Author Response for “Aqueous SOA formation from the photo-oxidation of vanillin: Direct
photosensitized reactions and nitrate-mediated reactions” by Mabato et al.
We thank the reviewer for the thorough review and many constructive comments that helped
improve the manuscript. Our point-by-point responses are below (changes to the original
manuscript text 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. Also, please note that because
we restructured the manuscript, the numbering of some figures and tables in the revised
manuscript is different from those in the original manuscript.
Reviewer 1
Overview
The authors examined the aqueous photodegradation of vanillin (VL), a carbonyl-containing
phenol emitted from biomass burning, and accompanying formation of aqueous SOA
(aqSOA). They then measured the composition of the aqSOA using high-resolution mass
spectrometry and UV/Vis absorption. They also determined the impact of purging solutions with
N2 (to remove dissolved oxygen) as well as the addition of ammonium nitrate (a photochemical
source of hydroxyl radical, OH) and/or one of two hydroxyl radical scavengers (isopropyl alcohol
or bicarbonate). They attempt to explain their results qualitatively based on a few dozen
reactions, but there is little experimental attempt to text the mechanisms.
Vanillin has been studied in several past works, but this paper adds new information on the
composition of the resulting aqSOA. The purging with N2 is novel, but the interpretation of the
results is not clear, and I disagree that these experiments show that secondary oxidants dominate
VL loss. Unfortunately, the nitrate concentration added was too low to impact kinetics (because
VL direct photodegradation is so fast), but it’s interesting that it impacted the products
formed. Finally, the authors seem compelled to try to mechanistically explain most of their
results, but their explanations are very speculative and should be significantly cut. There are a
several other major and minor issues, as described below.
Response: In this study, we aimed to investigate the photo-oxidation of VL at atmospherically
relevant cloud and fog conditions. As mentioned in lines 112–116, ‘Although the concentration
of VL in cloud/fog water has been estimated to be < 0.01 mM (Anastasio et al., 1996), 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) 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).’ Our study is not
intended to identify the concentrations of nitrate that would affect the kinetics. This sentence
has been added to the text as follows:

Line 116: It should be noted that this study is not intended to identify the concentrations of
nitrate that would affect the kinetics.
Major Comments
1. The normalized abundance of products (line 131) is used throughout the paper as a key metric,
but it’s unclear if this is a robust endpoint, in part because its uncertainty is never discussed. (a)
Based on the major products that have been identified (both via MS and IC), what is the likely
range of ionization efficiencies (IEs) of the products and how much uncertainty does this
introduce in the product abundance measure? (b) There is additional uncertainty in the
quantification of VL, which is described on line 134 as semi-quantitative. (c) Altogether, what is
the relative uncertainty in P from day to day and experiment to experiment? (d) This is an issue
because there are several times when the normalized product abundance results are inconsistent
with other, seemingly more quantitative metrics. For example, in section 3.1.3., the presence of
OH scavengers had no significant effect upon VL decay or aqSOA light absorbance, but there were
differences in the normalized abundance of products. Given the uncertainty in IE and other
aspects of the product measure, I would be wary of attributing much significance to the
normalized abundance of products as an endpoint when it’s inconsistent with the more
quantitative measures.
Response: 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
conclusions of this study will remain the same. Regardless, we agree with the reviewer that we
should emphasize the potential uncertainties in the normalized abundance of products. Detailed
responses to the relevant sub-questions are as follows:
(a) Ionization efficiencies can indeed vary between different compounds. Unfortunately, the
availability of measured relative ionization efficiencies (RIE) for different compounds is limited.
We are not in a position to provide this information. The reviewer is correct that ESI ionization is
not ideal for product quantification. Nevertheless, Nguyen et al. (2013)
(https://doi.org/10.1039/C2AY25682G) found a positive correlation between ESI signal and
“adjusted mass” (= molecular mass × 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). We have revised Sect. 2.2 to highlight the
inherent uncertainties for this metric due to ionization efficiencies which can vary for different
compounds as follows:
Lines 146–167: 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 (Bateman et al., 2012; Lin et al., 2012; De
Haan et al., 2019), to calculate their normalized abundance. The normalized abundance of a
product, [P] (unitless), was calculated as follows:
A

[VL]

[P] = A 𝑃,𝑡 ∙ [VL] 𝑡
𝑉𝐿,𝑡

0

(Eq. 2)

where AP,t, and AVL,t are the extracted ion chromatogram (EIC) signal peak areas of the product P
and VL from UHPLC-qToF-MS analyses at time t, respectively; [VL]t and [VL]0 are the VL
concentrations (μM) determined using UHPLC at time t and 0, respectively. Here, we relied on
the direct quantification more accurate measurements of [VL] using UHPLC (see Fig. S2 for VL
calibration curve) for semi-quantification. It should be noted that the ionization efficiency may
greatly vary for different classes of compounds (Kebarle, 2000). Hence, we assumed equal
ionization efficiency of different compounds to calculate their normalized abundance, which is
commonly used to estimate O:C ratios of SOA (Bateman et al., 2012; Lin et al., 2012; De Haan et
al., 2019). It should be noted that the normalized abundance of products in this study is a semiquantitative 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. 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 Holčapek et al. (2010) are outlined in Table S1.
(b) The semi-quantification here refers to the normalized abundance of products, not the VL
concentration. [VL] was directly quantified using UHPLC (see Fig. S2 for VL calibration curve). The
reported [VL] are the average of results from triplicate experiments and the uncertainties from
which and those from the MS signal intensities were propagated (now added in Table 2, formerly
S2). This has been clarified in the text as follows:

Line 157: Here, we relied on the direct quantification more accurate measurements of [VL] using
UHPLC (see Fig. S2 for VL calibration curve) for semi-quantification.
(c) 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. Moreover, the propagated
uncertainties from the MS signal intensities and [VL] are now shown in Table 2 (formerly S2).
(d) For •OH scavengers experiments, the insignificant changes for VL decay and absorbance
enhancement might not be reflected in the products observed using UHPLC-qToF-MS in positive
ESI mode. It is possible that the products observed might not have contributed significantly to all
products formed and may not be the primary contributors to the absorbance enhancement. The
absorbance enhancement may not necessarily correlate directly with the products detected.
However, as mentioned in our response to major comment #4, we decided to omit the section
for •OH scavengers based on the likely minor contribution of •OH to VL photo-oxidation in this
study.
2. Throughout the manuscript, the low decay rate of VL* under N2 is taken to mean that the
triplet state of VL isn’t involved in VL decay and that secondary, O2-dependent, oxidants are
responsible for VL decay. However, the N2-purging control experiment result is ambiguous, since
secondary steps in VL decay via triplets might require oxygen to proceed. For example, a major
fate of the ketyl radical formed by the 3VL* + VL reaction is to add oxygen. In the absence of
oxygen, the ketyl radical will still form, but it’s forward path (O2 addition) is blocked, possibly
leading to eventual return to the reactants (and little apparent VL decay). So N2 purging is likely
to not only remove secondary oxidants, but also to interfere with subsequent steps in the 3VL* VL reactions. Thus the oft-stated conclusion that secondary oxidants from 3VL* are responsible
for VL decay is not correct (e.g., on line 184). Without knowing the impact of O2 on the reaction
intermediates in the triplet reaction, it is impossible to know what the N2-purging result means.
Another strike against the “secondary oxidants” theory is that the proposed secondary oxidants
are unlikely to be important for VL decay. For example, the 1O2* + VL reaction is slow under the
pH conditions here (where there is negligible phenolate). In air-saturated solutions, the 1O2*
and 3VL* concentrations should be roughly equal (see the McNeil and Canonica review in ESPI),
but at pH 4 (and below) the rate constants for phenols with 3C* are much faster than the 1O2*
values. The bottom line is the 1O2* is unlikely to be important. Similarly, HO2/O2- was proposed
as an oxidant for phenols, but these are very weak oxidants that react slowly with
phenols. Finally, OH is apparently unimportant as well, based the OH scavengers having no
significant impact on VL decay; however, it is possible that most of the IPA or bicarbonate was

purged from the sample prior to illumination (as discussed below). Regardless, photolysis of
H2O2 (formed from the 3VL* + VL reaction) will be slow, giving little OH.
Response: Thank you for this thorough and important analysis. We apologize for the confusion
related to the role of VL triplets. The reviewer is correct that VL triplets are indeed important for
VL decay and that the secondary oxidants generated in the presence of O2 likely have only minor
roles in the photo-oxidation of VL in this study. We also agree that without a detailed
investigation of the effect of O2 on the reactive intermediates, it is difficult to interpret the
mechanism of the N2 experiments. In principle, initial oxidation by triplets can proceed without
O2, forming phenoxy (which is in resonance with a carbon-centered cyclohexadienyl radical that
has a longer lifetime) and ketyl radicals (Neumann et al., 1986a, 1986b; Anastasio et al., 1996).
The coupling of phenoxy radicals or phenoxy and cyclohexadienyl radicals can form oligomers, as
observed for both N2- and air-saturated experiments. However, the little decay of VL under N2saturated condition indicates that these radicals probably predominantly decayed via backhydrogen transfer to regenerate VL (Lathioor et al., 1999). A possible explanation for this is the
involvement of O2 in the secondary steps of VL decay, likely concerning the fate of the ketyl
radical, as the reviewer pointed out. We have amended the discussions to include these
possibilities and to emphasize the importance of VL triplets as follows:
Line 187: Effect of secondary oxidants from VL VL photo-oxidation under N2 and air-saturated
conditions
Lines 188–220: As mentioned earlier, secondary oxidants (1O2, O2•-/•HO2, •OH) can be generated
from 3VL* when O2 is present (e.g., under air-saturated conditions), while 3VL* is the only oxidant
expected under N2-saturated conditions. The photo-oxidation of VL To examine the contributions
of 3VL*-derived secondary oxidants and 3VL* only on VL photo-oxidation, experiments under
both N2-air- and air-N2-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
cyclohexadienyl radical that has a longer lifetime) and ketyl radicals (Neumann et al., 1986a,
1986b; Anastasio et al., 1996). The coupling of phenoxy radicals or phenoxy and cyclohexadienyl
radicals can form oligomers as observed for both N2- and air-saturated experiments (see
discussions later). However, the little decay of VL under N2-saturated condition indicates that
these radicals probably predominantly decayed via back-hydrogen transfer to regenerate VL
(Lathioor et al., 1999). A possible explanation for this is the involvement of O2 in the secondary
steps of VL decay. For instance, a major fate of the ketyl radical is reaction with O2 (Anastasio et
al., 1996). In the absence of O2, radical formation occurs, but the forward reaction of ketyl radical
and O2 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), N2 purging may
have also hindered the secondary steps for VL decay.

