O, resulting in a synergistic effect of 10, and 3C* under air-saturated

conditions (Chen et al., 2020). The differences in air and N,-saturated experiments can then be used to infer the role of reaction

pathways that require O in the direct photosensitized oxidation of VL. -The photosensitized -oxidation of VL under both N-

and air-saturated conditions (Fig. S3a) were carried out at pH 4, which is representative of moderately acidic aerosol and cloud
pH values (Pye et al., 2020). No significant VL loss was observed for dark experiments. The oxidation of ground-state VL by

3VL* via H-atom abstraction or electron transfer can form phenoxy (which is in resonance with a carbon-centered



226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

cyclohexadienyl radical that has a longer lifetime) and ketyl radicals (Neumann et al., 1986a, 1986b; Anastasio et al.,
19961997). The coupling of phenoxy radicals or phenoxy and cyclohexadienyl radicals can form oligomers as observed for
both N»- and air-saturated experiments (see discussions later). However, the minimaltittle decay of VL under Np-saturated
condition indicates that these radicals probably predeminanthy-decayed via back-hydrogen transfer to regenerate VL (Lathioor
etal., 1999). A possible explanation for this is the involvement of O, in the secondary steps of VL decay. For instance, a major
fate of the ketyl radical is reaction with O, (Anastasio et al., 29961997). In the absence of O, radical formation occurs, but the
forward reaction of ketyl radical and O is blocked, leading to the regeneration of VL as suggested by the minimal VL decay.
Aside from potential inhibition of secondary oxidants generation (Chen et al., 2020), N, purging may have also hindered the
secondary steps for VL decay.

Contrastingly, the VL* decay rate constant for \VVL* -under air-saturated conditions was 4 times higher_than under

N,-saturated conditions (Table 2). As mentioned earlier, secondary oxidants (*O,, O2"/"HO,, *OH) can be generated from 3VL*

when O, is present (e-g--under air-saturated conditions). However, the direct photosensitized -oxidation of VL in this study is
likely mainky-governed by 3VL* and that these secondary oxidants have only minor participation. ‘O, is also a potential oxidant
for phenols (Herrmann et al., 2010; Minella et al., 2011; Smith et al., 2014), but *O, reacts much faster (by ~60 times) with
phenolate ions eempared-to-than neutral phenols (Tratnyek and Hoigne, 1991; Canonica et al., 1995; McNally et al., 2005).
Under the pH values (pH 2.5 to 4) considered in this study, the amount of phenolate ion is negligible (pK. of VL = 7.9), so the
reaction between VL and *O; should be slow. Interestingly, however, both °C* and *O, haves been shown to be important in
(Chen et al., 2020). Furthermore, while the irradiation of other phenolic compounds can produce H202, a precursor for *OH

(Anastasio et al., 29961997), the amount of H,0- is small. Based on this, only trace amounts of H,O- were likely generated

from VL* (Li et al., 2014) under-air saturated conditions, suggesting that contribution from *OH was minor. Overall, these

The VL decay rate constant for VL+AN under air-saturated conditions was also higher (6.6 times) than under N,-
saturated conditions, which-may-bepossibly- due to reactions facilitated by nitrate photolysis products that may have been
enhanced in the presence of O, (Vione et al., 2005; Kim et al., 2014; Pang et al., 2019a). As shown later, more ritregen-
containingN-containing species were observed for VL+AN under air-saturated conditions than under N,-saturated conditions.

An example is enhanced VL nitration likely from increased *NO, formation such as from the reaction of *OH and O, with
NO; (Reactions 4 and 5, respectively; Table 1) or the autoxidation of “NO from NO; photolysis (Reactions 6-9; Table 1) in
aqueous solutions (Pang et al., 2019a). Nevertheless, the comparable decay rate constants for VL* and VL+AN imply that
3VL* chemistry still dominates even at 1:10 molar ratio of VL/ANnitrate;. This can be attributed- prebably-due-to the much
higher molar absorptivity of VL compared to that of nitrate (Fig. S1) and the high VL concentration (0.1 mM) used in this
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study. Altheugh-we-have-no-The quantification of the oxidants in our reaction systems is not explored here and require

additional work-as-it-is-outside-the-scope-of-th udy-these-observations-clearly-substantiate-that-photosen ed-exidation

experiments suggest that the secondary steps for VL decay via *VL* may require to O, proceed. Nonetheless, Efurther study

on the impact of O, on the reactive intermediates involved is required to understand the exact mechanisms occurring under air-
saturated conditions.

The products from VL* under N»-saturated conditions were mainly oligomers (e.g., C1H104) (Fig. 1a), consistent
with triplet-mediated oxidation forming higher molecular weight products, prebably-with less fragmentation relative to
oxidation by "OH (Yu et al., 2014; Chen et al., 2020). A threefold increase in the normalized abundance of products was noted
upon addition of ANnitrate (VL+AN under Np-saturated conditions; Fig. 1b), and in addition to oligomers, functionalized
monomers (e.g., CsHsOs) and ritregen-centainingN-containing compounds (e.g., CsHgNO3; No. 32, Table S2) were also
observed, in agreement with ‘OH-initiated oxidation yielding more functionalized/oxygenated products compared to triplet-
mediated oxidation (Yu et al., 2014; Chen et al., 2020). Oligomers, functionalized monomers (e.g., demethylated VL; Fig. S4),
and ritrogen-containingN-containing compounds (e.g., C1sH10N209; No. 43, Table S2) (for VL+AN) had higher normalized
abundance under air-saturated conditions (Figs. 1c-d), attributable likely-due-to efficient 3V L *-initiated oxidation and enhanced
VL nitration in the presence of O,. For both VL* and VL+AN under air-saturated conditions, the most abundant product was
C10H1005 (No. 54, Table S2), a substituted VL. Irradiation of VL by 254-nm lamp has also been reported to lead to VL
dimerization and functionalization via ring-retaining pathways, as well as small oxygenates formation but only when “OH from
H,0, were involved (Li et al., 2014). In this work, small organic acids (e.g., formic acid) were observed from both VVL* and
VL+AN under air-saturated conditions (Fig. S5) due to simulated sunlight that could access the 308-nm VL band (Smith et al.,
2016). Interestingly, we observed a potential imidazole derivative (CsHsN3Oz; No. 6-5, Table S2) from VL+AN under air-
saturated conditions (Fig. 1d), which may have formed from reactions induced by ammonium. This compound was not
observed in a parallel experiment in which AN was replaced with sedium-nitrate (SN} (Fig. S6a; see Sect. 3.1.3 for discussion).

-The potential agSOA formation pathways via the direct photosensitized oxidation of VL in the absence and presence
of AN phete-gxidation-in this study are summarized in Fig. 2.- At pH 4, *VL*-initiated reactions yielded oligomeric species

coupling of phenoxy radicals or phenoxy and cyclohexadienyl radicals (Sun et al., 2010; Yu et al., 2014; Vione et al., 2019).

In this work, phenoxy radicals (in resonance with a carbon-centered cyclohexadienyl radical) can be generated from several

processes such as the oxidation of ground-state VL by 3VL* via H-atom abstraction or electron transfer coupled with proton

transfer from the phenoxyl radical cation or from solvent water (Neumann et al., 1986a, 1986b; Anastasio et al., $9961997)

and photoinduced O-H bond-breaking (Berto et al., 2016). Also, similar reactions can be initiated by ‘OH (Gelencsér et al.,
2003; Hoffer et al., 2004; Chang and Thompson, 2010; Sun et al., 2010), which in this study can be generated from the reaction
between 3VL* and O,, as well as nitrate photolysis. Trace amounts of H,O, could be werelikely—formed during VL

photodegradation (Li et al., 2014), similar to the case of other phenolic compounds (Anastasio et al., £9961997). In addition,
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ring-opening products (Fig. S5) from fragmentation in both VL* and VL+AN may have reacted with VL or dissolved ammonia
to generate C10H100s (No. 54, Table S2) (Pang et al., 2019b) or a potential imidazole derivative (CsHsNzO; No. 65, Table
S2), respectively. Moreover, nitrate photolysis products promoted functionalization and nitration (e.g., C1sH10N2Og; No. 43,
Table S2).

