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Abstract: Nitrite (NO,"), and its conjugate acid nitrous acid (HNO,), has long been
recognized as a ubiquitous atmospheric pollutant as well as an important
photochemical source of hydroxyl radical (*OH) and reactive nitrogen species (*NO,
*NO; and °*N,Os, etc.) in both gas phase and aqueous phase. Although NO,/HNO,
plays an important role in atmospheric chemistry, our understanding on its role in the
chemical evolution of organic components in atmospheric waters is rather incomplete
and is still in dispute. In this study, the nitrite-mediated photooxidation of vanillin
(VL), a phenolic compound abundant in biomass burning emissions, was investigated
under pH conditions relevant for atmospheric waters. The influence of solution pH,
dissolved oxygen and *OH scavenger on the nitrite-mediated photooxidation of VL
was discussed in detail. Our study reveals that the molecular composition of the
products is dependent on the molar ratio of NO,/VL in the solution and that
nitrophenols are the major reaction products. We also found that the light absorbance
of the oxidative products increases with increasing pH in the visible region, which can
be attributed to the deprotonation of the nitrophenols formed. These results contribute
to a better understanding of methoxyphenol photooxidation mediated by nitrite as a
source of toxic nitrophenols and climatically important brown carbon (BrC) in

atmospheric waters.
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1. Introduction:

Aromatic compounds, emitted from both anthropogenic (e.g., fuel burning) and
natural (e.g., wild fire) processes, are ubiquitous in the polluted troposphere. They
account for as much as 50% of the non-methane hydrocarbon mass in urban air' and
are known to contribute substantially to the formation of secondary organic aerosol
(SOA), which has huge impacts on climate, human health and air quality. ®> The
oxidation of aromatic compound often occurs by adding polar oxygenated functional
group to the aromatic ring, which decreases its volatility and increases its water
solubility.* Subsequently, the semivolatile, oxidized aromatic compounds can partition
between gaseous and condensed phases and undergo transformation in different
environments. There is a growing understanding that tropospheric aqueous-phase
reactions play an important role in the chemical evolution of semivolatile organics
under atmospherically relevant conditions.™ ® It is well known that atmospheric
droplets (i.e., in clouds and fogs) provide an liquid water medium for aqueous-phase
chemistry to take place.’” In addition, aqueous acrosols are the medium for
homogeneous as well as heterogeneous chemistry.

Phenols are a class of aromatic compounds that have at least one hydroxyl (-OH)
group bonded directly to an aromatic ring. Phenols are potentially harmful to human
health and the environment.’ In addition, phenols are important precursors that
contribute to SOA formation, including brown carbon (BrC).7'9 Phenolic compounds
can be emitted directly into the atmosphere by biomass and fossil fuel burning'® or be
formed in situ as products of atmospheric oxidation of aromatic hydrocarbons.'" 2
The atmospheric transformations of phenols can take place in both the gas and

13-15

aqueous phases. The gas-phase oxidation of phenolic compounds has been shown

to be initiated mainly by the reactions with OH and NOs with Os playing a negligible

6, 16-18

role. Recent studies have shown that phenols can react rapidly in atmospheric

aqueous phases and form aqgSOA (SOA formed through aqueous-phase reactions) with

13, 14, 19 . . Y
S However, the detailed mechanisms on aqueous oxidation of

high mass yields.
phenols remains unclear. A key factor in directing the aging of phenols in aqueous

phase is the availability of oxidants, such as hydroxyl radical,’ triplet excited states of
3
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114 and reactive nitrogen species (RNS). 22! Compared to the

organic matter CCh
*OH- or °C’- mediated oxidation of phenols, there are very few studies on the
aqueous-phase oxidative aging of phenols mediated by RNS. Field studies have
observed that nitrophenols (NPs) are ubiquitous in cloud, fog and rainwater and that
their concentrations are significantly higher than might be expected from direct
emissions from combustion and fertilization processes. 2> These observations suggest
that aqueous-phase reactions of phenols with RNS may be an important secondary
source of nitrophenols. Nitrophenols are toxic and have attracted attention for their

23,24

toxicity on human health and other living organisms. Moreover, nitrophenols are

a well-known light absorber, thus can exert positive effects on atmospheric radiative
forcing.>*’