The low decay rate for VL* under N2-saturated conditions suggests a minimal role for 3VL*
in VL photo-oxidation. Contrastingly, the VL* decay rate constant under air-saturated conditions
was 4 times higher, revealing the importance of 3VL*-derived secondary oxidants for
photosensitized oxidation of VL. As mentioned earlier, secondary oxidants (1O2, O2•-/•HO2, •OH)
can be generated from 3VL* when O2 is present (e.g., under air-saturated conditions). However,
the photo-oxidation of VL in this study is likely mainly governed by 3VL* and that these secondary
oxidants have only minor participation. Aside from •OH, O2•-/•HO2 and 1O2 can also promote VL
photo-oxidation (Kaur and Anastasio, 2018; Chen et al., 2020). 1O2 is also a potential oxidant for
phenols (Herrmann et al., 2010; Minella et al., 2011; Smith et al., 2014), but 1O2 reacts much
faster (by ~60 times) with phenolate ions compared to 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, so the reaction between VL and 1O2 should
be slow. Interestingly, however, 1O2 has been shown to be important in the photo-oxidation of
4-ethylguaiacol (pKa = 10.3) by 3C* of 3,4-dimethoxybenzaldehyde (solution with pH of ~3) (Chen
et al., 2020). Furthermore, while the irradiation of other phenolic compounds can produce H2O2,
a precursor for •OH (Anastasio et al., 1996), the amount of H2O2 is small. Based on this, only trace
amounts of H2O2 were likely generated from VL* (Li et al., 2014) under-air saturated conditions,
suggesting that contribution from •OH was minor. Overall, these suggest that VL photo-oxidation
in this study is driven by 3VL*. Further study on the impact of O2 on the reactive intermediates
involved is required to understand the exact mechanisms occurring under air-saturated
conditions. Nonetheless, the VL* decay trends clearly indicate that O2 is important for efficient
VL photo-oxidation an efficient oxidant for unsaturated organic compounds and has a lifetime
that is much longer than 3C* (Chen et al., 2020).
Revisions made elsewhere in the text:
Line 23: The effects of oxygen (O2) secondary oxidants from 3VL*
Line 25: Our findings show that the secondary oxidants (1O2, O2•-/•HO2, •OH) from the reactions
of 3VL* and O2 plays an essential role in VL photo-oxidation.
Line 91: The influences of O2 secondary oxidants from VL triplets,
Line 184: In this work, the direct photosensitized oxidation of VL (by 3VL* or secondary oxidants
from 3VL* and O2VL only experiments)
Lines 237–240: Although we have no quantification of the oxidants in our reaction systems as it
is outside the scope of this study, these observations clearly substantiate that secondary oxidant
from 3VL*, which are formed when O2 is present, are required for efficient photosensitized
oxidation of VL and nitrate-mediated VL photo-oxidation are more efficient in the presence of
O2.
Lines 247–254: Compared to N2-saturated conditions, the normalized abundance of products
such as oOligomers, and functionalized monomers (e.g., demethylated VL; Fig. S4), and nitrogen-

containing compounds (e.g., C16H10N2O9; No. 33, Table S3, Table S2) (for VL+AN) had higher
normalized abundance were also more relatively abundant under air-saturated conditions were
significantly higher under air-saturated conditions (Figs. 1c-d), likely due to efficient the
secondary oxidants from 3VL*-initiated oxidation and enhanced VL nitration in the presence of
and O2 and their interactions with nitrate photolysis products. The nitrogen-containing
compounds (e.g., C16H10N2O9; No. 3, Table S3) were also more relatively abundant under airsaturated conditions. For both VL* and VL+AN under air-saturated conditions, the most abundant
product was C10H10O5 (No. 4, Table S23), a substituted VL.
Lines 287–289: Among experiments A5 to A8 (Table S2), VL+AN under air-saturated conditions
(A7) had the highest normalized abundance of products and <OS c>, most probably due to the
combined influence of the secondary oxidants from 3VL* and enhanced VL nitration in the
presence of O2, and nitrate photolysis products.
Lines 295–300: In brief, the presence of secondary oxidants from 3VL* and O2 increased the
normalized abundance of products and promoted the formation of more oxidized aqSOA. These
trends were reinforced in the presence of nitrate, indicating synergistic effects between
secondary oxidants from VL triplets and nitrate photolysis products. Compared to N2-saturated
condition, the higher normalized abundance of nitrogen-containing products under air-saturated
condition for VL+AN (at pH 4) suggests a potential enhancement of VL nitration in the presence
of O2.
Lines 324–326: Overall, these trends establish that secondary oxidants from 3VL* and O2 are is
necessary for the efficient formation of light-absorbing compounds from both VL* and VL+AN.
Lines 493–495: Aside from the potential imidazole derivative (C5H5N3O2; No. 510, Table S23),
C8H9NO3 (No. 2, Table S2) was also observed from VL+AN but only under N2-saturated conditions
(Fig. 1b), probably due to further oxidation by secondary oxidants from 3VL*.
Line 512: This enhanced GUA decay rate constant may be due to the following main reactions:
oxidation of GUA by 3VL* (or the secondary oxidants it generates upon reaction with O2),
Lines 520: which may be due to competition between ground-state VL and GUA for reactions
with 3VL* (or the secondary oxidants it generates upon reaction with O2)
Line 543: possibly due to both GUA and ground-state VL being available as oxidizable substrates
for 3VL* and the secondary oxidants it can generate.
Line 601: Our results indicate that the photo-oxidation of VL is influenced by O2 secondary
oxidants from VL triplets, pH
Lines 602–612: Compared to Under N2-saturated conditions, the absence of O2 likely hindered
the secondary steps in VL decay (e.g., reaction of ketyl radical and O2), regenerating VL as
suggested by the minimal VL decay more efficient VL photo-oxidation was observed under air-

saturated conditions (O2 is present), which can be attributed to the generation of secondary
oxidants (e.g., 1O2, O2•-/•HO2, •OH) from 3VL*.Further enhancement of VL photo-oxidation under
air-saturated conditions in the presence of nitrate indicates synergistic effects between
secondary oxidants from VL triplets and nitrate photolysis products. In contrast, 3VL*-initiated
reactions proceeded rapidly under air-saturated conditions (O2 is present) as indicated by higher
VL decay rate constant and increased normalized abundance of products. For pH 4 experiments,
the presence of both O2 and nitrate resulted in the highest normalized abundance of products
(including N-containing compounds) and <OSc>, which may be due to O2 promoting VL nitration.
Nevertheless, further work is necessary to assess the effect of O2 on the reactive intermediates
involved in 3VL*-driven photo-oxidation and elucidate the mechanisms of VL photo-oxidation
under air-saturated conditions.
3. Mechanism discussion. The authors seem compelled to try to explain all of their observations
using one or more reactions, but since there is no quantitative examination of these mechanisms,
they are all very speculative and mostly not useful. Worse, in some (many?) cases, the proposed
mechanisms are inconsistent with some of the data. Fundamentally, without building a kinetic
model of the mechanism and testing it against the observations, it is difficult to know whether
the proposed reactions are important. The authors put too much emphasis on trying to
mechanistically explain their observations and these explanations end up being mostly
conjectures that are not grounded in data. These mechanistic speculations should be greatly
reduced, especially if they are inconsistent with the kinetic or light absorption data and/or if they
rely primarily upon the “normalized abundance of products” metric, which seems highly
uncertain.
For example, on line 226, what trends were reinforced in the presence of nitrate? Looking at
Table S2, ammonium nitrate has no effect on the kinetics, does not change the normalized
product abundance at pH 2.5 or 3 (but does increase it at pH 4), and has no impact on
OS(C). Later, in Fig. 2, we see that the presence of nitrate only negligibly increased the longwavelength absorbance of the products. Overall, the bulk of the observations suggest that
nitrate has a minor impact on VL decay, consistent with the fast direct photodegradation of VL.
Response: We concur with the reviewer that the current manuscript contains several speculative
reaction mechanisms. As building a kinetic model of the mechanisms is beyond the scope of this
study, we proposed major pathways for aqSOA formation instead (Fig. 2, formerly 4). As
suggested in major comment #7, Fig. 2 has been shown for the first time when potential aqSOA
formation pathways were discussed, then referred to throughout the text.
The trends in line 297 (formerly 226) pertain to nitrate enhancing the increased normalized
abundance of products and formation of more oxidized aqSOA from VL photo-oxidation in the
presence of O2 (VL* and VL+AN under air-saturated conditions) at pH 4, suggesting a potential
enhancement of VL nitration in the presence of O2. This has been revised as follows:
Lines 295–300: In brief, the presence of secondary oxidants from 3VL* and O2 increased the
normalized abundance of products and promoted the formation of more oxidized aqSOA. These

trends were reinforced in the presence of nitrate, indicating synergistic effects between
secondary oxidants from VL triplets and nitrate photolysis products. Compared to N2-saturated
condition, the higher normalized abundance of nitrogen-containing products under air-saturated
condition for VL+AN (at pH 4) suggests a potential enhancement of VL nitration in the presence
of O2.
4. I am concerned that the authors purged IPA and bicarbonate from solution during each
experiment since solutions were bubbled continuously. Do they have any way to know if these
OH scavengers were removed before or during illumination? Similarly, guaiacol shouldn’t
undergo direct photochemical loss under illumination above 300 nm, so the apparent decay
measured in the dark could be evaporation during purging. If the purging was slow enough, each
bubble would achieve Henry’s law equilibrium with the solution, which would allow you to
estimate the rates of IPA and bicarbonate (lost as CO2) from the rate constant for GUA loss and
the ratio of Henry’s law constants for GUA and OH scavenger. For GUA, which can be measured
by HPLC, the authors should report the fraction of the initial concentration (0.1 mM) that was
lost after the 30 min of purging in the dark and the fraction then lost in the dark control for the
illumination experiment. Then for IPA and bicarbonate, some estimate of their fraction lost
during purging would be helpful. At the very least, this issue needs to be raised and addressed.
Response: The reviewer has correctly pointed out that the contribution of •OH to VL photooxidation in this study is likely minor, which is also suggested by other published literature
(Anastasio et al., 1996; Li et al., 2014). We, therefore, decided to omit this section (and related
sentences) and instead focus on the other findings of the paper.
5. Section 3.1.2. (a) Are VL (and GUA) decay rate constants normalized for photon fluxes? (b)
Given the variability in kinetic decays, are the relative small differences in decay rate constants
between pH 2.5 and 4 statistically different? (c) Do the authors have a good measure of the
variability of the kinetics, e.g., the standard deviation of j(VL) based on triplicate
experiments? Given that the decays are not first order, it is more difficult to discern differences
in rate constants, so I would be cautious.
Response: (a) We thank the reviewer for pointing this out. The decay rate constants were initially
not normalized for photon fluxes, although the reported values are the average of results from
triplicate experiments. The values have been updated to the photon flux-normalized decay rate
constants, and the following information were added to the text:
Line 142: 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).
(b) Yes, the differences in the decay rate constants between pH 2.5 and 4 (VL*: decay rate
constant at pH 2.5 is 1.6 times higher than at pH 4; VL+AN: decay rate constant at pH 2.5 is 1.4
times higher than at pH 4) are small but statistically significant (p < 0.05). In addition, the
variability for the decay rate constant measurements among triplicate experiments for all