The molecular transformation of VL upon photosensitized -oxidation was examined using the van Krevelen diagrams
(Fig. S7). For all experiments (A1-145; Table 2) in this study, the O:C and H:C ratios of the products were-mainky similar to
those observed from the aging of other phenolic compounds (Yu et al., 2014) and BB aerosols (Qi et al., 2019). Under N.-
saturated conditions, oligomers with O:C ratios < 0.6 were dominant in VL*, while smaller molecules (nc< 8) with higher O:C
ratios (up to 0.8) were also observed for VL+AN. In contrast, more products with higher O:C ratios (> 0.6) were noted under
air-saturated conditions for both VL* and VL+AN. For experiments A5 to A8, H:C ratios were mostly around 1.0 and double
bond equivalent (DBE) values were typically (58% of the 50 most abundant products) > 7, indicating that the products were
mainly oxidized aromatic- compounds (Xie et al., 2020). Compounds with H:C < 1.0 and O:C < 0.5 are common for aromatic
species, while compounds with H:C > 1.5 and O:C < 0.5 are typical for more aliphatic species (Mazzoleni et al., 2012;
Kourtchev et al., 2014; Jiang etal., 2021). In contrast, Loisel et al. (2021) reported mainly oxygenated aliphatic-like compounds
from the direct irradiation of VL (0.1 mM), attributable prebabhy-due-to their use of ESI in the negative ion mode, which has
higher sensitivity for detecting compounds such as carboxylic acids (Hol¢apek et al., 2010; Liigand et al., 2017), and solid-
phase extraction (SPE) procedure causing the loss of some oligomers (LeClair et al., 2012; Zhao et al., 2013; Bianco et al.,
20198). Among experiments A5 to A8, VL+AN under air-saturated conditions (A7) had the highest normalized abundance of
products and <OS.>, probably due to the combined influence of 3VL* and enhanced VL nitration in the presence of O,. Our
measured <OS¢> for all experiments range from -0.28 to +0.12, while other studies on phenolic agSOA formation reported
<OS¢> ranging from -0.14 to +0.47 (Sun et al., 2010) and 0.04 to 0.74 (Yu et al., 2014). The <OS¢> in this study likely were
lower estimates sinceFhis-is-tikely-beecause we excluded contributions from ring-opening products, which may have higher
OS; values as these products are not detectable in the positive ion mode. Fhusthe-<OS.>-in-this-study-likehrwere lower
estimates: In brief, more oxidized agSOA and higher the-presence—O.-inereased-the-normalized abundance of products such
as oligomers and functionalized monomers were noted under air-saturated conditions due to efficient VL oxidation by *VL*

in and-promoted-the-formation-of-more-oxidized-agSOAthe presence of O,. Compared to No-saturated condition, the higher
normalized abundance of ritregen-containingN-containing products under air-saturated condition for VL+AN (at pH 4)

suggests a potential enhancement of VL nitration in the presence of O.

Illumination of phenolic aromatic carbonyls with high molar absorptivities (€xmax) (=8 t0 22 x 10° Mt cm™) leads to
an overall loss of light absorption but increased absorbance at longer wavelengths (> 350 nm), where the carbonyls did not
initially absorb light (Smith et al., 2016). Fig. 3a illustrates the changes in total absorbance from 350 to 550 nm of VVL* and
VL+AN under N.- and air-saturated conditions. The absorption spectra of VL* under air- and N»- saturated conditions (pH 4)
at different time intervals are shown in Fig. S8. For both VL* and VL+AN, evident absorbance enhancement was observed
under air-saturated conditions, while the absorbance changes under N»-saturated conditions were minimal, consistent with the
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VL decay trends. Dimers and functionalized products have been shown to contribute to chromophore formation for the aqueous

photo-oxidation of guaiacyl acetone (another aromatic phenolic carbonyl) by SDMB* (Jiang et al., 2021). Based on this, the

higher normalized abundance of

oligomers, whichith have

large, conjugated m-electron systems (Chang and Thompson, 2010), and hydroxylated products (Li et al., 2014; Zhao et al.,
2015)—in-agreement-with-the-observed-reaction—products_observed under air-saturated conditions have contributed to the

absorbance enhancement. However, it is worth noting that the products detected may not have contributed significantly to the

total products formed and hence may not be the primary contributors to the absorbance enhancement. As mentioned earlier

the major products detected in this study are probably those with high concentration or high ionization efficiency in the positive

ESI mode. In other words, the absorbance enhancement may not necessarily correlate directly with the products detected.

Correlating speciated chromophores with absorbance changes may be useful in demonstrating how agSOA influence

the Earth’s radiative balance and identifying chemical reactions that can affect the overall light absorption by agSOA. This

can be accomplished by using liquid chromatography coupled with photodiode array (PDA) detector and high-resolution mass

spectrometry (LC/PDA/HRMS platform) (e.g., Lin et al., 2017; Jiang et al., 2021; Misovich et al., 2021). In our experiments,

VL (and GUA) concentration measurements, product characterization, and absorbance measurements were performed using

UHPLC-PDA, UHPLC-qToF-MS, and UV-Vis spectrophotometry, respectively. A similar approach is then possible using the
current methods in this work by matching the retention time (RT) of the products detected using UHPLC-ToF-MS with that

in the PDA. However, the concentration of the chromophores in this study is below the detection limit of the PDA based on
the lack of distinct PDA signals from the products. -#a-this—werk—ph y-radicals—(in with b Atered
. . L e i

tod fram caveral such ac tha avidati
s B 2

B Cmmnrnpl doecd
L 24 ST

nd Th

an 3/l * and O._acwall ac nitrata
g

{Sun—et-al-2010;Yu-et-al 2014, Vioneet-al,—2019). Absorbance increase at > 350 nm has also been reported for the
photosensitized oxidation of phenol and 4-phenoxyphenol (De Laurentiis et al., 2013a, 2013b) and direct photolysis of tyrosine

and 4-phenoxyphenol (Bianco et al., 2014) in which dimers have been identified as initial substrates. The continuous
absorbance enhancement throughout 6 h of irradiation correlated with the observation of oligomers and nitrated compounds
after irradiation. However, the increasing concentration of small organic acids (Fig. S5) throughout the experiments suggests
that fragmentation, which results in the decomposition of initially formed oligomers and formation of smaller oxygenated
products (Huang et al., 2018), is important at longer irradiation times. Overall, these trends establish that compared to Ny-
saturated conditions, VL oxidation by *VL* under air-saturated conditions (O, is present) enabled -O. -is-hecessaryfor-the
efficient formation of light-absorbing compounds from both VL* and VL+AN.
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3.1.2 VL photo-oxidation under varying Effect-ef-pH_conditions

The reactionsvity of 3C* (Smith et al., 2014, 2015, 2016), aromatic photonitration by nitrate (Machado and Boule, 1995;
Dzengel et al., 1999; Vione et al., 2005; Minero et al., 2007), and N(II1)-mediated VL photo-oxidation (Pang et al., 2019a)
have been demonstrated to be pH-dependent. In this study, the effect of pH on the direct photosensitized oxidation of VL
phete-oxidation was investigated over within-the pH range of 2.5 to 4, which is within eerresponding-to-typical cloud pH
values (2-7) (Pye et al., 2020). The decay rate constants for both VL* and VL+AN increased by 1.6 and 1.4 times, respectively,
as pH decreased from 4 to 2.5 (/E* and- VE+AN-at pH-2.5:-1.6-and-1-4-timesfaster than-at pH-4respectively)-(Fig—S3bTable

(0.96) than at pH 4 (0.50), it is possible that the pH dependence of the \VL decay rate constants observed in this study is due to
3VL* being more reactive in its protonated form. Smith et al. (2016) also observed a pH dependence for the direct
photodegradation of VL (0.005 mM) (rate constants at pH < 3 are ~two times lower than at pH > 5) which they-has been
attributed to the sensitivity of the excimer of VL (i.e., the charge-transfer complex formed between an excited state VL
molecule and a separate ground state VL molecule; Birks, 1973, Turro et al., 2010) to acid-base chemistry. The opposite trend
observed in this study for 0.1 mM VL may be due to the reactivities of the protonated and neutral forms of the-*VL* being
dependent on-the VL concentration (Smith et al., 2016). H-has—been—reported-—that-Tthe quantum yield for direct VL
photodegradation is higher at pH 5 than at pH 2 for 0.005 mM VL, but they are not statistically different for 0.03 mM VL
(Smith etal., 2016). As pH decreases, the higher reactivity of *VL* and sensitivity of the excimer of VL to acid-base chemistry
may have led to faster VL photo-oxidation. Similar to pH 4 experiments, comparable decay rate constants between VL* and
VL+AN were also noted at pH < 4, again suggesting the predominant role of *VL* chemistry compared to nitrate, likely due
to the high VL concentration (0.1 mM) used in this study.