N,Os, CINO,, NO,/HNO, and HOONO, being recognized as sources of RNS
(NO", NO,", NO and NO,), are powerful nitrating agents of aromatic compounds in
atmospheric waters.™®>' Once partition into the aqueous phase, N,Os and CINO, can
hydrolyze to form the nitronium ion NO,",**** a nitration electrophile which plays an
important role in the dark nitration of phenols. Depending on the level of pollution,
the concentration of NO,/HNO; in cloud waters can range from 0.01 to 1000 uM.34
NO,/HNO; (i.e., N(III)) is an important source of RNS both in the dark and under
illumination.”>® As shown in Table 1, HNO, can produces NO', *NO and *NO,

upon protonation and thermal degradation in the dark (reactions 1 and 2). 3391

n
addition, HNO, can react with H,O; to form peroxynitrous acid (HOONO) (reaction
3),’! which is a powerful nitrating agent and an important intermediate in atmospheric
chemistry.** HOONO is unstable in aqueous solution and quickly isomerizes to HNO;
or decomposes to form *OH and *NO, (reaction 4).>*' The photolysis of nitrite and
nitrous acid mainly produces *OH, *NO and *NO, (reactions 5-9).*” **** The
generation of *OH by nitrite photolysis is pH-dependent, as shown in reaction 6.
However, since the protonation of O is very fast in aqueous solution at pH <12.* pH

has a negligible influence on the *O /*OH equilibrium in atmospherically relevant pH

range (0~9). ® % In addition to being a source of *OH, NO,/HNO, can also be
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oxidized by *OH to form *NO, (reactions 7 and 9).

The photoreactions between NO, /HNO; and phenols may represent an important
sink for phenolic compounds in atmospheric waters.”> However, the mechanisms by
which phenols react with NO,/HNO; in aqueous phase are still unclear. For example,
there have been questions regarding the influences of key factors such as pH, O,, and
* OH scavenger on the NO,/HNO,-mediated photooxidation of phenols. The
influence of the molar ratio of NO,/phenols on the molecular composition of the
photooxidative products also needs to be clarified. In this work, we focus on the
photooxidation of wvanillin (VL) by NO,/HNO, in aqueous solutions under
atmospherically relevant pH conditions. Vanillin is chosen as a model compound of
methoxy-phenols which are abundant in biomass burning emissions.'” ** Since
vanillin has an intermediate volatility (approximately 10° ug m>) * and a high
Henry’s constant (4.56 x 10° M atm™ at 298K),*” aqueous-phase reactions are likely
an important oxidation pathway for it in the atmosphere. This work is the first to
present comprehensive kinetic and mechanistic information on the photooxidation of
vanillin by NO,/HNO; under conditions relevant to atmospheric droplets. The effects
of pH, dissolved oxygen, and *OH scavenger on the photooxidation of VL were
investigated. The reaction products were identified by high-resolution mass
spectrometry (HRMS) coupled with ultrahigh performance liquid chromatography
(UPLC). In addition, we systematically examine the pH-dependent light absorbance
of the nitrophenol products and provide explanations for the link between pH and
observed absorption. Our results indicate that nitrite chemistry plays a significant role
in the formation of aqueous nitrated aromatics, which can potentially influence

radiative forcing as well as human health.

2. Experimental section:

All photochemical experiments were performed in a 200ml, airtight Pyrex tube
(completely blocking light below 285 nm) equipped with a magnetic stirrer and a
bubble tube for feeding high-purity air or nitrogen. The Pyrex tube containing