conditions in this study is low (the standard deviation for each condition is now added in Table 2,
formerly S2). We have added this in the text as follows:
Line 331: The decay rates constants for both VL* and VL+AN increased as pH decreased (VL* and
VL+AN at pH 2.5: 1.65 and 1.43 times faster than at pH 4, respectively) (Fig. S3b). These
differences in decay rate constants are small but statistically significant (p < 0.05).
Other relevant changes in the text are as follows:
Line 510: The enhancement of GUA decay rate constant in the presence of VL is statistically
significant (p < 0.05), while that in the presence of AN is not (p > 0.05).
(c) Yes, the reported decay rate constants are the average of results from triplicate experiments,
and the standard deviation for each condition is now added in Table 2, formerly S2. The footnote
of Table 2 has been revised as follows:
Table 2: bThe data fitting was performed in the initial linear region. Each value is the average of
results from triplicate experiments. Errors represent one standard deviation.
6. Lines 283-289. I would be surprised if deprotonation of phenols is responsible for the higher
absorbance of the aqSOA at pH 4 compared to pH 3 and 2.5. For one, the pKa values of methoxysubstituted phenols are near 10, so there’s no appreciable phenolate at pH 4. Nitro-substituted
phenols can have much lower pKas, but absorbance of the aqSOA formed in the presence of
nitrate is nearly the same as in the absence of nitrate, so it seems nitrophenols are a minor part
of the light absorption. Another possibility is that different products are made at pH 2.5
compared to pH 4. Measuring the pH dependence of the aqSOA formed at pH 2.5 and 4 would
allow you to determine whether the pH dependence is rooted in acid-base chemistry of the
products or of the reactions.
Response: Thank you for the suggestion. As suggested, to understand the pH effect further, we
measured the pH dependence of the aqSOA formed from VL* at pH 4 and 2.5. The reviewer is
correct that deprotonation of phenols does not sufficiently explain the higher absorbance
enhancement observed at pH 4 compared to pH 2.5. Based on the comparable pH dependence
of the aqSOA formed from VL* at pH 4 and 2.5 (see figure below), the pH dependence observed
is likely due to the acid-base chemistry of the reactions, probably involving 3VL* or the excimer
of VL (Smith et al., 2016). Smith et al. (2016) reported that the direct photodegradation rate
constants for 0.005 mM VL at pH ≤ 3 are nearly two times lower than at pH ≥ 5. The opposite
trend observed in this study for 0.1 mM VL (VL* decay rate constant at pH 2.5 is 1.6 times higher
than at pH 4) may be due to the reactivities of the protonated and neutral forms of the 3VL* being
dependent on the VL concentration (Smith et al., 2016). Also, it has been reported that the
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 et al., 2016). Changes on the text
are as follows:

Figure S10. UV-Vis absorption spectra of VL*-derived aqSOA formed at (a) pH 4 and (b) pH 2.5
over a range of pH conditions from 1.5 to 10.5.
Lines 375–386: The hHigher absorbance enhancement for both VL* and VL+AN (Fig. 32b) was
observed as pH increased may be attributed to redshifts and increased visible light absorption of
reaction products (Pang et al., 2019a). To determine whether the pH dependence is due to the
acid-base chemistry of the products or of the reactions, we measured the pH dependence of the
aqSOA formed from VL* at pH 4 and 2.5 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 dependence of the two solutions
suggest that the observed pH dependence may be attributed to the acid-base chemistry of the
reactions, which may involve 3VL* or the excimer of VL (Smith et al., 2016), as discussed earlier.
When a phenolic molecule deprotonates at higher pH, an ortho- or para- electron-withdrawing
group, such as a nitro or aldehyde group, can attract a portion of the negative charge towards its
oxygen atoms through induced and conjugated effects, leading to the extension of chromophore
from the electron-donating group (e.g., -O-) to the electron-withdrawing group via the aromatic
ring (Carey, 2000; Williams and Fleming, 2008; Pang et al., 2019a). Hence, the delocalization of
the negative charge in phenolates leads to significant redshifts (Mohr et al., 2013).
For reference, changes in the revised text that are relevant to lines 375–386 are shown below:
Lines 331–352: The decay rates constants for both VL* and VL+AN increased as pH decreased
(VL* and VL+AN at pH 2.5: 1.65 and 1.43 times faster than at pH 4, respectively) (Fig. S3b). These
differences in decay rate constants are small but statistically significant (p < 0.05). The pKa for the
VL triplet has been reported to be 4.0 (Smith et al., 2016). As there are a greater fraction of VL
triplets that are protonated at pH 2.5 (0.96) than at pH 4 (0.5), it is possible that the pH
dependence of the 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 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 3VL* being
dependent on the VL concentration (Smith et al., 2016). For VL*, this pH trend indicates that 3VL*
are more reactive in their protonated form, which is opposite to that reported for 0.005 mM VL
(Smith et al., 2016), likely due to the concentration dependence of the relative reactivities of
protonated and neutral forms of 3VL*. It has been reported that the 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 et al., 2016). Also, increases in hydrogen ion concentration can
enhance the formation of HO2• and H2O2 and in turn, •OH formation (Du et al., 2011). In addition
to these pH influences on VL*, the dependence of N(III) (NO2- + HONO) speciation on solution
acidity (Pang et al., 2019a) also contributed to the observed pH effects for VL+AN. At pH 3.3, half
of N(III) 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). The increased •OH formation rates as pH decreases can lead to faster VL decay
(Pang et al., 2019a). Also, NO2-/HONO can generate •NO2 via oxidation by •OH (Reactions 4 and
15; Table 1) (Pang et al., 2019a). As pH decreases, the higher reactivity of 3VL* and sensitivity of
the excimer of VL to acid-base chemistry HONO being the dominant N(III) species can lead to
faster VL photo-oxidation may have led to faster VL photo-oxidation.
7. Section 3.5. This section repeats what has been stated before. I would delete this section,
show Figure 4 the first time discussing possible mechanisms, then refer to the Figure throughout
the discussion of mechanisms (which is hopefully much shorter in the revised version).
Response: We agree with the reviewer. Section 3.5 has been deleted, and Fig. 4, now 2, has been
shown for the first time when potential aqSOA formation pathways were discussed, then referred
to throughout the text as follows:
Line 259: This compound was not observed in a parallel experiment in which AN was replaced
with sodium nitrate (SN) (Fig. S6a; see Sect. 3.3 for discussion). The potential aqSOA formation
most probable pathways via of direct photosensitized and nitrate-mediated photo-oxidation of
VL photo-oxidation in this study are summarized in Fig. 2were proposed (Fig. 4). In Scheme 1 (pH
4 and pH <4 under air-saturated conditions), 3VL* and •OH (from 3VL* or nitrate photolysis) can
initiate H-atom abstraction to generate phenoxy or ketyl radicals (Huang et al., 2018; Vione et
al., 2019). At pH 4, ring-opening products (Fig. S5) from fragmentation in both VL* and VL+AN
may have reacted with VL or dissolved ammonia to generate C10H10O5 (No. 4, Table S2) (Pang et
al., 2019b) orand a potential imidazole derivative (C5H5N3O2; No. 5, Table S2), respectively.
Moreover, nitrate photolysis products promoted functionalization and nitration (e.g.,
C16H10N2O9; No. 3, Table S2). At pH<4, the reactivity of 3VL* increased as suggested by the
abundance of oligomers (e.g., C16H14O6) and increased normalized abundance of N-containing
compounds.

Line 364: At pH < 4, 3VL* likely have higher reactivity as suggested by the increased normalized
abundance of oligomers (e.g., C16H14O6; No. 6, Table S2 and C31H24O11) and N-containing
compounds (e.g., C16H10N2O9; No. 3, Table S2 and C13H14N2O10) (Fig. 2).
Minor Comments
1. Line 25. This notion of “efficiency” (i.e., which reaction path is faster) depends on the
concentrations of the two oxidant precursors, VL and nitrate. Thus it’s not a universally true
statement.
Response: Thank you for this suggestion. The apparent quantum efficiency of GUA
photodegradation (φGUA) in the presence of either VL or nitrate during simulated sunlight
illumination can be defined as (Anastasio et al., 1996; Smith et al., 2014, 2016):
mol GUA destroyed

ΦGUA = mol photons absorbed

(Eq. S9)

ΦGUA was calculated using the measured rate of GUA decay and rate of light absorption by either
VL or nitrate through the following equation:

rate of GUA decay

ΦGUA = rate of light absorption by VL or nitrate =

𝑘′GUA × [GUA]
∑[(1−10−𝜀 λ[C]𝑙 ) × 𝐼λ′ )

(Eq. S10)

where k’GUA is the pseudo-first-order rate constant for GUA decay, [GUA] is the concentration of
GUA (M), ελ is the base-10 molar absorptivity (M-1 cm-1) of VL or nitrate at wavelength λ, [C] is
the concentration of VL or nitrate (M), l is the pathlength of the illumination cell (cm), and I’λ is
the volume-averaged photon flux (mol-photons L-1 s-1 nm–1) determined from 2NB actinometry:
350 𝑛𝑚
𝑗(2NB) = 2.303 × Φ2NB × 𝑙 × Σ300
𝑛𝑚 (𝜀2NB,λ × 𝐼’λ × ∆λ)

(Eq. S11)

The φGUA in the presence of nitrate (1.3 × 10-2 ± 2.9 × 10-3) is ~14 times larger than that in the
presence of VL (9.0 × 10-4 ± 4.0 × 10-4), suggesting that nitrate-mediated photo-oxidation of GUA
is more efficient than that by photosensitized reactions of VL. We have revised this in the text as
follows and added the information shown above in the supporting information: Text S7.
Estimation of the apparent quantum efficiency of guaiacol photodegradation.
Line 29: Furthermore, comparisons of the apparent quantum efficiency of guaiacol
photodegradation indicate that in this study, guaiacol oxidation by photosensitized reactions of
VL was observed to be more is less efficient relative to nitrate-mediated photo-oxidation.
Other relevant revisions in the text are as follows:

Line 514: As mentioned earlier, the 3VL* chemistry appears to be more important than that of
nitrate photolysis even at 1:10 molar ratio of VL/nitrate on account of 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. However, the apparent quantum efficiency of GUA photodegradation (φGUA)
in the presence of nitrate (1.3 × 10-2 ± 2.9 × 10-3) is ~14 times larger than that in the presence of
VL (9.0 × 10-4 ± 4.0 × 10-4), suggesting that nitrate-mediated photo-oxidation of GUA is more
efficient than that by photosensitized reactions of VL (see Text S7 for the more details).
Line 619: The oxidation of guaiacol, a non-carbonyl phenol, by photosensitized reactions of
vanillin was also shown to be more less efficient than that by nitrate photolysis products based
on its lower apparent quantum efficiency.
2. L. 42. “respectively” doesn’t serve a purpose in this sentence.
Response: Agree, we have deleted ‘respectively’ from line 50 (formerly 42).
3. Section 2.1. What was the initial volume of solution illuminated? Were solutions
stirred? What was the flow rate of gas (N2 or air) through the solution before and during the
experiment?
Response: The initial volume of the illuminated solution is 500 mL. The solutions were
continuously mixed throughout the experiments. A constant flow rate of 0.5 dm3/min was used
before and during the experiments. These have been added to the text as follows:
Line 102: Photo-oxidation experiments were performed in a 500-mL custom-built quartz
photoreactor. The solutions (initial volume of 500 mL) were continuously mixed throughout the
experiments using equipped with 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- and
N2-saturated conditions, respectively, and the bubbling was continued throughout the reactions
(Du et al., 2011; Chen et al., 2020).
4. L. 100. Was there a difference in the temperature between the illuminated and dark solutions?
Response: For all experiments, the range in temperature fluctuations was 27 ± 2 °C.
5. L. 106. If the authors are going to abbreviate 2-propanol as IPA, it would be better to call it
isopropyl alcohol to help readers remember the name of the abbreviation. NaBC is a poor choice
for an abbreviation for sodium bicarbonate since BC stands for black carbon typically. Better to
simply use its chemical formula, NaHCO3 or HCO3-, depending on the context.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
6. L. 111. 2-propanol and bicarbonate were added in some experiments, but the description of
why is odd. Their primary role will be OH scavengers, so it’s strange to call them a VOC and

inorganic anion, respectively. 2-propanol is not a common atmospheric gas, so it’s a poor choice
of model VOC. Similarly, calling bicarbonate an “inorganic anion” is a poor choice of words, since
sulfate and nitrate are the classic inorganic ions. Better to refer to 2-propanol and bicarbonate
as “OH scavengers” since that is their main role.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
7. L. 113. What does it mean that the OH scavengers were not added “in excess”? Since they’re
reacting with OH (which will have a very low concentration) they are technically in excess. Better
to avoid this discussion, as it’s not fruitful. If you want to dive more into the OH scavengers, you
could calculate the fraction of OH each intercepts in their respective solutions or the amount that
they suppress the OH concentration. (But, again, this depends on if the species were purged
from solution.)
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
8. L. 151. The disproportionation of HO2/O2- is the same as the reaction of HO2 with O2-, so this
sentence repeats itself.
Response: The reviewer is right. We have corrected this sentence as follows:
Line 181: The disproportionation of HO2•/O2•- (Anastasio et al., 1996) and reaction of HO2• with
O2•- (Du et al., 2011) form hydrogen peroxide (H2O2), which is a photolytic source of •OH.
9. L. 163. It’s unclear what the authors mean by “...a minimal role for 3VL* in VL photo-oxidation”.
Do they mean that 3VL* + VL is an unimportant reaction (but see above about this) or that the
direct photodegradation of VL doesn’t proceed through the triplet state?
Response: In this study, the photodegradation of VL is mainly governed by VL triplets, as
explained in our response to major comment #2 (Please see this response for the revised text).
10. L. 167. It is not true that 1O2 has a much longer lifetime than 3C*; rather, the lifetimes are
approximately the same. In cloud and fog drops, the lifetime of 1O2 is controlled by water
deactivation and is approximately 5 us (see Bilski et al., 1997). The lifetime of 3C*is controlled by
reaction with dissolved O2 and is approximately 1/((2E9 M-1 s-1)*(250uM)) ~ 2 us. Also, rather
than the oxidant lifetime, it is the product of the oxidant concentration times its second-order
rate constant that determines the relative importance of a given oxidant.
Response: We thank the reviewer for the correction. This sentence has been modified as part of
the revision for major comment #2 (Please see this response for the revised text).
11. Page 7. This whole page is one paragraph. It should be trimmed to reduce speculative
discussions of mechanisms, then broken into smaller pieces, focused on certain themes/points.

Response: We agree with the reviewer. Section 3.1.1 has been revised to reduce speculative
discussions of mechanisms (Revisions for lines 188–220 are shown in response to major comment
#2). Changes in the text are as follows:
Lines 220–240: Similar to VL*, tThe decay rate constant for VL+AN under air-saturated conditions
was also higher faster (6.6 times) than N2-saturated conditions, which may can be due to several
reactions facilitated by nitrate photolysis products and the enhancement of N(III)-mediated
photo-oxidation that may have been enhanced in the presence of O2 as reported in early works
(Vione et al., 2005; Kim et al., 2014; Pang et al., 2019a). As shown later, more nitrogen-containing
species were observed under air-saturated conditions. An example is enhanced VL nitration likely
from increased •NO2 formation such as from the reaction of •OH and O2•- with NO2- (Reactions 4
and 5, respectively; Table 1) or the autoxidation of •NO from NO2- photolysis (Reactions 6–9; Table
1) in aqueous solutions (Pang et al., 2019a). Reactions involving •HO2/O2•- which may originate
from the photolysis of nitrate alone, likely from the production and subsequent photolysis of
peroxynitrous acid (HOONO) (Reaction 10; Table 1) (Jung et al., 2017; Wang et al., 2021), or the
reactions of 3VL* in the presence of O2, may have contributed as well. For instance, Wang et al.
(2021) recently demonstrated that nitrate photolysis generates •HO2/O2•-(aq) and HONO(g) in the
presence of dissolved aliphatic organic matter (e.g., nonanoic acid, ethanol), with the enhanced
HONO(g) production caused by secondary photochemistry between •HO2/O2•-(aq) and
photoproduced NOx(aq) (Reactions 11 and 12; Table 1), in agreement with Scharko et al. (2014).
The significance of this increased HONO production is enhanced •OH formation (Reaction 13;
Table 1). In addition, •HO2 can react with •NO (Reaction 10; Table 1) from NO2- photolysis
(Reaction 6; Table 1) to form HOONO, and eventually •NO2 and •OH (Reaction 14; Table 1) (Pang
et al., 2019a). Nevertheless, the comparable decay rates constants for VL* and VL+AN imply that
3VL* chemistry still dominates even at 1:10 molar ratio of VL/nitrate, 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. Although we have no quantification of the oxidants in our reaction
systems as it is outside the scope of this study, these observations clearly substantiate
thatsecondary oxidants from 3VL*, which are formed when O2 is present, are required for
efficient photosensitized oxidation of VL and nitrate-mediated VL photo-oxidation are more
efficient in the presence of O2.
Lines 241–300: The products from VL* under N2-saturated conditions were mainly oligomers
(e.g., C16H14O4) (Fig. 1a), consistent with triplet-mediated oxidation forming higher molecular
weight products, probably 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 nitrate (VL+AN under N2-saturated conditions; Fig. 1b), and in addition to oligomers,
functionalized monomers (e.g., C8H6O5) and nitrogen-containing compounds (e.g., C8H9NO3; No.
2, Table S23) 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). Compared to N2-saturated conditions, the normalized abundance of products
such as oOligomers, and functionalized monomers (e.g., demethylated VL; Fig. S4), and nitrogencontaining compounds (e.g., C16H10N2O9; No. 33, Table S3,Table S2) (for VL+AN) had higher
normalized abundance were also more relatively abundant under air-saturated conditions were

significantly higher under air-saturated conditions (Figs. 1c-d), likely due to efficient the
secondary oxidants from 3VL*-initiated oxidation and enhanced VL nitration in the presence of
and O2 and their interactions with nitrate photolysis products. The nitrogen-containing
compounds (e.g., C16H10N2O9; No. 3, Table S3) were also more relatively abundant under airsaturated conditions. For both VL* and VL+AN under air-saturated conditions, the most abundant
product was C10H10O5 (No. 4, Table S23), 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 but only when •OH from H2O2 were involved (Li et al., 2014). In this
work, small organic acids (e.g., formic acid) were observed from both VL* and VL+AN under airsaturated 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 (C5H5N3O2; Fig.
1dNo. 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 sodium nitrate (SN) (Fig. S6a; see Sect. 3.3 for discussion). The
potential aqSOA formation most probable pathways via of direct photosensitized and nitratemediated photo-oxidation of VL photo-oxidation in this study are summarized in Fig. 2were
proposed (Fig. 4). In Scheme 1 (pH 4 and pH <4 under air-saturated conditions), 3VL* and •OH
(from 3VL* or nitrate photolysis) can initiate H-atom abstraction to generate phenoxy or ketyl
radicals (Huang et al., 2018; Vione et al., 2019). At pH 4, ring-opening products (Fig. S5) from
fragmentation in both VL* and VL+AN may have reacted with VL or dissolved ammonia to
generate C10H10O5 (No. 4, Table S2) (Pang et al., 2019b) orand a potential imidazole derivative
(C5H5N3O2; No. 5, Table S2), respectively. Moreover, nitrate photolysis products promoted
functionalization and nitration (e.g., C16H10N2O9; No. 3, Table S2). At pH<4, the reactivity of 3VL*
increased as suggested by the abundance of oligomers (e.g., C16H14O6) and increased normalized
abundance of N-containing compounds.
The molecular transformation of VL upon photo-oxidation was examined using the van
Krevelen diagrams (Fig. S7). For all experiments (A1-159; Table S2) in this study, the O:C and H:C
ratios of the products were mainly similar to those observed from the aging of other phenolics
(Yu et al., 2014) and BB aerosols (Qi et al., 2019). Uunder N2-saturated conditions, oOligomers
with O:C ratios ≤ 0.6 were dominant in VL*, under N2-saturated conditions.while smaller
molecules (nc ≤ 8) with higher O:C ratios (up to 0.8) were also observed fFor VL+AN. For VL+AN
under air saturated conditions, smaller molecules (nc ≤8) with higher O:C ratios (up to 0.8) were
also observed. In contrast, Mmore products with higher O:C ratios (≥ 0.6) were noted under airsaturated conditions for both VL* and VL+AN. Ffor experiments A5 to A8, The 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 for experiments A5 to A8 (Table S2) were
mainly oxidized aromatic aromatic species 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 et
al., 2021). Moreover, majority of the products for experiments A5 to A8 have double bond
equivalent (DBE) values >7, which corresponds to oxidized aromatic compounds (Xie et al., 2020).
In contrast, Loisel et al. (2021) reported mainly oxygenated aliphatic-like compounds (H:C, ≥ 1.5
and O:C, ≤ 0.5 ratios) from the direct irradiation of VL (0.1 mM), which may be probably due to