As pH decreased, the normalized abundance of products, particularly oligomers and functionalized monomers, was
higher for both VL* and VL+AN, consistent withfurtherindicating- that3VL* potentially being may-be-more reactive in their
its protonated form. The most abundant products observed were a substituted VL (C10H100s; No. 54, Table S2) and VL dimer
(C16H1406; No. 76, Table S2) at pH 4 and pH < 4, respectively (Figs. 1c-h). Furthermore, a tetramer (Cs1H24011) was observed
only in VL* at pH 2.5. For VL+AN, the normalized abundance of ritregen-centainingN-containing compounds was also higher
at lower pH (Table 2), likely due to increased *‘OH and "“NO; formation, which may be caused by the dependence of N(lII)
(NO2” + HONO) speciation on solution acidity (Pang et al., 2019a). At pH 3.3, half of N(II1) exists as HONO (Fischer and
Warneck, 1996; Pang et al., 2019a), which has a higher quantum yield for *OH formation than that of NO2™ in the near-UV
region (Arakaki et al., 1999; Kim et al., 2014). Also, NO,/HONO can generate ‘NO; via oxidation by "OH (Reactions 4 and
10; Table 1) (Pang et al., 2019a). At pH < 4, 3VL* likely have higher reactivity as suggested by the increased normalized
abundance of oligomers (e.g., C16H1406; No. 76, Table S2 and C3;H24011) and N-containing compounds (e.g., C1sH10N2Og;
No. 43, Table S2 and C13H14N2010) (Fig. 2). The most abundant product at pH < 4, C1H140¢6 (No. 7, Table S2), is likely a C—
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O coupled dimer. In previous studies on phenolic agSOA formation, the generation of phenolic dimers has been proposed to

occur via C—C or C—0 coupling of phenoxy radicals (Sun et al., 2010; Yu et al., 2014; Huang et al., 2018; Chen et al., 2020;

Misovich et al., 2021). Similarly, functionalized monomers such as CsHeOs (demethylated VL; No. 8, Table S2) and
hydroxylated products (e.g., CsHsO4; No. 9, Table S2) also had increased normalized abundance for both VL* and VL+AN.
The formation of C;HsO3 (No. 8, Table S2), which varies from the structure of VL by CH,, can be explained by *OH addition

at the carbon containing the methoxy group, succeeded by the elimination of a methoxy radical ((OCHjs) (Yee et al., 2013).

This reaction has also been postulated for the “OH oxidation of syringol (2,6-dimethoxyphenol) (Yee et al., 2013) and

(Yuetal., 2011), and at pH 4, the concentration of dissolved ammonia in VL+AN was about 10 or 30 times higher than that
at pH 3 or pH 2.5, respectively. At-differentpHFor the pH values considered in this study, the O:C and H:C ratios in VL* and
VL+AN had no significant differences (Figs. S7c—d and S9), but molecules with higher O:C ratios (> 0.6) were more abundant
at pH < 4. Accerdinglyln addition, the <OS¢> at pH < 4 for both VVL* and VL+AN were higher than that at pH 4, consistent
with higher <OS¢> observed at pH 5 compared to pH 7 for the *OH-mediated photo-oxidation of syringol (Sun et al., 2010).

Essentially, the higher reactivity of *VVL* and predominance of HONO over nitrite at lower pH may have resulted in increased

formatienhigher normalized abundance -of products mainly composed of oligomers and functionalized monomers.

Higher absorbance enhancement for both VL* and VL+AN (Fig. 3b) was observed as pH increased. To determine
whether the pH dependence is due to the acid-base chemistry of the products or of the reactions, we-measured-the changes in
the UV-Vis absorption spectra pH-dependence-of the agSOA formed from VL* at pH 4 and 2.5 were measured over a range
of pH conditions from 1.5 to 10.5 (Fig. S10). For both cases, the intensity of absorption at longer wavelengths significantly
increased as the pH of the solutions was raised. Moreover, the comparable pH-dependenee-ofchanges in the UV-Vis absorption
spectra for the two solutions of varying pH are comparable, suggestings that the observed pH dependence-ray-be-atiributed
to-the is rooted in acid-base chemistry of the reactions_involving ~which-may-invelve 3VL* or the excimer of VL (Smith etal.,

2016), as discussed earlier.

3.1.3 Participation of ammonium in the direct photosensitized oxidation of VL in the presence of AN

Ammonium salts are an important constituent of atmospheric aerosols particles (Jimenez et al., 2009), and reactions between

dicarbonyls (e.g., glyoxal) and ammonia or primary amines form BrC (De Haan et al., 2009, 2011; Noziere et al., 2009; Shapiro
etal., 2009; Lee etal., 2013; Powelson et al., 2014; Gen et al., 2018; Mabato et al., 2019). Imidazole and imidazole derivatives
are the major products of glyoxal and ammonium sulfate reactions at pH 4 (Galloway et al., 2009; Yu et al., 2011; Sedehi et
al., 2013; Gen etal., 2018; Mabato et al., 2019). Here, we compared VL+AN and VL+SN at pH 4 under air-saturated conditions

to confirm the participation of ammonium in the photosensitized oxidation of VL. The presence of ammonium did not appear

to_influence the kinetics of VL decay and light absorbance changes based on VL+AN and VL+SN having no statistically
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significant difference (p > 0.05) with respect to VL decay rate constants (Table 2) and yielding comparable absorbance

enhancement (Fig. 3a), respectively. However, it is important to note that this may not be the case for lower concentrations of

VL. As previously stated, the reactions in this study were dominated by 3VL* chemistry, likely due to the higher molar

absorptivity of VL than that of nitrate and the high VL concentration used. Similarly, the normalized abundance of products

was comparable in both experiments (A7 and A9; Table 2) with C10H1005 (No. 5, Table S2) as the most abundant product
(Figs. 1d and S6a), but in VL+SN, there was a significant amount of a VL dimer (C15H1,0g; No. 10, Table S2). The normalized
abundance of N-containing compounds was also similar for VL+AN and VL+SN but the detected N-containing compounds
were distinct. Aside from the potential imidazole derivative (CsHsNsO,; No. 6, Table S2), CgHsNO3 (No. 3, Table S2), possibly

an aminophenol, was also observed from VL+AN but only under N,-saturated conditions (Fig. 1b), probably due to further
oxidation by ®VL*. Relative to VL+AN, the products from VL+SN had higher O:C ratios (e.g., C;HsN,O-; No. 11, Table S2),

0S,, and <OS.> values (Table 2). In summary, while the VL decay kinetics and absorbance enhancement for VL+AN and

VL+SN were similar, the product analysis supports the participation of ammonium in the agueous-phase reactions.