solution was illuminated inside a RPR-200 photoreactor (New England Ultraviolet
5
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Company) equipped with 300, 350, 419 nm bulbs (2, 7, and 7 bulbs, respectively) to
mimic sunlight.*® Except where noted, the photochemical reactions were performed
under the following experimental conditions: [VL]o = 0.1 mM and [NaNO;]o = | mM
at the solution pH 5.0 with 100 mL air-saturated solution. The 10:1 molar ratio of
NO; /vanillin (i.e., | mM NaNO, and 0.1 mM VL) used may reflect the concentration
ratio of NO, and VL found in atmospheric waters in highly polluted urban locations
where the concentration of NOy is high. At pH = 5.0, 98.6% N(III) is presents as NO;’
(Figure S1). NO, reacts rapidly with *OH to produce *NO, through one-electron
oxidation (reaction 7). The second-order rate constant for the reaction between *OH
and NO, (k= 1.0 x 10" M s71)** is 25 times larger than that for the reaction between
*OH and VL (k=4 x 10 M s7).% According to the kinetic calculation (1) presented
in SI, for 10:1 molar ratio of NO, to VL, 99.6% of the photoformed *OH would
react with NO;,™ to generate *NO; and only the remaining 0.4% reacts with VL. As a
result, in the solution with pH = 5.0 and NO,/VL molar ratio = 10:1, nitrite acts
primarily as a source of *NO, rather than *OH. The materials, reagents and
additional experimental details are provided in the Supporting Information.

The concentrations of VL, 5-nitrovanillin (SNV) and 4-nitroguaiacol (4NG) were
determined by HPLC. The experimental error in the HPLC measurements is < 2%
according to triplicate runs. The oxidation products of VL were analyzed and
formula-assigned by an Orbitrap HRMS (mass resolution m/Am =140,000) equipped
with an electrospray ionization (ESI) source and an UPLC. The light absorptivity of
the solutions was measured by UV-vis spectroscopy. Gas chromatography/mass
spectrometry (GC-MS) was applied to identify the molecular structure of the main
nitration products. All speciation calculations in this work were carried out with a
chemical equilibrium calculation program - Visual MINTEQ (developed by KTH,
SEED, Stockholm, Sweden). Details on the analytical procedures are given in the

Supporting Information.

3. Results and discussion

3.1 Nitrite-mediated photooxidation Kinetics of vanillin (VL) in aqueous phase
6
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Under simulated sunlight illumination, VL was found to undergo rapid
oxidation in the presence of nitrite and the reaction rates were found to be strongly
dependent on solution pH, the availability of dissolved O, and *OH scavenger. As
shown in Figurel, the two most abundant first-generation products of VL
photooxidation are S5-nitrovanillin (SNV) and 4-nitroguaiacol (4NG). Next we
elucidate the effects of pH, dissolved O, and *OH scavenger on the nitrite-mediated
aging processes of VL based on the kinetics of VL degradation and 4NG and 5NV

formation.

3.1.1 Influence of pH
The pH values observed in atmospheric water droplets and aqueous aerosol

particles were frequently found to be in range of 3 to 5,

so we investigated the
effects of pH on the photooxidation of VL under simulated sunlight irradiation by
conducting experiments on the air-saturated solutions of ImM NO, and 100 pM VL
with pH adjusted to 3 to 5. As shown in Figure 2a and Figure S2, the
photodegradation of VL (pK, = 7.9)>! followed pseudo-first order kinetics and the
decay rate was faster under more acidic conditions. For instance, the rate constant is
more than a factor of 3 higher at pH =3 (2.3 x 10? min"') than at pH = 5 (7.1 x 10~
min"'; Figure S2). The observed pH effect can be attributed to the dependence of
N(II) speciation on solution acidity. The pKa of HNO; is 3.2,*® above which nitrite
(NOy"), the deprotonated counterpart of HNO,, becomes the dominant N(III) species
(Figure S1). The photolysis quantum yield of HNO, is higher than that of NO;" in the
near-UV region.“’ 2 Thus, as pH decreases, the *OH formation rate in the
illuminated N(III) solution increases, resulting in a faster degradation rate of VL. Note
that although the direct photodegradation rate of VL in aqueous phase is also likely
pH dependent, this rate is much slower than the photoreaction rate between N(III) and
VL (Figure 2a).

Figure S3 shows the concentration vs. time curves for the nitrophenol products

(e.g., SNV and 4NGQG) at different pH values. Both the formation and transformation

rates of SNV and 4NG were higher in more acidic solution. The yields of nitrophenol
7
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at different pH values are shown in Figure S4a-c. The absolute value of the slope for
the line represents the yield of SNV or 4NG. For example, at pH 3.0, the yields of
SNV and 4NG were 51% and 24%, respectively. However, as the kinetics was fast at
pH 3.0, the yields of nitrophenol can be calculated only over initial 2 data points with
larger uncertainties (Figure S4a). In contrast, the yields of SNV and 4NG can be
determined more precisely at pH 4.0 and 5.0. The yields for SNV and 4NG were (33 +
1)% and 16% at pH 4.0 (Figure S4b) and 43% and 20% at pH 5.0 (Figure S4c).
Apparently, almost no lesss than half of the VL reacted was transformed into SNV and
4NG at different pH values.