their use of ESI in the negative ion mode, which has higher sensitivity for detecting compounds
such as carboxylic acids (Holčapek 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., 2018). Among experiments A5 to A8 (Table S2), VL+AN under air-saturated
conditions (A7) had the highest normalized abundance of products and <OSc>, most probably due
to the combined influence of the secondary oxidants from 3VL* and enhanced VL nitration in the
presence of O2, and nitrate photolysis products. In our calculations, the increase in <OSc> (except
for VOCs and inorganic anions experiments; A9 to A12; Table S2) was lower than those in •OHor triplet-mediated oxidation of phenolics (e.g., phenol, guaiacol) measured using an aerosol
mass spectrometer (Sun et al., 2010; Yu et al., 2014), Our measured <OSc> range from -0.28 to
+0.12, while other studies on phenolic aqSOA formation reported <OS c> ranging from -0.14 to
+0.47 (Sun et al., 2010) and 0.04 to 0.74 (Yu et al., 2014). This is likely because we excluded
contributions from ring-opening products, which may have higher OSc values as these products
are not detectable in the positive ion mode. Thus, the <OSc> in this study likely were lower
estimates. In brief, the presence of secondary oxidants from 3VL* and O2 increased the
normalized abundance of products and promoted the formation of more oxidized aqSOA. These
trends were reinforced in the presence of nitrate, indicating synergistic effects between
secondary oxidants from VL triplets and nitrate photolysis products. Compared to N2-saturated
condition, the higher normalized abundance of nitrogen-containing products under air-saturated
condition for VL+AN (at pH 4) suggests a potential enhancement of VL nitration in the presence
of O2.
12. L. 196. The text here and elsewhere discusses the abundance of specific products (not just
the normalized product abundance). The abundance of each product should be added to Table
S3, along with some estimate of the relative uncertainty of these values.
Response: The abundance mentioned in line 249 (formerly 196) pertains to the normalized
abundance of all nitrogen-containing products for VL* at pH 4 under air-saturated conditions, not
for specific products.
13. L. 224. How much lower are OS(C) values here compared to previous work on aqSOA?
Compare these values.
Response: Our measured <OSc> range from -0.28 to +0.12, while other studies on phenolic aqSOA
formation reported <OSc> ranging from -0.14 to +0.47 (Sun et al., 2010) and 0.04 to 0.74 (Yu et
al., 2014). This information has been added to the text as follows:
Line 286: Our measured <OSc> range from -0.28 to +0.12, while other studies on phenolic aqSOA
formation reported <OSc> ranging from -0.14 to +0.47 (Sun et al., 2010) and 0.04 to 0.74 (Yu et
al., 2014). This is likely because we excluded contributions from ring-opening products, which
may have higher OSc values as these products are not detectable in the positive ion mode.
14. L. 240. Is there any evidence that 3VL* + O2 directly makes OH? This would seem energetically
unfavorable and also to be minor compared to energy transfer to make 1O2.

Response: We do not have direct evidence of •OH formation from 3VL* + O2, although trace
amounts of H2O2 were likely formed during VL photodegradation (Li et al., 2014) similar to the
case of other phenolic compounds (Anastasio et al., 1996). This statement has been added to line
241.
Line 316: Trace amounts of H2O2 were likely formed during VL photodegradation (Li et al., 2014),
similar to the case of other phenolic compounds (Anastasio et al., 1996).
15. L. 242. In the presence of O2, the ketyl radical is probably too short lived (it reacts with O2 to
make an alpha-hydroxy peroxyl radical) to combine appreciably with a phenoxyl radical. But the
phenoxyl radical is in resonance with a carbon-centered cyclohexadienyl radical that is longer
lived; these two species can couple (Yu et al., ACP, 2014).
Response: We thank the reviewer for the additional information. We have now revised line 311
to include this as follows:
Line 317: Oligomers can then form via the coupling of phenoxy radicals or phenoxy and
cyclohexadienyl ketyl radicals (Sun et al., 2010; Yu et al., 2014Berto et al., 2016; Vione et al.,
2019).
16. L. 261. The rate constant for H2O2 formation is fastest near the pKa of HO2, i.e., pH 4.8, so one
wouldn’t expect greater H2O2 formation at pH 2.5 compared to pH 4. But this also depends on
the pH dependence of the HO2/O2- sources and sinks.
Response: Thank you for pointing this out. This statement has been deleted.
17. L. 264. This discussion of the pH dependence of N(III) photolysis doesn’t seem applicable since
the addition of nitrate makes a negligible contribution to VL decay. Just because N(III) photolysis
is pH dependent doesn’t mean it matters here.
Response: Thank you for pointing out this error. The reviewer is correct that the pH dependence
of N(III) is not relevant for the discussion of pH effects on VL decay rate constants. Some of these
statements have been transferred to the next paragraph (from line 360) to provide a potential
explanation for the increased normalized abundance of nitrogen-containing compounds at lower
pH. Revisions for lines 333–354 are shown in our response to major comment #6. Other changes
in the text are as follows:
Line 359–364: For VL+AN, the normalized abundance of nitrogen-containing compounds was also
higher increased at lower pH (Table S2), likely due to increased •OH and •NO2 formation, which
may be caused by the dependence of N(III) (NO2- + HONO) speciation on solution acidity (Pang et
al., 2019a). At pH 3.3, half of N(III) 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, NO2-/HONO can generate •NO2 via oxidation by •OH
(Reactions 4 and 105; Table 1) (Pang et al., 2019a).
Line 372: Essentially, the higher reactivity of 3VL* and predominance of HONO over nitrite at
lower pH may have resulted in increased formation of products mainly composed of oligomers
and functionalized monomers.
18. L. 299. Why would the presence of HO2 lead to more dimer formation? HO2 (and O2-) are
too weak to oxidize phenols at any significant rate.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
19. Lines 298-301: This argument is circular: IPA cannot make more OH by scavenging OH and
turning it into HOOH, which then photolyzes to make OH. Think of the associated
stoichiometry. IPA will suppress [OH] because it is an OH sink, thus rendering OH an insignificant
oxidant for VL. The observation that IPA has a negligible impact on VL decay (Fig. S3c) indicates
that OH is not important as an oxidant for VL (with or without IPA) or that the IPA was mostly
purged from the system.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
20. L. 310. IPA makes no difference in the VL kinetics, whether nitrate is present or not. So please
don’t make sweeping statements such as “...the role of nitrate in VL photo-oxidation is enhanced
in the presence of IPA...”. And don’t suggest that OH is an important intermediate in the
formation of a product in the presence of IPA (e.g., line 311), since IPA will greatly suppress the
OH concentration.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
21. L. 313-322. It is hard to believe that 1 mM of IPA can significantly disrupt the structure of 55
M water. In any case, there is no increase in light absorption by the aqSOA formed in the presence
of IPA (Fig. 2), so the Berke mechanism seems unimportant. Most of this should be deleted.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
22. L. 327. It is difficult to imagine that carbonate radical is a significant oxidant in these
experiments: carbonate rate constants are relatively slow (compared to triplets or OH) and VL
photodegradation is very fast. If the authors want to propose carbonate radical as an important
sink, they need to do some calculations of its steady-state concentration and estimate the
corresponding rate of VL loss. Again, the qualitative normalized abundance of products is driving
these uncertain statements, while the quantitative photodecay rates and light absorption are
showing there is no significant effect of bicarbonate. Lead with the latter observations, as they
are more robust.

Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
23. L. 336. 1 mM IPA or bicarbonate is not high enough to reduce the cage effect from nitrate
photolysis. In any case, IPA or bicarbonate are OH sinks, so they will suppress, not enhance, the
OH concentration.
Response: Sentences related to •OH scavengers have been deleted from the original manuscript.
24. L. 376. If this proposed mechanism was true, then VL decay would be significantly faster in
the presence of nitrate, but this is not the case. It’s not clear what the authors are trying to explain
here - is it the increase in oligomerization at higher [VL]? The explanation for this is probably that
the concentrations of phenoxyl radicals (and the related, carbon-centered cyclohexadienyl
radicals) increase with [VL], making radical-radical recombination to form oligomers a more
significant fate.
Response: Thank you for pointing this out. We apologize for the confusion. There should have
been an explanation here for the increased oligomerization observed at higher [VL]. We agree
with the reviewer that a possible reason for this is the increased concentration of radicals with
[VL] (added to the revised text). The succeeding lines are for comparing the potential pathways
at 1:1 VL/nitrate and 1:100 VL/nitrate only at low [VL]. The text has been revised to clarify these
as follows:
Lines 466–485: 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. S123d). 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). This is probably 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). Moreover At low [VL], the contribution of < 200 m/z to the normalized abundance
of products was higher for 1:1 than 1:100 VL/nitrate molar ratio, further suggesting the
prevalence of functionalization for the former formation of more oxidized products. This may
also be the reason why In addition, 1:1 VL/nitrate (A115; Table S2) had higher <OSc> than 1:100
VL/nitrate (A126; Table S2), 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/nitrate,
VL may efficiently competes with NO2- for •OH (from nitrate or nitrite photolysis, Reaction 4;
Table 1) and indirectly reduces •NO2. Similarly, hydroxylation has been suggested to be an more
important pathway for 1:1 VL/nitrite than in 1:10 VL/nitrite (Pang et al., 2019a). This may also be
the reason why 1:1 VL/nitrate (A15; Table S2) had higher <OSc> than 1:100 (A16; Table S2)
VL/nitrate but had fewer N-containing compounds compared to the latter.Moreover, the
contribution of <200 m/z to the normalized abundance of products was higher for 1:1 than 1:100
VL/nitrate molar ratio, further suggesting the formation of more oxidized products.
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.
25. L. 405. GUA should not undergo any direct photochemistry, so its decay in the absence of VL
or AN suggests either that there is an oxidant-making contaminant in the system (that is
consumed within a few hours) or that GUA is evaporating during illumination. But there is no
GUA loss in the dark: is this because the temperature was cooler in the dark?
Response: Vione et al. (2019) also observed the direct photodegradation of GUA (0.1 mM) upon
irradiation using Xe lamp. Moreover, Sun et al. (2010) reported an intermediate rate of direct
photoreaction for GUA (0.1 mM), yielding aqSOA including GUA dimers (similar to what we
observed). There was no significant loss of GUA both after 30 min of purging in the dark (-0.36%)
and after 360 min of dark control experiments (-1.7%). Also, the temperature fluctuations (27 ±
2 °C) were minimal.
26. L. 498. This sentence mentions “Further enhancement of VL photo-oxidation…in the presence
of nitrate…”, but VL photo-oxidation (i.e., photodegradation) was not enhanced in the presence
of nitrate.
Response: This statement refers to the presence of both O2 and nitrate resulting in the highest
normalized abundance of products (including N-containing compounds) and <OSc> among
experiments A5–A8. We have revised this as follows:
Line 606–611: Further enhancement of VL photo-oxidation under air-saturated conditions in the
presence of nitrate indicates synergistic effects between secondary oxidants from VL triplets and
nitrate photolysis products. In contrast, 3VL*-initiated reactions proceeded rapidly under airsaturated conditions (O2 is present) as indicated by higher VL decay rate constant and increased
normalized abundance of products. For pH 4 experiments, the presence of both O2 and nitrate
resulted in the highest normalized abundance of products (including N-containing compounds)
and <OSc>, which may be due to the presence of O2 promoting VL nitration.
27. L. 1004. The author order is incorrect on the Tinel et al. ref.
Response: Thank you for the correction. We have now amended the author order for this
reference as follows and revised the corresponding in-text citations:
George, C., Brüggemann, M., Hayeck, N., Tinel, L., and Donaldson, D. J.: Interfacial
photochemistry: physical chemistry of gas-liquid interfaces, in: Developments in Physical &
Theoretical Chemistry, edited by: Faust, J. A. and House, J. E., Elsevier, 435−457,
https://doi.org/10.1016/B978-0-12-813641-6.00014-5, 2018.
28. Table 1. The quantum yield for Rxn 3 is not 0.001. This is a misperception based on the O(3P)
result of Warneck and Wurzinger (J Phys Chem, 1988); their paper shows a value of ~0.01 for
more direct (nitrite) measurements. Benedict et al. (Env Sci Technol., 2017) confirmed this higher