3.1.43 Distribution of potential BrC compounds

Figure S11 plots the DBE values vs. number of carbons (n) (Lin et al., 2018) for the 50 most abundant products from pH 4
experiments under air-saturated conditions, along with reference to DBE values corresponding to fullerene-like hydrocarbons
(Lobodin et al., 2012), cata-condensed polycyclic aromatic hydrocarbons (PAHSs) (Siegmann and Sattler, 2000), and linear
conjugated polyenes with a general formula C,H,.,. As light absorption by BrC requires uninterrupted conjugation across a
significant part of the molecular structure, compounds with DBE/nc ratios (shaded area in Fig. S11) greater than that of linear
conjugated polyenes are potential BrC compounds (Lin et al., 2018). Based on this criterion and the observed absorbance
enhancement at > 350 nm (Fig. 3), the majority of the 50 most abundant products from pH 4 experiments under air-saturated
conditions were potential BrC chromophores composed of monomers and oligomers up to tetramers. However, as ESI-detected
compounds in BB organic aerosols has been reported to be mainly molecules with n, < 25 (Lin et al., 2018), there may be

higher oligomers that were not detected in our reaction systems.

3.2 Effect of reactants concentration and molar ratios on the direct photosensitized oxidation of VL in the agueous

phaseaguesusphoto-oxidation-ofvanillin

To examine the influence of VL and AN-ritrate concentration and their molar ratios on the direct photosensitized oxidation of
VLV phete-oxidatien, we also characterized the reaction products from lower [VL] (0.01 mM VL*; A10; Table 2), lower
[VL] and equal molar ratio of VL/ANritrate (0.01 mM VL + 0.01 mM AN; A11; Table 2), and lower [\VL] and 1:100 molar
ratio of VL/ANritrate (0.01 mM VL + 1 mM AN; Al12; Table 2) at pH 4. The normalized abundance of products from low
[VL] experiments (A10-A12; Table 2) were up to 1.4 times higher than that of high [VL] experiments (A5 and A7; Table 2).
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Nevertheless, the major products for both low and high [VL] experiments were functionalized monomers (Figs. 1c-d and S12a—
c) such as CgHgO4 (No. 127, Table S2) and C10H100s (No. 54, Table S2). For both VL* and VL+AN, the contribution of < 200
m/z to the normalized abundance of products was higher at low [VL] than at high [VL], while the opposite was observed for
> 300 m/z (Fig. S12d). This indicates that functionalization was favored at low [VL], as supported by the higher <OS.>, while
oligomerization was the dominant pathway at high [VL], consistent with more oligomers or polymeric products reported from
high phenols concentration (e.g., 0.1 to 3 mM) (Li et al., 2014; Slikboer et al., 2015; Ye et al., 2019). As the formation

mechanism of dimers and higher oligomers during agueous-phase reactions of phenolic compounds involves the coupling of

phenoxy radicals (Kobayashi and Higashimura, 2003; Sun et al., 2010), the enhanced oligomerization at high [VL] can be

attributed Fhis-is—prebably-—due-to an increased concentration of phenoxy radicals (in resonance with a carbon-centered
cyclohexadienyl radical) at high [\VL], promoting radical-radical polymerization (Sun et al., 2010; Li et al., 2014). At low
[VL], the contribution of < 200 m/z to the normalized abundance of products was higher for 1:1 than 1:100 VL/ANnitrate
molar ratio, suggesting the prevalence of functionalization for the former. In addition, 1:1 VL/ANnitrate (A1l; Table 2) had
higher <OS¢> than 1:100 VL/AN#itrate (A12; Table 2), indicating the formation of more oxidized products, but had fewer N-
containing compounds compared to the latter. A possible explanation is that at 1:1 VL/AN#itrate, VL may compete with NOy
for "OH (from nitrate or nitrite photolysis, Reaction 4; Table 1) and indirectly reduce "NO,. Similarly, hydroxylation has been
suggested to be a more important pathway for 1:1 VL/nitrite than in 1:10 VL/nitrite (Pang et al., 2019a). Fragmentation, which
leads to the decomposition of previously formed oligomers and generation of small, oxygenated products such as organic acids
(Huang et al., 2018), may also occur for the low [VL] experiments. However, its importance would likely be observed at longer

irradiation times, similar to the high [VL] experiments.
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3.34 Oxidation of guaiacol by photosensitized reactions of vanitin-\VLand-photelysis-ef nitrate

The oxidation of phenols by *C* has been mainly studied using non-phenolic aromatic carbonyls (Anastasio et al., 19961997;
Smith et al., 2014, 2015; Yu et al., 2014; Chen et al., 2020) and aromatic ketones (Canonica et al., 2000) as triplet precursors.
Recently, 3VL* have-alses been shown to oxidize syringol (Smith et al., 2016), a non-carbonyl phenol, although the reaction
products remain unknown. In this section, we discussed the photo-oxidation of guaiacol (GUA), a non-carbonyl phenol that is
also a lignocellulosic BB pollutant (Krofli¢ et al., 2015)-that-is-also-a-nen-carboryl-phensl, in the presence of VL (GUA+VL)
er-hitrate (GUA+AN). The dark experiments did not show any substantial loss of VL or GUA (Fig. S3c). Due to its poor light
absorption in the solar range, GUA is not an effective photosensitizer (Smith et al., 2014; Yu et al., 2014). Accordingly, the
direct GUA photodegradation resulted in minimal decay, which plateaued after ~3 hours. Hewever-lin the presence of VL-ef
nitrate, the GUA decay rate constant was 2.2 times higher-by-22{GUA+V A and L 3{CUA+ANtimesrespeetivelythanfor

dire A-photodearadation—The enhancemento A-decay rate constant in-the bresence o an A

{p-<0.05). while that-in-the presence of AN-is-not-(p->0.05).- This enhanced GUA decay rate constant may be due to the

than that of VL* (A5; Table 2), which may be due to competition between ground-state VL and GUA for reactions with 3VL*
or increased conversion of 3VL* back to the ground state through the oxidation of GUA (Anastasio et al., 19961997; Smith et

al., 2014). Fhecorresponding-absorbance-changesforthe A experimen o were consistent with the observed de

For GUA experiments, the-direct-GUA-photedegradation GUA+V L —and- GUA+AN-the normalized abundance of
products was calculated only for GUA+VL (2.2; Table 2); as the GUA signal from the UHPLC-qToF-MS in the positive ion

mode was weak, which may introduce large uncertainties during normalization. Nonetheless, the number of products detected
from these experiments (178; 266,-and 844 for-the direct GUA photodegradation -GUA+AN-and GUA+VL, respectively)
corroborates the Kinetics and-abserbanee-results. The major products (Fig. 4a) from the-direct GUA photodegradation efGUA
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524 were C14H1404 (No. 136, Table S2), a typical GUA dimer, and C21H200s (NO. 14, Table S2), a trimer {C21H2006;-No-—11 Fable
525 S2)-which likely originated from photoinduced O-H bond-breaking (Berto et al., 2016). In general, higher absolute signal
526 intensitiess were noted for oligomers (e.g., C14H1404, No. 130 and Cy1H20s, No. 144, Table S2) and hydroxylated products

527 (e.g., CsHgO4) in both-GUA+VL-and-GUA+AN, similar to those observed from GUA oxidation by jtripletsof-34- {Formatted: Superscript

528 methoxybenzaldehyde (DMB:anon-phenclic-aroma arbenyhDMB* or "OH (from H20. photolysis) (Yu et al., 2014;
529 Jiang et al., 2021). idati in-thi
530
531
532
533
534
535
536 tetramer (CsH2640s, NO. 152, Table S2) was observed only in GUA+VL, consistent with more efficient higher-oligomer
537 formation from the triplet-mediated phote-oxidation of phenolsies relative to direct photodegradation’©H-assisted-phote-
538 oxidation (Yuetal., 2014). tn-general-The theproducts from the direct GUA photodegradation and ;GUA+VLand GUA+AN
539 had mostly similar OS¢ values (-0.5 to 0.5) (Figs. 4b—cd), falling into the criterion of biomass burning organic aerosol (BBOA)

540 and semivolatile oxygenated organic aerosol (SV-OOA) (Kroll et al., 2011). The corresponding absorbance changes for the

541 GUA experiments (Fig. 3c) were consistent with the observed VL and GUA decay trends and detected products. While minimal

542 absorbance changes, which also plateaued after ~3 hours, were observed for direct GUA photodegradation, significant and
543
544

545 GUA+AN he-higher-prod an om-GUA ompared-to-GUA+AN ika due to-the

546 and-ground-state-V-as-agSOA-precursers—Compared to direct GUA photodegradation, GUA oxidation by photosensitized
547 reactions of VL occurred rapidly and yielded higher absolute signal intensities for oligomers and hydroxylated products, which

548 likely contributed to the pronounced absorbance enhancement. These findings indicate that phenol oxidation by *VL* can also

549 contribute to agSOA formation.