Dark control experiments were also performed to investigate the reactivity of
N(III) towards VL. As shown in Figure S5a and b, no degradation of VL was
observed at pH 5.0 in the air-saturated solutions of ImM NO; and 100 uM VL kept in
the dark and the pseudo-first-order rate constants for VL decay at pH 3.0 and 4.0 (1.0
x 10° min' and 9.3x 10° min’, respectively) were much lower than the
corresponding VL photooxidation rate constants (2.3 x 10? min™ and 8.5x 10~ min™
at pH 3.0 and 4.0, respectively; Figure S2). These results indicate that dark reactions

have a minor influence on the results of photooxidation kinetics.

3.1.2 Influence of dissolved O,

Several studies have reported that O, can exert positive effects on
N(IIT)-mediated photooxidation of organic and inorganic species.’” * However, a
mechanistic understanding on how O, influences the photooxidation of phenols is still
lacking. We thus examined the effect of dissolved oxygen on the N(III)-mediated
photooxidation of VL in this study by conducting experiments on the air- or
nitrogen-saturated solutions containing 1mM NO, and 100 uM VL with pH adjusted
to 5.0. In our system, where NO,/VL molar ratio = 10:1 (i.e., 1x 10 M vs. 1x 10 M)
and pH = 5, nitrite acts primarily as a source of *NO; rather than *OH, as detailed in
the experimental section. Therefore, * NO, is the dominant reacting radical
responsible for the oxidation of VL in solution.

As shown in Figure 2b, the rates for both VL photodegradation and SNV and
8



243  4NG formation were significantly higher in air-saturated solution compared to those
244 in Np-saturated solution. For example, at the end of 180 min of illumination, nearly 73%
245  of the VL decayed under the air-saturated condition whereas only 13% decayed under
246  the Nj-saturated condition. The molar yields for SNV and 4NG were 43% and 20% in
247  air-saturated (Figure S4c) and (20 £ 3)% and (11 £ 2)% in Ny-saturated (Figure S4d).
248 A possible reason for the faster VL degradation in O;-saturated solution is the

249  autoxidation of *NO in aqueous solution,”

which opens up additional pathways for
250 forming *NO; (reactions 10 — 12 in Table 1). Specifically, the *NO stemming from
251 nitrite photolysis (reaction 5) can be rapidly oxidized by dissolved O, to form ONOO
252 * —a weakly bound complex of *NO and O, (reaction 10). >* ONOO* subsequently
253  interacts with another *NO to form an oxidizing intermediate ONOONO (reaction
254 11), the homolysis of which yields two *NO, (reaction 12). *NO, is an effective
255  nitrating agent whereas *NO is less reactive *° and does not react with VL directly
256  (see details in 3.1.3).

257 Another possible explanation for the positive effect of O, on VL reactions is

258  secondary photolysis of nitrite. Gligorovski et al. >’

proposed that the
259  photodissociation of NO,™ through reaction 13 can act as a minor reaction pathway to
260 produce *NO; and hydrated electron (e,q ) with a low quantum yield of <10”. The
261 e, Iis subsequently scavenged by dissolved O, accompanying the formation of a
262 superoxide radical anion (O,") (reaction 14), which reacts with NO,™ to yield *NO,
263 and H,0, (reaction 15)* or with *NO to form peroxynitrite (ONOO ) (reaction 16).4
264 Under typical conditions representative of acidic atmospheric water (e.g., pH= 3~5),
265 ONOO undergoes protonation rapidly to form its conjugate acid, peroxynitrous acid
266 (HOONO) (pK, = 6.8)°° (reaction 17), which homolyzes along the O-O bond to give
267 *NO; and *OH with a free radical yield of ca. 30% (reaction 4).41 However,
268  accordingly to a study by Fischer and Warneck. *°, there is no clear-cut experimental
269  evidence for or against the formation of e, upon nitrite photolysis. Thus, the
270  pathway for the involvement of e, in VL nitration remains to be clarified.