value. This error doesn’t affect the current work, but it would be a shame to propagate the
misperception.
Response: We thank the reviewer for the careful read. We now have corrected this value in Table
1:
NO3- + hv → NO2- + O(3P); ϕ = 0.0011
29. Figure 4. (a) The resolution of the figure is poor, so it’s fuzzy and hard to read. (b) Scheme 1
suggests that oligomers are only formed at pH < 4, which isn’t true, as past work has shown
oligomer formation in similar phenol systems at pH 5. (c) Ketyl radicals formed by 3C* + phenol
typically are shown as phenoxyl OH group (a result of the triplet abstracting a hydrogen) and no
double bond between the C and O. As stated earlier, their lifetimes are short in the presence of
O2, so they’re unlikely to do the coupling as shown here.
Response:
(a) This may be a formatting issue. We ensured that this is avoided in the revised version.
(b) The reviewer is right that oligomer formation in similar phenol systems was also observed at
pH 5. However, the molecular formulas initially presented in Fig. 4 were the most abundant
products or products with a significant increase in normalized abundance. To avoid this
confusion, Fig. 4, now 2, has been revised to show the major products for each condition, with a
marker for the most abundant products.
(c) Thank you for catching this error. Ketyl radical has been deleted in Fig. 2.
Supplemental Material Notes
1. General note – it would have been helpful to have line numbers in the supplement.
Response: Line numbers have now been added to the supporting information as well.
2. Text S3. Were calibration curves only made once? Were they actually used in quantifying VL
and GUA? (I don’t see the need since absolute values are not needed in the kinetic plots.)
Response: No, the calibration curves were prepared weekly to account for potential changes in
the detector response of UHPLC. These calibration curves were used to quantify VL and GUA as
the calculated VL concentration was used for estimating the normalized abundance of products.
3. Text S6. (a) It’s unclear what is meant by “Then, the average relative intensity absorbed by 2NB
solution as a function of wavelength was calculated.” Can you show this with an equation? (b)
How much did the photon flux vary between experiments? Was this determined? If not, this
variation is a source of variability in the kinetic measurements.

Response: (a) We apologize for the confusion. This statement pertains to a scaling factor (SF) that
was used to determine the absolute photon flux in the reactor, 𝐼λ′ . 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, Hangzhou, China). Using an SF, this measured relative photon output, 𝐼λrelative , is related
to 𝐼λ′ as follows:
𝐼λ′ = 𝐼λrelative × SF

(Eq. S6)

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

𝑗(2NB) = 2.303 × (103 cm3 L−1 × 1 mol⁄NA mlc) × ∑(𝐼λ′ × ∆λ × 𝜀2NB,λ × 𝛷2NB )

(Eq. S5)

Where j(2NB) is the 2NB decay rate constant, NA is Avogadro’s number, 𝐼λ′ is the actinic flux
(photons cm−2 s−1 nm−1), ∆λ is the wavelength interval between actinic flux data points (nm), and
𝜀2NB,λ and 𝛷2NB,λ are the base-10 molar absorptivity (M−1 cm−1) and quantum yield (molecule
photon−1) for 2NB, respectively. Values of 𝜀2𝑁𝐵,𝜆 (in water) at each wavelength under 298 K and
a wavelength-independent 𝛷2NB value of 0.41 were adapted from Galbavy et al. (2010).

SF =

𝑗(2NB)
2.303 × (103 cm3 L−1 × 1 mol⁄NA mlc) × ∑(𝐼λrelative × ∆λ × 𝜀2NB,λ × 𝛷2NB )

(Eq. S7)

and substitution of (Eq. S6) into (Eq. S7) yields:
𝐼λ′ = 𝐼λrelative

𝑗(2NB)
2.303 × (103 cm3 L−1 × 1 mol⁄NA mlc) × ∑(𝐼λrelative × ∆λ × 𝜀2NB,λ × 𝛷2NB )

(Eq. S8)

Finally, 𝐼λ′ was estimated through Eq. S85. The estimated photon flux in the aqueous reactor is
shown in Figure S12.
We have added the above information to Text S6.
(b) The j(2NB) in this study varied from 0.0021 to 0.0026 s-1. The decay rate constants have now
been normalized to the photon flux, and the updated values are shown in Table 2, formerly S2.
4. Table S2. (a) VL (and GUA) decays are rate constants, not decay rates. (b) For reference, it
would be helpful to give the OS(C) of VL. (c) What is pH of expt. A19?

Response: (a) Thank you for catching this error. This has been corrected in Table S2, now 2, as
well as elsewhere in the text:
Table S2. Reaction conditions, initial VL (and GUA) decay rates constants
Line 142: the calculation of GUA decay rate constant.
Line 172: initial VL (and GUA) decay rates constants,
Line 204: Contrastingly, the VL* decay rate constant under air-saturated conditions
Line 220: Similar to VL*, tThe decay rate constant for VL+AN
Line 235: Nevertheless, the comparable decay rates constants
Line 331: The decay rates constants
Line 509: GUA decay rate constant was faster higher by 2.2 (GUA+VL)
Line 512: This enhanced GUA decay rate constant
Line 574: Although nitrate did not substantially affect the VL decay rates constants,
(b) Agree, we have now added the OSc of VL (-0.25) to Table 2.
(c) The pH for exp 19, now 15, is 4, same with other experiments involving GUA. This is already
listed in the second column of Table 2.
5. Figure S1. The vanillin spectrum has a problem around 305 nm - a large discontinuity that is
probably caused by lamp switch. Either reacquire the spectrum or replace with a published
value.
Response: Thank you for catching this. Fig. S1 has been revised to correct this.
6. Figure S3. Were the decays ever determined multiple times for the same condition? It would
be helpful to show these results and derive a relative uncertainty for decay rate constants.
Response: Yes, the decays reported in Fig. S3 are the average of results from triplicate
experiments, and the error bars for each data point are already shown. The photon fluxnormalized decay rate constants have also been updated in Table S2, now 2, along with the
standard deviation for each condition (Please see our response to major comment #5). The
following sentence has been added in the methods section to clarify this:

Line 132: 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.
We also added this note to figure captions when applicable: most error bars are smaller than the
markers.
7. Figure S6. How can we tell that the imidazole formed in the AN experiment was not formed in
the SN experiment? It would be helpful to put a marker on the two plots of Fig. S6 to show where
the imidazole showed up in the AN experiment.
Response: Thank you for pointing this out. Fig. S6 has been revised to show a marker for the
potential imidazole compound.
Recommendation
I recommend that the manuscript be majorly revised and then reconsidered.
References
Anastasio, C., Faust, B. C., and Rao, C. J.: Aromatic carbonyl compounds as aqueous-phase
photochemical sources of hydrogen peroxide in acidic sulfate aerosols, fogs, and clouds. 1. Nonphenolic methoxybenzaldehydes and methoxyacetophenones with reductants (phenols),
Environ. Sci. Technol., 31, 218−232, https://doi.org/10.1021/es960359g, 1996.
Arakaki, T., Miyake, T., Hirakawa, T., and Sakugawa, H.: pH dependent photoformation of
hydroxyl radical and absorbance of aqueous-phase N(III) (HNO2 and NO2‑), Environ. Sci. Technol.,
33, 2561−2565, https://doi.org/10.1021/es980762i, 1999.
Bateman, A. P., Laskin, J., Laskin, A., and Nizkorodov, S. A.: Applications of high-resolution
electrospray ionization mass spectrometry to measurements of average oxygen to carbon ratios
in
secondary
organic
aerosols,
Environ.
Sci.
Technol.,
46,
8315–8324,
https://doi.org/10.1021/es3017254, 2012.
Bianco, A., Deguillaume, L., Vaïtilingom, M., Nicol, E., Baray, J.-L., Chaumerliac, N., and Bridoux,
M.: Chemical characterization of cloud water collected at Puy de Dôme by FT-ICR MS reveals the
presence of SOA components, Environ. Sci. Technol., 52, 10275–10285,
https://doi.org/10.1021/acsearthspacechem.9b00153, 2018.
Bianco, A., Passananti, M., Brigante, M., and Mailhot, G.: Photochemistry of the cloud aqueous
phase: a review, Molecules, 25, 423, https://doi.org/10.3390/molecules25020423, 2020.
Birks, J.B.: Organic Molecular Photophysics, John Wiley & Sons, 1973.