550

551

552

553 4 Conclusions and atmospheric implications

554 In this study, the direct photosensitized oxidation of VL in the absence and presence of AN under atmospherically relevant

555 cloud and fog conditions have been shown to generate agSOA composed of oligomers, functionalized monomers, oxygenated

556  ring-opening products, and nitrated compounds (from VL+AN). The oligomers from these reaction systems may be rather

557 recalcitrant to fragmentation based on their high normalized abundance, even at the longest irradiation time used in this study.
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Nonetheless, the increasing concentration of small organic acids over time implies that fragmentation becomes important at

extended irradiation times. The reactions were observed to be influenced by O, pH, and reactants concentration and molar

ratios. Our results suggest that O, could be required for the secondary steps in VL decay (e.g., the reaction of ketyl radical and

0,) via ®VL* to proceed. Compared to N-saturated conditions, 3VL *-initiated reactions under air-saturated conditions (O, is

present) proceeded rapidly, promoted the formation of more oxidized agSOA, and generated products (e.g., oligomers,

functionalized monomers, and N-containing compounds) with higher normalized abundance which exhibited stronger light

absorption. For pH 4 experiments, the presence of both O, and nitrate resulted in the highest normalized abundance of products

(including N-containing compounds) and <OS:>, which is attributed to O, promoting VL nitration. Nevertheless, further work

on the effect of O, on the reactive intermediates involved in the reactions is necessary to elucidate the mechanisms of direct

photosensitized oxidation of VL under air-saturated conditions. Additionally, the formation of oligomers from the direct

photosensitized oxidation of VL was promoted at low pH (< 4). Low VL concentration favored functionalization, while

oligomerization prevailed at high VL concentration, consistent with past works (Li et al., 2014; Slikboer et al., 2015; Ye et al.,

2019). Hydroxylation was observed to be important at equal molar ratios of VL and nitrate, likely due to VL competing with

nitrite for *OH. Furthermore, the oxidation of guaiacol, a non-carbonyl phenol, via VL photosensitized reactions was shown to

form oligomers and hydroxylated products. Aromatic carbonyls and nitrophenols have been reported to be the most significant

classes of BrC in cloud water heavily affected by biomass burning in the North China Plain (Desyaterik et al., 2013).

Correspondingly, the most abundant products from our reaction systems (pH 4, air-saturated solutions) are mainly potential

BrC chromophores. These suggest that agSOA generated in cloud/fog water from the oxidation of biomass burning aerosols

via direct photosensitized reactions and nitrate photolysis products can impact aerosol optical properties and radiative forcing,

particularly for areas where biomass burning is intensive.

phenels-Although-Ammonium (and sodium) nitrate was not found to did-ret-substantially affect the VL decay rate constants,

likely due to_the much higher molar absorptivity of VL than nitrate and high VL concentration used in this work. However,;

the presence of ammonium (and sodium) nitrate promoted functionalization and nitration, indicating the significance of nitrate
photolysis in-thforis agSOA formation-_from biomass burning-derived compoundspathway. ~This work demonstrates that

nitration, which is an important process for producing light-absorbing organics or BrC (Jacobson, 1999; Kahnt et al., 2013;
Mobhr et al., 2013; Laskin et al., 2015; Teich et al., 2017; Li et al., 2020), can also affect the aqueous-phase processing of

triplet-generating aromatics. In addition, a potential imidazole derivative observed from VL+AN at pH 4 reveals that

ammonium participates in agSOA formation from the photo-oxidation of phenolic aromatic carbonyls. This observation also

suggests that the photosensitized oxidation of phenolic aromatic carbonyls in the presence of AN could be a source of
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imidazoles in the agueous phase. It is important to understand the source of imidazoles due to their possible effects on human

health, their photosensitizing potential, and their effect on aerosol optical properties as BrC compounds (Teich et al., 2016).

carbonyl) triplets-in more concentrated conditions of aerosol particles containing high he~AN concentration (0.5 M) increased

the photodegradation rate constant for guaiacyl acetone (an aromatic phenolic carbonyl with high Henry's law constant, 1.2 x
10 M atm; McFall et al., 2020) by > 20 times which was ascribed to *OH formation from nitrate photolysis (Brezonik and
Fulkerson-Brekken, 1998; Chu and Anastasio, 2003). The same study also estimated that reactions of phenols with high
Henry's law constants (10°to 10° M atm™*) can be important for SOA formation in- aerosol particlesAL\, with mechanisms
mainly governed by 3C* and 'O, (Ma et al., 2021). Likewise, Zhou et al. (2019) reported that the direct photodegradation of
acetosyringone was faster by about 6 times in the presence of 2 M NaClO4. However, the opposite was noted for the
photodegradation of VL in sodium sulfate or sodium nitrate, which would occur slower (~2 times slower in 0.5 M sodium
sulfate and ~10 times slower in 0.124 M sodium nitrate) in AL\W-aerosol particles relative to dilute aqueous phase in clouds
(Loisel et al., 2021), implying that —Fhese-suggest-that-the nature of inorganic ions may have an essential role in the
photodegradation of organic compounds in the aqueous phase-{Leisel-et-al2021).
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VL and nitrate can be significantly higher in aqueous aerosol particles than what we have used to mimic cloud/fog water. As

a major component of aerosols, the-concentration-ef-nitrate can_have concentrations -be-as high as sulfate (Huang et al., 2014).
More studies should then explore the direct photosensitized oxidation-and-nitrate-mediated pheto-exidation of other biomass
burning-derived phenolic aromatic carbonyls, particularly those with high molar absorption coefficients-and-can-generate °C*,

Based on our findings, the presence of nitrate should be considered for examining agSOA formation from these reactions.-

The influences of reaction conditions should also be investigated to better understand the oxidation pathways. As aerosols
comprise more complex mixtures of organic and inorganic compounds, it is worthwhile to explore the impacts of other
potential aerosol constituents on agSOA formation and photo-oxidation studies. This can also be beneficial in understanding
the interplay among different reaction-mechanisms during photo-oxidation. Considering that biomass burning emissions are
expected to increase continuously, further studies on these agSOA formation pathways are strongly suggested.
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1248 Table 1. List of reactions involving reactive species relevant to this study.
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273

274
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No. | Reactions References < — | { Formatted Table
1 NO3z +hv—"NO,+ O’ ¢ =0.01
2 O + H:0" & 'OH + H,0 Vione et al., 2006; Benedict et al., 2017
3 NOz + hv — NOz + O(3P); ¢ = 0. 011
Mack and Bolton, 1999; Pang et al., 2019a
4 NOz + *OH — "NO2+ OH" (k = 1.0 x 10® M1 s1)
Vione et al., 2001; Pang et al., 2019a
5 02"+ NO2 + 2H* — "NO2 + H202
Fischer and Warneck, 1996; Mack and
6 NOz + hv — "NO + O"; o300 = 6.7 (+ 0.9)% Bolton, 1999; Pang et al., 2019a
7 ‘NO + O2 & "ONOO
8 *ONOO + ‘NO — ONOONO Goldstein and Czapski, 1995; Pang et al.,
9 | ONOONO — 2'NO; 2019
10 | HNOz2+'OH — 'NO2+H:0 (k=2.6 x 10° M s?) | Kim et al., 2014; Pang et al., 2019a
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Table 2. Reaction conditions, initial VL (and GUA) decay rate constants, normalized abundance of products, and average
carbon oxidation state (<OS¢>) in each experiment. Except where noted, the reaction systems consisted of VL (0.1 mM); GUA
(0.1 mM), AN (1 mM); sedium-nitrate{SN} (1 mM) under air-saturated conditions after 6 h of simulated sunlight irradiation.
Analyses were performed using UHPLC-qToF-MS equipped with an ESI source and operated in the positive ion mode.