271 Alternatively, VL may undergo photosensitized reactions and interact with O, to form

272 H,0, and O,.%° The photolysis of H,O, is a source of *OH. Both *OH and O, can
9
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react with NO; to form *NO, (reactions 7 and 15) and therefore promote the nitration
of VL.

In addition, the photodegradation of VL plateaued after 60 min in the absence of
O,, as shown in Figure 2b. This behavior may be attributed to the reverse of reaction 5
without O,. In the absence of O,, *NO may accumulate continuously in the solution
due to the photolysis of NO,". The accumulation of *NO can result in a significant
enhancement of the recombination reaction between *NO and *O , thus inhibits the
photolysis of NO, and concomitantly the photooxidation of VL. When the photolysis
of NO;" reaches chemical equilibrium with its reverse reaction (i.e., the recombination
reaction between *NO and <O ), the photooxidation of VL stops and VL concentration
reaches a plateau. The slight rise of VL concentration after 80 min (Figure 2b) was

likely due to measurement uncertainties.

3.1.3 Influence of *OH scavenger

Atmospheric droplets contain a large number of organic and inorganic species,
many of which may act as *OH scavengers ®' and significantly inhibit *OH-induced
nitration processes (reaction 7 and 9). In this work, the effect of *OH scavenger on
the photonitration of VL was investigated by adding 500 mM 2-propanol (2P) to the
air-bubbled solution containing ImM NO;" and 100 uM VL at pH = 5.0. 2-propanol is
an efficient *OH scavenger with a second order reaction rate constant of 1.9 x 10’
M 7% The reactions occur through H-abstraction by *OH to form (CH3),COHs ,
which reacts with O, to produce acetone and HO, *(reactions 18-19; Table 1).%

According to the kinetic calculation (2) presented in SI, the addition of 500 mM
2-propanol would cause 99% of *OH to react with 2-propanol, thus nearly completely
inhibit the formation of *NO, through reaction 7. However, as shown in Figures 2c
and S6, although 2-propanol indeed suppressed both the decomposition of VL and the
formation of SNV and 4NG, the impact was not as drastic. For example, in the system
containing 500 mM 2-propanol, 46% of VL was degraded after 180 min of
illumination, and the molar yields for SNV and 4NG were 32% and 15%, respectively

(Figure S4e). The results indicated that there were likely other pathways to produce
10
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*NO,, in addition to the oxidation of NO," by *OH (reaction 7). One possible pathway
is the oxidation of *NO by dissolved O, through reactions 10-12. Another possible
pathway involves the aqueous reaction between *NO and HO,*, which forms HOONO
(reaction 20) *' and subsequently *OH and *NO, (reaction 4). Note that although *NO,
can be formed through the photolysis of NO;" (reaction 13), the quantum yield for this
reaction is very low, thus the production of *NO; is likely negligible.

It is shown in Figure 2d that under N;-saturated conditions, no formation of SNV
or 4NG was observed in the photochemical system containing 1mM NO,, 100 uM
VL and 500 mM 2-propanol at pH 5.0. This observation confirms the involvement of
O, in the nitration of VL, such as oxidizing the *NO formed through reaction 5 to
*NO; via reactions 10-12 or photosensitized reaction of VL as source of hydrogen
peroxide (see discussions in section 3.1.2). Furthermore, the lack of nitrated products

(e.g., SNV and 4NQG) suggests that *NO is too weak to react with VL.