Canonica, S., Jans, U., Stemmler, K., and Hoigne, J.: Transformation kinetics of phenols in water:
Photosensitization by dissolved natural organic material and aromatic ketones, Environ. Sci.
Technol., 29, 1822–1831, https://doi.org/10.1021/es00007a020, 1995.
Chen, Y., Li, N., Li, X., Tao, Y., Luo, S., Zhao, Z., Ma, S., Huang, H., Chen, Y., Ye, Z., and Ge, X.:
Secondary organic aerosol formation from 3C⁎-initiated oxidation of 4-ethylguaiacol in
atmospheric
aqueous-phase,
Sci.
Total
Environ.,
723.
137953,
https://doi.org/10.1016/j.scitotenv.2020.137953, 2020.
Collett, J. L. Jr., Hoag, K. J., Sherman, D. E., Bator, A., and Richards, L. W.: Spatial and temporal
variations in San Joaquin Valley fog chemistry, Atmos. Environ., 33, 129−140,
https://doi.org/10.1016/S1352-2310(98)00136-8, 1998.
De Haan, D.O., Pajunoja, A., Hawkins, L. N., Welsh, H.G., Jimenez, N. G., De Loera, A., Zauscher,
M., Andretta, A. D., Joyce, B. W., De Haan, A. C., Riva, M., Cui, T., Surratt, J. D., Cazaunau, M.,
Formenti, P., Gratien, A., Pangui, E., and Doussin, J-F.: Methylamine’s effects on methylglyoxalcontaining aerosol: chemical, physical, and optical changes, ACS Earth Space Chem., 3, 1706–
1716, https://doi.org/10.1021/acsearthspacechem.9b00103, 2019.
Du, Y., Fu, Q. S., Li, Y., and Su, Y.: Photodecomposition of 4-chlorophenol by reactive oxygen
species
in
UV/air
system,
J.
Hazard.
Mater.,
186,
491–496,
https://doi.org/10.1016/j.jhazmat.2010.11.023, 2011.
Fischer, M. and Warneck, P.: Photodecomposition of nitrite and undissociated nitrous acid in
aqueous solution, J. Phys. Chem., 100, 18749−18756, https://doi.org/10.1021/jp961692+, 1996.
Fleming, L. T., Lin, P., Laskin, A., Laskin, J., Weltman, R., Edwards, R. D., Arora, N. K., Yadav, A.,
Meinardi, S., Blake, D. R., Pillarisetti, A., Smith, K. R., and Nizkorodov, S. A.: Molecular composition
of particulate matter emissions from dung and brushwood burning household cookstoves in
Haryana, India, Atmos. Chem. Phys., 18, 2461–2480, https://doi.org/10.5194/acp-18-2461-2018,
2018.
Galbavy, E. S., Ram, K., and Anastasio, C.: 2-Nitrobenzaldehyde as a chemical actinometer for
solution and ice photochemistry, J. Photochem. Photobiol. A, 209, 186–192,
https://doi.org/10.1016/j.jphotochem.2009.11.013, 2010.
George, C., Brüggemann, M., Hayeck, N., Tinel, L., and Donaldson, D. J.: Interfacial
photochemistry: physical chemistry of gas-liquid interfaces, in: Developments in Physical &
Theoretical Chemistry, edited by: Faust, J. A. and House, J. E., Elsevier, 435−457,
https://doi.org/10.1016/B978-0-12-813641-6.00014-5, 2018.

Giulianelli, L., Gilardoni, S., Tarozzi, L., Rinaldi, M., Decesari, S., Carbone, C., Facchini, M. C., and
Fuzzi, S.: Fog occurrence and chemical composition in the Po valley over the last twenty years,
Atmos. Environ., 98, 394–401, https://doi.org/10.1016/j.atmosenv.2014.08.080, 2014.
Herrmann, H., Hoffmann, D., Schaefer, T., Bräuer, P., and Tilgner, A.: Tropospheric aqueousphase free-radical chemistry: Radical sources, spectra, reaction kinetics and prediction tools,
Chem. Phys. Chem., 11, 3796–3822, https://doi.org/10.1002/cphc.201000533, 2010.
Holčapek, M., Jirásko, R., and Lísa, M.: Basic rules for the interpretation of atmospheric pressure
ionization mass spectra of small molecules, J. Chromatogr. A, 1217, 3908–3921,
https://doi.org/10.1016/j.chroma.2010.02.049, 2010.
Huang, D. D., Zhang, Q., Cheung, H. H. Y., Yu, L., Zhou, S., Anastasio, C., Smith, J. D., and Chan, C.
K.: Formation and evolution of aqSOA from aqueous-phase reactions of phenolic carbonyls:
comparison between ammonium sulfate and ammonium nitrate solutions, Environ. Sci. Technol.,
52, 9215–9224, https://doi.org/10.1021/acs.est.8b03441, 2018.
Jiang, W., Misovich, M. V., Hettiyadura, A. P. S., Laskin, A., McFall, A. S., Anastasio, C., and Zhang,
Q.: Photosensitized reactions of a phenolic carbonyl from wood combustion in the aqueous
phase—chemical evolution and light absorption properties of aqSOA, Environ. Sci. Technol., 55,
5199–5211, https://doi.org/10.1021/acs.est.0c07581, 2021.
Kebarle, P. A.: A brief overview of the mechanisms involved in electrospray mass spectrometry,
J. Mass Spectrom., 35, 804−817, https://doi.org/10.1002/9783527628728.ch1, 2000.
Kim, D.-h., Lee, J., Ryu, J., Kim, K., and Choi, W.: Arsenite oxidation initiated by the UV photolysis
of nitrite and nitrate, Environ. Sci. Technol., 48, 4030−4037, https://doi.org/10.1021/es500001q,
2014.
Klodt, A.L., Romonosky, D.E., Lin, P., Laskin, J., Laskin, A., and Nizkorodov, S.A.: Aqueous
photochemistry of secondary organic aerosol of α-pinene and α-humulene in the presence of
hydrogen peroxide or inorganic salts, ACS Earth Space Chem., 3, 12, 2736–2746,
https://doi.org/10.1021/acsearthspacechem.9b00222, 2019.
Kourtchev, I., Fuller, S. J., Giorio, C., Healy, R. M., Wilson, E., O’Connor, I., Wenger, J. C., McLeod,
M., Aalto, J., Ruuskanen, T. M., Maenhaut, W., Jones, R., Venables, D. S., Sodeau, J. R., Kulmala,
M., and Kalberer, M.: Molecular composition of biogenic secondary organic aerosols using
ultrahigh-resolution mass spectrometry: comparing laboratory and field studies, Atmos. Chem.
Phys., 14, 2155−2167, https://doi.org/10.5194/acp-14-2155-2014, 2014.
Kruve, A., Kaupmees, K., Liigand, J., and Leito, I.: Negative electrospray ionization via
deprotonation: predicting the ionization efficiency, Anal. Chem., 86, 4822–
4830, https://doi.org/10.1021/ac404066v, 2014.

Lathioor, E. C., Leigh, W. J., and St. Pierre, M. J.: Geometrical effects on intramolecular quenching
of aromatic ketone (π,π*) triplets by remote phenolic hydrogen abstraction, J. Am. Chem. Soc.,
121, 11984–11992, https://pubs.acs.org/doi/abs/10.1021/ja991207z, 1999.
LeClair, J. P., Collett, J. L., and Mazzolen, L. R.: Fragmentation analysis of water-soluble
atmospheric organic matter using ultrahigh-resolution FT-ICR mass spectrometry, Environ. Sci.
Technol., 46, 4312–4322, https://doi.org/10.1021/es203509b, 2012.
Lee, H. J., Aiona, P. K., Laskin, A., Laskin, J., and Nizkorodov, S. A.: Effect of solar radiation on the
optical properties and molecular composition of laboratory proxies of atmospheric brown
carbon, Environ. Sci. Technol., 48, 10217–10226, https://doi.org/10.1021/es502515r, 2014.
Leito, I., Herodes, K., Huopolainen, M., Virro, K., Künnapas, A., Kruve, A., and Tanner, R.: Towards
the electrospray ionization mass spectrometry ionization efficiency scale of organic compounds,
Rapid Commun. Mass Sp., 22, 379–384, https://doi.org/10.1002/rcm.3371, 2008.
Li, P., Li, X., Yang, C., Wang, X., Chen, J., and Collett, J. L. Jr.: Fog water chemistry in Shanghai,
Atmos. Environ., 45, 4034−4041, https://doi.org/10.1016/j.atmosenv.2011.04.036, 2011.
Li, Y. J., Huang, D. D., Cheung, H. Y., Lee, A. K. Y., and Chan, C. K.: Aqueous-phase photochemical
oxidation and direct photolysis of vanillin - a model compound of methoxy phenols from biomass
burning, Atmos. Chem. Phys., 14, 2871−2885, https://doi.org/10.5194/acp-14-2871-2014, 2014.
Liigand, P., Kaupmees, K., Haav, K., Liigand, J., Leito, I., Girod, M., Antoine, R., and Kruve, A.: Think
negative: finding the best electrospray ionization/MS mode for your analyte, Anal. Chem., 89,
5665–5668, https://doi.org/10.1021/acs.analchem.7, 2017.
Lin, P., Yu, J. Z., Engling, G., and Kalberer, M.: Organosulfates in humic-like substance fraction
isolated from aerosols at seven locations in East Asia: a study by ultra-high-resolution mass
spectrometry, Environ. Sci. Technol., 46, 13118–13127, https://doi.org/10.1021/es303570v,
2012.
Loisel, G., Mekic, M., Liu, S., Song, W., Jiang, B., Wang, Y., Deng, H., and Gligorovski, S.: Ionic
strength effect on the formation of organonitrate compounds through photochemical
degradation of vanillin in liquid water of aerosols, Atmos. Environ., 246, 118140,
https://doi.org/10.1016/j.atmosenv.2020.118140, 2021.
Mazzoleni, L. R., Saranjampour, P., Dalbec, M. M., Samburova, V., Hallar, A. G., Zielinska, B.,
Lowenthal, D. H., and Kohl, S.: Identification of water-soluble organic carbon in non-urban
aerosols using ultrahigh-resolution FT-ICR mass spectrometry: organic anions, Environ. Chem., 9,
285−297, https://doi.org/10.1071/EN11167, 2012.