| Ratio of e Eorrgalizedf <OS>¢
: Initial VL 50 most Normalize abundance o
E:)p pH ci;ﬁz?ttilgrr\]s (and GUA) decay rate abundant |abundance of| N-containing .(002350-085/'&
' constants (min)P° productsto | products? compounds? GUA 0 é7
£-0.57)
total productst|
| Al | VL* 2.0x102+5.8 x 105 0.59 1.7+0.16 N/A -0.05
A2 |25 VL+AN 1.7x102+7.3 x10* 0.63 1.4+0.19 5.3 x 102 -0.04
| A3 | VL* 1.5x102+4.2 x 10* 0.53 1.9+0.33 N/A -0.04
Ad| 3 VL+AN 1.5x102+2.3 x10* 0.56 1.9+0.30 3.6 x 102 -0.05
| A5 | VL* 1.2x102+5.9 x 10* 0.58 0.26 £ 0.42 N/A -0.16
VL* 4.7 x 102
| AG | (N2-saturated) 3.2x10°%+1.1x10°% 0.96 +0.0027 N/A -0.24
| A7 | VL+AN 1.2x10?+8.8 x 10* 0.53 0.37 +£0.38 1.7 x 10 -0.13
VL+AN
| A8 | (N2-saturated) 1.9x10%+9.2 x 105 0.89 0.12 + 0.0095 6.3 x10°% -0.21
| A9 | VL+SN 1.3 x 102+3.5 x 10“*N/A 0.51 0.42 +£0.33 1.7 x 1072 -0.07
|A10| 4 |VL*(0.01 mM)? N/A 0.90 0.37 £0.018 N/A -0.07
VL (0.01 mM) +
|ALL| AN (0.01 mM) N/A 0.77 0.40 +0.074 8.6 x 10° 0.12
VL (0.01 mM)
|A12| + AN N/A 0.42 0.45 + 0.025 1.2 x 1072 -0.06
|AL3| GUA only 6.2x10%+2.5x 10* 0.77 N/A N/A -0.28
GUA: 1.4 x102+4.0 x 10*
Al4 GUA+VL VL: 4.3 x10°%+2.2 x 10* 0.60 22047 NIA 027
Al5 GUA+AN 8:0x10%+29 %103 0.77 NIA N/A -0.26

2Irradiation time for VL* (0.01 mM, A10) was 3 h. ®The data fitting was performed in the initial linear region. Each value is

the average of results from triplicate experiments. Errors represent one standard deviation. Kinetic measurements were not

performed for experiments marked with N/A. °Ratio of the normalized abundance of the 50 most abundant products to that of
total products, except for direct GUA photodegradation and -GUA+VL ;and-GUA+AN-(A13-145) whose ratios are based on
the absolute signals of products. “The normalized abundance of products was calculated using Eq. 2. The samples for

experiments without nitrate (marked with N/A) were not analyzed for N-containing compounds. For the GUA experiments,
the normalized abundance of products was calculated only for GUA+VL as the GUA signal from the UHPLC-qToF-MS in
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1299 the positive ion mode was weak, which may introduce large uncertainties during normalization. ®<OS¢> of the 50 most
1300 abundant products.
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1303
1304 Figure 1. Reconstructed mass spectra of assigned peaks from (a) VL™ pH 4 (N,-saturated; A6), (b) VL+AN pH 4 (N,-saturated;

1305 A8), (c) VL* pH 4 (air-saturated; A5), (d) VL+AN pH 4 (air-saturated; A7), (e) VL* pH 3 (air-saturated; A3), (f) VL+AN pH
1306 3 (air-saturated; A4), (g) VL* pH 2.5 (air-saturated; A1), and (h) VL+AN pH 2.5 (air-saturated; A2) after 6 h of simulated
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sunlight irradiation. The normalized abundance of products was calculated using from-theratio-of the peak-area-of the-product
to-thatefFV{Eq. 2}. The 50 most abundant products contributed more than half of the total normalized abundance of products,
and they were identified as monomers (blue), dimers (green), trimers (red), and tetramers (orange). Grey peaks denote peaks
with low abundance or unassigned formula. Examples of high-intensity peaks were labeled with the corresponding neutral
formulas. Note the different scales on the y-axes.
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Figure 2. Potential agSOA formation pathways via the direct photosensitized oxidation of VL in the absence (VL*) and
presence of-and ammonium nitrate (VL+AN)-mediated-\/Lphote-oxidation at pH 4 and pH < 4 under air-saturated conditions.
Product structures were proposed based on the molecular formulas, DBE values, and MS/MS fragmentation patterns. The
melecularformulasstructures presented were the major products detected using UHPLC-qToF-MS in positive ESI mode. The

highlighted structures are the most abundant product for each condition.
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Figure 3. (a—c) Increase in light absorption under different experimental conditions for direct photosensitized oxidation of VL
in the absence (VL*) and nitrate-mediated\/Lphete-oxidatienpresence of ammonium nitrate (VL+AN): (a) VL* and VL+AN
at pH 4 under N»- (A6, A8) and air-saturated (A5, A7) conditions. Direct photosensitized oxidation of VL in the presence of
sodium nitrate (VL+SN) at pH 4 under air-saturated condition (A9). (b) Effect of pH on VL* and VL+AN at pH 2.5 (A1, A2),
3 (A3, A4), and 4 (A5, A7) under air-saturated conditions. —(c) Increase in light absorption during direct GUA
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385 photodegradation (A13) and phete-oxidation of GUA in-the-presence-of-Vvia photosensitized reactions of VL (GUA+VL;
386 Al4) ornitrate (GUA+AN:-AL5)-at pH 4 under air-saturated conditions after 6 h of simulated sunlight irradiation. Error bars

1387 represent one standard deviation; most error bars are smaller than the markers.
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Figure 4. (a) Reconstructed mass spectra of assigned peaks from the direct GUA photodegradation (A13) and phete-oxidation
of GUA via photosensitized reactions n-the-presence-of VL (GUA+VL; Al4) ernitrate {GUA+AN-ALE}-at pH 4 under air-

saturated conditions after 6 h of simulated sunlight irradiation. The y-axis is the absolute signal area of the products. Examples

of high-intensity peaks were labeled with the corresponding neutral formulas. The formulas in red text correspond to products

observed only from GUA+VL. (b-cd) van Krevelen diagrams of the 50 most abundant products from the (b) direct

photodegradation of GUA (A13) and +(c) GUA+VL (Al4) ;and-{}-GUA+AN-{ALS}-at pH 4 under air-saturated conditions



1419 after 6 h of simulated sunlight irradiation. The color bar denotes the absolute signal area. The grey dashed lines indicate the
1420 carbon oxidation state values (e.g., OS; =-1, 0, and 1).
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Text S1. Materials.

Initial solutions of 0.1 mM vanillin (VL, Acros Organics, 99%, pure), 0.1 mM guaiacol (GUA,
Sigma Aldrich, > 98.0%), 1 mM ammonium nitrate (AN, Acros Organics, 99+%, for analysis),
and 1 mM sodium nitrate (SN, Sigma-Aldrich, > 99.5%) were prepared in Milli-Q water. The pH
values of the samples were adjusted using sulfuric acid (H2SOs; Acros Organics, ACS reagent, 95%

solution in water).

Text S2. UV-Vis spectrophotometric analyses.

The absorbance changes for all samples were characterized using a UV-Vis
spectrophotometer (UV-3600, Shimadzu Corp., Japan). The absorbance values from 200 to 700
nm were recorded instantly after sample collection, and measurements were done in triplicate.
Absorbance enhancements were calculated as the change in the integrated area of absorbance from
350 to 550 nm. The increase of light absorption at this wavelength range, where VL and GUA did

not initially absorb light, suggests the formation of light-absorbing compounds (Zhou et al., 2019).

Text S3. UHPLC-PDA analyses.