3.2 The photooxidation pathways of VL in nitrite-containing solution

In order to elucidate the photooxidation mechanisms of VL in the presence of
nitrite, we used HRMS coupled with a UPLC to investigate the molecular
compositions of the reaction products. Figure 3a shows a chromatogram of the total
ion current (TIC) of the solution mixture containing 10:1 molar ratio of NO,/VL at
pH 5 after 3 hours of photoreaction and Figure 3b shows the corresponding average
negative mode ESI mass spectrum (MS) for compounds with retention times (RT) of
5-20 min. The chromatographic peak at 7.56 min RT corresponds to the reactant VL
(m/z = 151.04011). Table S2 summarizes the RTs for the major reaction products and
their molecular structures. A notable result is that no trimers or higher oligomers were
detected in the products. However, a nitrated derivative of VL dimmer (m/z =
318.06195; peak 8 in Figure 3b) was tentatively detected in the products. In addition,
both the primary nitration products, such as 5-nitrovanillic acid (m/z = 212.02011;
peak 5), SNV (m/z = 196.02487; peak 4) and 4NG (m/z = 168.03005; peak 2), and the
second-generation nitration product 4,6-dinitroguaiacol (DNG) (m/z = 213.01522;

peak 6) were detected. However, ions representing the product containing three or
11
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more nitro groups were not detected in the HRMS. A possible reason is that the nitro
group attached to the aromatic ring is electron-withdrawing and has a deactivating
effect on the reactivity of the ring by making it electron deficient, thus prevents the
addition of a third nitro group on the ring.

Based on the results presented above, we propose in Figure 4 the main pathways
of VL photonitration in aqueous solution under slightly acidic conditions. The first
step of the reaction likely involves the abstraction of a hydrogen atom from the OH
group on VL by *NO,, yielding a phenoxy resonance stabilized radical (A;) and a
HN02.56’ %4 Unlike the powerful *OH radical, *NO; is unable to attach directly to an
aromatic carbon atom or abstract a hydrogen atom from the aromatic ring.”® The
H-abstraction step destroys the aromaticity of VL, which allows the addition of a
second *NO; to A; to form A, - an intermediate. The rearomatization of A, yields
SNV (A4) through hydrogen rearrangement with the assistance of a water molecule,

which probably involves Aj as a transition state.***’

In this step, the water molecule
serves as a bridge, accepting the hydrogen atom from the aromatic ring and
simultaneously donating another hydrogen to the quinonic oxygen of A,.** Since this
reaction has a much lower energy barrier compared to the reaction without water,”®
the water molecule plays a catalytic role on the formation of nitrated products.
Although it is possible that *NO reacts with A, to form 5-nitrosovanillin (As),” the
kinetic results of this study suggests that *NO is not sufficiently reactive to initiate
the formation of the phenoxy radical of VL (A;). Nevertheless, once formed, As is
prone to undergo further oxidation by *NO, to form 5NV (A4).”

The hydroxyl and methoxy groups on VL are ortho-para directors and the
aldehyde group is a meta director. ° The directing effects of the three substituents
work together to determine that the position ortho to OH group is the most reactive
for *NO, or *NO, responsible for SNV being the most abundant product of VL
oxidation. A H-abstraction from the OH group on 5NV (A4) by *NO,, followed by *
NO, addition to the position occupied by the aldehyde group, produces an

intermediate (Ag). The rearomatization of A4 gives 4,6-dinitroguaiacol (A7) through a

H,0O-assisted rearrangement of a hydrogen atom in the aldehyde group to the quinonic
12
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oxygen of Agand a CO elimination.”' Note that H-abstraction from the aldehyde
group by *NO; is also possible as the C-H bond of the carbonyl is relatively weak.””
3 The H-abstraction from the aldehyde group on 5NV (A4) by *NO,, followed by O,
addition, may lead to the formation of a peroxy radical (Ag), '* which subsequently
reacts via two channels. One is to interact with HO,* to form 5-nitrovanillic acid (Ay)
7> and the other involves being rapidly reduced to an alkoxy radical (A;o) by *NO.
Ao undergoes decarboxylation to give the aryl species (Aj;),”* which can combine
with A; to form the derivative of VL dimmer (Aj;) or * NO, to form
4,6-dinitroguaiacol (A7). The *NO, addition to the A ring position occupied by the
aldehyde group, followed by H-rearrangement catalyzed by a water molecule and CO
elimination, generates 4NG (A;3). The addition of *NO to A; ring position occupied
by the aldehyde group, followed by H,O catalyzation, results in the formation of
4-nitrosoguaiacol (Ai4), which can be further oxidized by *NO, to form 4NG (A}3).
H-abstraction from the OH group of 4NG (A;3) by *NO,, followed by *NO, addition,
produces 4,6-dinitroguaiacol (A7). The pathways of Ag— Ag and Ag— Aj; have been
reported in gas phase, but our work indicates that these reaction mechanisms are also
applicable to atmospheric aqueous phase.