McNally, A. M., Moody, E. C., and McNeill, K.: Kinetics and mechanism of the sensitized
photodegradation of lignin model compounds, Photochem. Photobiol. Sci., 4, 268−274,
https://doi.org/10.1039/B416956E, 2005.
Minella, M., Romeo, F., Vione, D., Maurino, V., and Minero, C.: Low to negligible photoactivity of
lake-water matter in the size range from 0.1 to 5 μm, Chemosphere, 83, 1480–1485,
https://doi.org/10.1016/j.chemosphere.2011.02.093, 2011.
Munger, J. W., Jacob, D. J., Waldman, J. M., and Hoffmann, M. R.: Fogwater chemistry in an urban
atmosphere,
J.
Geophys.
Res.
Oceans,
88,
5109–5121,
https://doi.org/10.1029/JC088iC09p05109, 1983.
Neumann, M. G., De Groote, R. A. M. C., and Machado, A. E. H.: Flash photolysis of lignin: Part 1.
Deaerated
solutions
of
dioxane-lignin, Polym.
Photochem.,
7,
401–407,
https://doi.org/10.1016/0144-2880(86)90007-2, 1986a.
Neumann, M. G., De Groote, R. A. M. C., and Machado, A. E. H.: Flash photolysis of lignin: II.
Oxidative photodegradation of dioxane-lignin, Polym. Photochem., 7, 461–468,
https://doi.org/10.1016/0144-2880(86)90015-1, 1986b.
Nguyen, T. B., Nizkorodov, S. A., Laskin, A., and Laskin, J.: An approach toward quantification of
organic compounds in complex environmental samples using high-resolution electrospray
ionization mass spectrometry, Anal. Methods, 5, 72–80, https://doi.org/10.1039/C2AY25682G,
2013.
Ning, C., Gao, Y., Zhang, H., Yu, H., Wang, L., Geng, N., Cao, R., and Chen, J.: Molecular
characterization of dissolved organic matters in winter atmospheric fine particulate matters
(PM2.5) from a coastal city of northeast China, Sci. Total Environ., 689, 312–321,
https://doi.org/10.1016/j.scitotenv.2019.06.418, 2019.
Pang, H., Zhang, Q., Lu, X. H., Li, K. , Chen, H., Chen, J. , Yang, X., Ma, Y., Ma, J., and Huang, C.:
Nitrite-mediated photooxidation of vanillin in the atmospheric aqueous phase, Environ. Sci.
Technol., 53, 14253−14263, https://doi.org/10.1021/acs.est.9b03649, 2019a.
Pang, H., Zhang, Q., Wang, H., Cai, D., Ma, Y., Li, L., Li, K., Lu, X., Chen, H., Yang, X., and Chen, J.:
Photochemical aging of guaiacol by Fe(III)-oxalate complexes in atmospheric aqueous phase,
Environ. Sci. Technol., 53, 127−136, https://doi.org/10.1021/acs.est.8b04507, 2019b.
Perry, R. H., Cooks, R. G., and Noll, R. J.: Orbitrap mass spectrometry: instrumentation, ion motion
and applications, Mass Spectrom. Rev., 27, 661–699, https://doi.org/10.1002/mas.20186, 2008.
Pye, H., Nenes, A., Alexander, B., Ault, A. P., Barth, M. C., Clegg, S. L., Collett, J. L. Jr., Fahey, K. M.,
Hennigan, C. J., Herrmann, H., Kanakidou, M., Kelly, J. T., Ku, I. T., McNeill, V. F., Riemer, N.,
Schaefer, T., Shi, G., Tilgner, A., Walker, J. T., Wang, T., Weber, R., Xing, J., Zaveri, R. A., and Zuend,

A.: The acidity of atmospheric particles and clouds, Atmos. Chem. Phys., 20, 4809–4888,
https://doi.org/10.5194/acp-20-4809-2020, 2020.
Qi, L., Chen, M., Stefenelli, G., Pospisilova, V., Tong, Y., Bertrand, A., Hueglin, C., Ge, X.,
Baltensperger, U., Prévôt, A. S. H., and Slowik, J.G.: Organic aerosol source apportionment in
Zurich using an extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOFMS) — Part 2: Biomass burning influences in winter, Atmos. Chem. Phys., 19, 8037–8062,
https://doi.org/10.5194/acp-19-8037-2019, 2019.
Romonosky, D. E., Li, Y., Shiraiwa, M., Laskin, A., Laskin, J., and Nizkorodov, S. A.: Aqueous
photochemistry of secondary organic aerosol of α-Pinene and α-Humulene oxidized with ozone,
hydroxyl radical, and nitrate radical, J. Phys. Chem. A, 121, 1298–
1309, https://doi.org/10.1021/acs.jpca.6b10900, 2017.
Schmidt, A-C., Herzschuh, R., Matysik, F-M., and Engewald, W.: Investigation of the ionisation and
fragmentation behaviour of different nitroaromatic compounds occurring as polar metabolites
of explosives using electrospray ionisation tandem mass spectrometry, Rapid Commun. Mass Sp.,
20, 2293–2302, https://doi.org/10.1002/rcm.2591, 2006.
Slikboer, S., Grandy, L., Blair, S. L., Nizkorodov, S. A., Smith, R. W., and Al-Abadleh, H. A.:
Formation of light absorbing soluble secondary organics and insoluble polymeric particles from
the dark reaction of catechol and guaiacol with Fe(III), Environ. Sci. Technol., 49, 7793–7801,
https://doi.org/10.1021/acs.est.5b01032, 2015.
Smith, J. D., Sio, V., Yu, L., Zhang, Q., and Anastasio, C.: Secondary organic aerosol production
from aqueous reactions of 973 atmospheric phenols with an organic triplet excited state, Environ.
Sci. Technol., 48, 1049–1057, https://doi.org/10.1021/es4045715, 2014.
Smith, J. D., Kinney, H., and Anastasio, C.: Phenolic carbonyls undergo rapid aqueous
photodegradation to form low-volatility, light-absorbing products, Atmos. Environ., 126, 36−44,
https://doi.org/10.1016/j.atmosenv.2015.11.035, 2016.
Song, J., Li, M., Jiang, B., Wei, S., Fan, X., and Peng, P.: Molecular characterization of water-soluble
humic like substances in smoke particles emitted from combustion of biomass materials and coal
using ultrahigh-resolution electrospray ionization Fourier transform ion cyclotron resonance
mass
spectrometry,
Environ.
Sci.
Technol.,
52,
2575–2585,
https://doi.org/10.1021/acs.est.7b06126, 2018.
Sun, Y. L., Zhang, Q., Anastasio, C., and Sun, J.: Insights into secondary organic aerosol formed via
aqueous-phase reactions of phenolic compounds based on high resolution mass spectrometry,
Atmos. Chem. Phys., 10, 4809−4822, https://doi.org/10.5194/acp-10-4809-2010, 2010.

Tratnyek, P. G. and Hoigne, J.: Oxidation of substituted phenols in the environment: a QSAR
analysis of rate constants for reaction with singlet oxygen, Environ. Sci. Technol., 25, 1596−1604,
https://doi.org/10.1021/es00021a011, 1991.
Turro, N., Ramamurthy, V., and Scaiano, J.C.: Modern Molecular Photochemistry, University
Science Book, 2010.
Vione, D., Maurino, V., Minero, C., and Pelizzetti, E.: Reactions induced in natural waters by
irradiation of nitrate and nitrite ions, in: The Handbook of Environmental Chemistry Vol. 2M Environmental Photochemistry Part II, Springer, Berlin, Heidelberg, Germany, 221−253,
https://doi.org/10.1007/b138185, 2005.
Vione, D., Albinet, A., Barsotti, F., Mekic, M., Jiang, B., Minero, C., Brigante, M., and Gligorovski,
S.: Formation of substances with humic-like fluorescence properties, upon photoinduced
oligomerization of typical phenolic compounds emitted by biomass burning, Atmos. Environ.,
206, 197−207, https://doi.org/10.1016/j.atmosenv.2019.03.005, 2019.
Wang, K., Huang, R-J., Brüggemann, M., Zhang, Y., Yang, L., Ni, H., Guo, J., Wang, M., Han, J., Bilde,
M., Glasius, M., and Hoffmann, T.: Urban organic aerosol composition in eastern China differs
from north to south: molecular insight from a liquid chromatography–mass spectrometry
(Orbitrap) study, Atmos. Chem. Phys., 21, 9089–9104, https://doi.org/10.5194/acp-21-90892021, 2021.
Wang, X., Hayeck, N., Brüggemann, M., Yao, L., Chen, H., Zhang, C., Emmelin, C., Chen, J., George,
C., and Wang, L.: Chemical characterization of organic aerosols in Shanghai: A study by ultrahighperformance liquid chromatography coupled with orbitrap mass spectrometry, J. Geophys. Res.
Atmos., 122, 11703–11722, https://doi.org/10.1002/2017JD026930, 2017.
Xie, Q., Su, S., Chen, S., Xu, Y., Cao, D., Chen, J., Ren, L., Yue, S., Zhao, W., Sun, Y., Wang, Z., Tong,
H., Su, H., Cheng, Y., Kawamura, K., Jiang, G., Liu, C-Q., and Fu, P.: Molecular characterization of
firework-related urban aerosols using Fourier transform ion cyclotron resonance mass
spectrometry,
Atmos.
Chem.
Phys.,
20,
6803–6820,
10.5194/acp-2019-1180,
https://doi.org/10.5194/acp-20-6803-2020, 2020.
Ye, Z., Qu, Z., Ma, S., Luo, S., Chen, Y., Chen, H., Chen, Y., Zhao, Z., Chen, M., and Ge, X.: A
comprehensive investigation of aqueous-phase photochemical oxidation of 4-ethylphenol, Sci.
Total Environ., 685, 976–985, https://doi.org/10.1016/j.scitotenv.2019.06.276, 2019.
Yu, L., Smith, J., Laskin, A., Anastasio, C., Laskin, J., and Zhang, Q.: Chemical characterization of
SOA formed from aqueous-phase reactions of phenols with the triplet excited state of carbonyl
and hydroxyl radical, Atmos. Chem. Phys., 14, 13801−13816, https://doi.org/10.5194/acp-1413801-2014, 2014.

Zhang, Q. and Anastasio, C.: Conversion of fogwater and aerosol organic nitrogen to ammonium,
nitrate, and NOx during exposure to simulated sunlight and ozone, Environ. Sci. Technol., 37,
3522–3530, https://doi.org/10.1021/es034114x, 2003.
Zhao, Y., Hallar, A.G., and Mazzoleni, L.R.: Atmospheric organic matter in clouds: exact masses
and molecular formula identification using ultrahigh-resolution FT-ICR mass spectrometry,
Atmos. Chem. Phys. 13, 12343–12362, https://doi.org/10.5194/acp-13-12343-2013, 2013.