An ultra-high performance liquid chromatography system (UHPLC, Waters Acquity H-
Class, Waters, Milford, USA) coupled to a photodiode array (PDA) detector (Waters, Milford,
USA) was used for the quantification of VL and GUA concentrations. The drawn solutions were
first filtered through a 0.2 pm Chromafil ®Xtra PTFE filter (Macherey-Nagel GmbH & Co. KG,
Germany). Briefly, the separation of products was performed using an Acquity HSS T3 column
(1.8 um, 2.1 mm x 100 mm; Waters Corp.). The column oven was held at 30 °C, and the

autosampler was cooled at 4 °C. The injection volume was set to 5 pL. The binary mobile phase
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consisted of A (water) and B (acetonitrile). The gradient elution was performed at a flow rate of
0.2 mL/min: 0-1 min, 10% eluent B; 1-25 min, linear increase to 90% eluent B; 25-29.9 min,
hold 90% eluent B; 29.9-30 min, decrease to 10% eluent B; 30-35 min, re-equilibrate at 10%
eluent B for 5 min. Standard solutions of VL and GUA ranging from 10 to 130 uM were analyzed
along with samples and blanks using the channels with UV absorption at 300 and 274 nm,

respectively. The calibration curves for VL and GUA standard solutions are shown in Figure S2.

Text S4. IC analyses of small organic acids.

The small organic acids were analyzed using an ion chromatography system (IC, Dionex
ICS-1100, Sunnyvale, CA) equipped with a Dionex AS-DV autosampler (Sunnyvale, CA). The
separation was achieved using an lonPac™ AS15 column (4 x 250 mm) with an AG15 guard
column (4 x 50 mm). The isocratic gradient was applied at a flow rate of 1.2 mL/min with 38 mM
sodium hydroxide (NaOH) as the eluent. The total run time was set at 20 min. The standard
solutions (1-50 uM) of formic, succinic, and oxalic acid were analyzed three times along with the
samples and water blank. Formic, succinic, and oxalic acid had retention times of 3.6 min, 8.3 min,

and 11.9 min, respectively.

Text S5. UHPLC-gToF-MS analyses.

The characterization of reaction products was performed using a UHPLC system
(ExionLC™ AD, ABSciex, Concord, Canada) coupled to a quadrupole time-of-flight mass
spectrometer (qToF-MS) (TripleTOF 6600+, ABSciex). The settings (e.g., column, mobile phase,
gradient, oven temperature) in the UHPLC system were the same as those used in UHPLC-PDA
(Text S3). The mass spectrometer was equipped with an electrospray ionization (ESI) source and

operated in the positive ion mode (the negative ion mode signals were too low for our analyses) at
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a resolving power (full width at half-maximum (fwhm) at m/z 300) of 30000 in MS and 30000 in
MS/MS (high-resolution mode). Information-dependent acquisition (IDA) scanning was adapted
for product identification. The acquisition using IDA consisted of a ToF-MS scan and information-
dependent trigger events. The ToF-MS scan had an accumulation time of 250 ms and covered a
mass range of m/z 30-700 with a declustering potential (DP) of 40 and collision energy (CE) of
10 eV. The accumulation time for the IDA experiment was 100 ms, and the MS/MS scan range
was set from m/z 30-700 in high-resolution mode. The IDA criteria were as follows: 5 most intense
ions (number of IDA experiments) with an intensity threshold above 50 cps, isotope exclusion was
switched off, and dynamic background subtraction was switched on. The automated calibration
device system (CDS) was set to perform an external calibration every four samples. The ESI source
conditions were as follows: temperature, 500 °C; curtain gas (CUR), 25 psi; ion source gas 1 at 50
psi; ion source gas 2 at 50 psi; and ion-spray voltage floating (ISVF) at 4.5 kV.

All parameters in the liquid chromatography system and mass spectrometer were controlled
using Analyst TF Software 1.8 (ABSciex). The high-resolution LC-MS data were processed with
PeakView and Analyst in the SCIEX OS software 1.5 (ABSciex). Peaks from the blank sample
were subtracted from the sample signals. In addition to a minimum signal-to-noise ratio of 30, a
peak was determined as a product if the difference in peak area between the samples before and
after irradiation is > 10 times. The formula assignments were carried out using the MIDAS
molecular formula calculator (http://magnet.fsu.edu/~midas/) with the following constraints: C <
35, H<70,N<5, 0<20,Na<1, and the mass error was initially set ats 10 ppm. The nitrogen
atom was removed in the constraints for the experiments without AN or SN. The detected adducts
in ESI positive ion mode have several types (e.g., [M+H]", [M+Na]"), and their formation can be

influenced by the sample matrix (Erngren et al., 2019). For simplification purposes, we mainly
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considered [M+H]" adducts for formula assignments, except for specific experiments with AN or
SN in which [M+NH4]* adducts and [M+Na]* adducts were observed. The final assigned formulas
were constrained by a mass error of mostly < 5 ppm, which is a requirement for product
identification using positive ion mode (Roemmelt et al., 2015). The double bond equivalent (DBE)
values and carbon oxidation state (OS) of the neutral formulas were calculated using the following
equations (Koch and Dittmar, 2006):

DBE=C—H/2+N/2+1 (Eq. S1)
0Sc=2x0/C—HIC _

(Eq. S2)

where C, H, O, and N correspond to the number of carbon, hydrogen, oxygen, and nitrogen atoms
in the neutral formula, respectively. Based on the identified products, the average oxygen to carbon
(O:C) ratios, <O:C>: (< 0: C >= Y ;(abundance;)0;/ Y.;(abundance;)C;) and average hydrogen
to carbon (H:C) ratios, <H:C>: (< H:C >= ) ;(abundance;)H;/ ),;(abundance;)C;) after the
reactions were further estimated using the signal-weighted method (Bateman et al., 2012). The
average OS, (<OS¢>) was calculated as follows:

<0S¢> = 2 x <0:C> — <H:C> (Eg. S3)

Based on the typical MS/MS fragmentation behavior for individual functional groups (Table S1)
and DBE values, examples of structures for products detectedidentified from VL (and GUA)

photo-oxidation experiments were proposed (Table S2).
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Text S6. Photon flux measurements.

In this work, 2-nitrobenzaldehyde (2NB), a chemical actinometer, was used to determine
the photon flux in the aqueous photoreactor. Briefly, the photolysis of 50 uM 2NB in the reactor
was monitored by determining its concentration every 5 min for a total of 35 min, during which
2NB was almost completely decayed. The concentration of 2NB was measured using UHPLC-
PDA, and the settings (e.g., column, mobile phase, gradient, oven temperature) were the same as
those for VL decay analysis (Text S3). The channel with UV absorption at 254 nm was used for
the quantification of 2NB. The concentration of 2NB in the reactor followed exponential decay,

and its decay rate constant was determined using the following equation:

NB .
In (ﬁ) = —j(2NB) x t (Eq. S4)

where [2NB]: and [2NB]o are the 2NB concentrations at time t and 0, respectively. The calculated
2NB decay rate constant, j(2NB), was 0.0026 s*. The following equation can also be used to

calculate j(2NB):

j(2NB) = 2.303 x (103 cm® L™ x 1 mol/N, mlc) X Y(I; X AA X ezxpx X Pong)  (EQ. S5)

where Na is Avogadro’s number, I; is the actinic flux (photons cm™2 s* nm™), A is the
wavelength interval between actinic flux data points (nm), and &,np ) and @, g, are the base-10
molar absorptivity (M cm™) and quantum yield (molecule photon™) for 2NB, respectively.
Values of e,yp ; (in water) at each wavelength under 298 K and a wavelength-independent @,yg
value of 0.41 were adapted from Galbavy et al. (2010). Similar to Smith et al. (2014, 2016), we
measured the spectral shape of the photon output of our illumination system (i.e., the relative flux

at each wavelength) using a high-sensitivity spectrophotometer (Brolight Technology Co. Ltd,
S6
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Hangzhou, China). Using a scaling factor (SF), this measured relative photon output, [X¢'3tVe s

related to I, as follows (Hullar et al., 2020):

I, = L% x SF (Eq. S6)

Substitution of Eq. S6 into Eg. S5 and rearrangement yields:

j(2NB)

SF = 2303 x (103 cm3 L=1 x 1 mol/Na mlc) x Y(I5e13UVe x AX x g,5p2 X PonB) (Eq. S7)
and substitution of Eq. S6 into Eq. S7 yields:
I}r\ — I{elative j(2NB) (Eg. S8)

2303 x (103 cm3 L~1 x 1 mol/N mlc) x S(15138Ve x AX x g,5p 2 X PoN)

Finally, I was estimated through Eq. S8. The estimated photon flux in the aqueous reactor is shown
in Fig.ure S1. -The actinic flux during a haze event over Beijing (40° N, 116° E) on January 12,
2013, at 12:00 pm (GMT+8) (Che et al., 2014) estimated using the National Center for
Atmospheric  Research__—Tropospheric  Ultraviolet-Visible (TUV) Radiation Model
(http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/) is also shown in Figure S2. The
parameters used for the Quick TUV calculator were: Overhead Ozone Column: 300 du; Surface
Albedo: 0.1; Ground Elevation: 0 km asl; Measured Altitude: 0 km asl; Clouds optical depth: 0,
base: 4, top: 5; Aerosols optical depth: 2.5, single scattering albedo: 0.9, Angstrom exponent: 1;
Sunlight direct beam, diffuse down, diffuse up: 1; 4 streams transfer model. For clear days, the

actinic flux was estimated over Beijing (at the same date and time) using the default parameters.
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Table S1. Typical fragmentation behavior observed in MS/MS spectra for individual functional
groups from Holcapek et al. (2010).

Functional group Fragment ions MS/MS loss
Nitro (RNO) [M+H-OH]* -OH
[M+H-H0]" -H20
[M+H-NOJ"™ -NO
[M+H-NO2]* -NO2
Nitroso (RNO) [M+H-NOJ* -NO
Carboxylic acid (ROOH) | [M+H-H.0]" -H,0
[M+H-CO3]" -CO;
[M+H-H,0-CO]* | -H,0-CO
Phenol (ROH) [M+H-H,01* -H,0
[M+H-COJ* -CO
Methoxy (ROCH5) [M+H-CHs]* -CH3
[M+H-CH30]™ -CHs0
[M+H-CH30H]* -CH30OH
[M+H-HCOH]* | -HCOH
Ester (R'COOR?) [M+H-R?0OH]* -R?0H
[M+H-R?0H-CO]" | -R?0H-CO
Amine [M+H-NHs]* -NH3
Aldehyde (RCHO) [M+H-COJ* -CO
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Table S2. Examples of proposed melecular-structures for products detected identified-from
vanillin (and guaiacol) -photo-oxidation experiments in this study.

No. | Formula | DBE Propoged structure MS/MS fragment ions
O O
CsHsO3 co
(VL; triplet -CO- - -LU-
1 andhe agSOA 5 o CO-CH30OH CcoO CHsOH-CO
precursor) OH
OH
OH
C7HsOz OCH,
2 | (GUA;agSOA 4
QI’ECUYSOH
0Lx
32 CsH9NOs 5 -CO-CHs -NHs
43 | C1sH10N20Og | 13 -NO2
54 C10H100s5 6 -CH30OH -CH30H-
CcoO
6 CsHsN302 5 -NH
-CO- -CO-
76 | CiHuOs | 10 -co-gggoH- CH:OH- | CHsOH-
CO-CH30H CO-CO
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8 C7H60s3 5
OH
O\
OH
A
9 CgHsO4 S | -CO-CH 30H -CO -H,0
NN -
OH
O _OH S
b |
10 | CuisH120s | 10 -COOH
HO O
OH OH
O\
O,N
11 | C7HaN207 7
HO NO,
OH
O\
Ql CSHGO4 6 -~ -CO -CO-CO
H O O
OH
(@] OHI o
o) I
8 | CisHiOs | 10 U COOH
HO 0]
OH OH
O\
O,N
9 C7HN2O7 7
130 | C14H1404 8




142 | Ca1H2006 12
152 | CasH2640s 167
O\
13 C7H4104 6 -Co Nalalala
(o] OH
(0]
O\
/ /OH
14 CgHeO4 5 | -CO-CH3;0H -co -H.O
NN
OH
Ox
16 C7H404 6 -CO -CO-CO
(6] OH
(e}
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Figure S1. The base-10 molar absorptivities (¢, Mt cm™?) of vanillin (VL, green solid line), 2-
nitrobenzaldehyde (2NB, green dotted line), guaiacol (GUA, green dashed line), NO2  (blue
dashed line), NOs™ (blue solid line), and photon flux in the aqueous reactor (red line) during typical
haze days (black line) or clear days (grey line) in Beijing, China. The € values for 2NB and NO2~
were adapted from Galbavy et al. (2010) and Chu and Anastasio (2007), respectively.
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Figure S2. Calibration curves for (a) VL and (b) GUA standard solutions (10-130 uM). Error

bars represent one standard deviation.
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Figure S3. (a-c) The decay of VL under different experimental conditions for direct
photosensitized oxidation of VL in the absence (VL*) and presence of ammonium nitrate-mediated
VLpheto-oxidatien (VL+AN): (a) VL* and VL+AN at pH 4 under N2- (A6, A8) and air-saturated
(A5, A7) conditions. No statistically significant difference (p > 0.05) was noted between VL+AN
(A7) and VL+SN (A9; not shown here). (b) Effect of pH on VL* and VL+AN at pH 2.5 (A1, A2),
3 (A3, A4), and 4 (A5, A7) under air-saturated conditions. (c) The decay of VL (and GUA) during
direct GUA photodegradation (Al3) and phete-oxidation of GUA in—the—presencevia
photosensitized reactions of VL (GUA+VL; Al4) ernitrate {GUA+AN-AL5}-at pH 4 under air-
saturated conditions after 6 h of simulated sunlight irradiation. Error bars represent one standard
deviation; most error bars are smaller than the markers.
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Figure S7. van Krevelen diagrams of the 50 most abundant products from (a) VL* (N2-saturated,;
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Figure S9. van Krevelen diagrams of the 50 most abundant products from (a) VL* pH 3 (A3), (b)
VL+AN pH 3 (A4), (c) VL* pH 2.5 (Al), and (d) VL+AN pH 2.5 (A2) under air-saturated
conditions after 6 h of simulated sunlight irradiation. The color bar denotes the normalized
abundance of products. The grey dashed lines indicate the carbon oxidation state values (e.g., OS¢

=-1,0,and 1).
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Figure S10. UV-Vis absorption spectra of VL*-derived agSOA formed at (a) pH 4 and (b) pH 2.5
over a range of pH conditions from 1.5 to 10.5.
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line; Lobodin et al., 2012)-(black-dashed-Hine}, cata-condensed polycyclic aromatic hydrocarbons
(PAHS) {(agreen solid line; Siegmann and Sattler, 2000)-{green-dashed-Hne}, and linear conjugated
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Figure S12. Reconstructed mass spectra of assigned peaks from (a) 0.01 mM VL* (A10), (b) 0.01
mM VL + 1 mM AN (Al12%), and (c) 0.01 mM VL + 0.01 mM AN (A112) at pH 4 under air-
saturated conditions after 6 h of simulated sunlight irradiation. The normalized abundance of
products was calculated frem-theratio-of the-peak-area-of the-productto-thatof \Vusing (Eq. 2).
The 50 most abundant products contributed more than half of the total normalized abundance of
products, and they were identified as monomers (blue) and dimers (green). Grey peaks denote
peaks with low abundance or unassigned formula. Examples of high-intensity peaks were labeled
with the corresponding neutral formulas. (d) Contributions of different m/z ranges to the
normalized abundance of products from experiments with low [VL] = 0.01 mM (A10-A12) and
high [VL] = 0.1 mM (A5 and A7) at pH 4 under air-saturated conditions after 6 h of simulated
sunlight irradiation.
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