In order to investigate the influence of NO,/VL molar ratio on the molecular
composition of the reaction products, air-saturated solution containing 100 uM NO;
and 100 uM VL was irradiated with simulated sunlight at pH 5.0 for 3 h. The TIC and
the corresponding average MS of the reaction products are presented in Figure S7a
and Figure S8, respectively. Same as the nitration products detected in the 10:1 (molar
ratio) solution of NO,/VL, SNV (RT = 9.72 min), 4NG (RT = 10.12 min), and
C14HoN2O¢ (RT = 11.15 min) were identified in the oxidative products of 1:1 solution
as well. Furthermore, the chromatogram of the 1:1 NO,/VL solution shows a few
additional peaks between RT = 6 min and 7 min (see the inset of Figure S7). The peak
at RT = 6.48 min is assigned to 3,4-dihydroxybenzaldehyde (m/z = 137.02428), which
is a demethoxylated aromatic product of VL oxidation. The peak at RT = 6.61 min
corresponds to a poly-hydroxylated product, 5,6-dihydroxyvanillin (m/z = 183.02980).

The peaks at RT = 6.78 and 6.89 min are assigned to 5-hydroxyvanillin (m/z =
13
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167.03487) and its isomer. These results suggest that hydroxylation is an important
reaction pathway for VL oxidation at equal molar concentrations of NO, and VL. The
reason may be that VL can also react with *OH generated by nitrite photolysis
(reactions 5 and 6) and hence efficiently competes with NO, for *OH at low
NO,/VL molar ratio. The proposed pathways for *OH-mediated oxidation of VL are
presented in Figure S9. The reaction between *OH and VL is mainly dominated by
hydroxylation of the aromatic ring. For example, ipso-addition of *OH to the ring
position occupied by the methoxyl group, followed by the elimination of a methanol
molecule, results in the formation of a semiquinone radical (B)). 7® B, then can
abstract a H atom from HO,* and forms 3,4-dihydroxybenzaldehyde (B,).”* A
previous study has indeed shown that the ipso-addition of *OH is a predominant
pathway compared to the ortho- and para-addition of ¢ OH to the ring of
methoxyphenol in aqueous phase.”’ In addition, the ortho-addition of *OH to the ring,
followed by H-abstraction by O,, may result in the formation of 5-hydroxyvanillin
(B3),”® which can be further oxidized to 5,6-dihydroxyvanillin (B4) through a second
*OH addition and H-abstraction by O,. Our results highlight that the NO,/phenol
molar ratio has a significant impact on the molecular composition of the
photooxidative products from phenol reactions with nitrite in aqueous solution. As far
as we know, the influence of NO, /phenol molar ratio on the molecular composition of

the products has scarcely been investigated before.

3.3 The pH-dependent light absorbance of the nitrophenol products
There is increasing evidence that nitrophenols are important chromophores in

atmospheric BrC.>*"

This study reveals that nitrophenols (primarily SNV and 4NG)
are the major oxidation products from the photoreactions of nitrite and VL. However,
the light absorbance of the nitrophenol products is found to be strongly dependent on
the solution pH. As shown in Figure 5, the UV-vis absorption spectra of SNV and
4NG present significant red-shifts and increases in visible light absorption with

increasing pH. This is because the deprotonation of a nitrophenol molecule at higher

pH changes its electronic structure, which greatly affects the absorption characteristics
14
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of the chromophore and causes more intense absorption at wavelengths above the
290-370 nm. Figure S10 illustrates the underlying mechanism for such change: when
SNV or 4NG deprotonates, an ortho- or para-nitro group is capable of attracting a
portion of the negative charge to its own oxygen atoms through the induced and
conjugated effects of the nitro group, resulting in the extension of the chromophore
from the electro-donating group (e.g., —O") to the electron-withdrawing group (e.g., —

NO,) through the aromatic ring, **®

The delocalization of the negative charge in
phenolates thus causes a pronounced red-shift in absorbance.”” As a result, under
higher pH conditions (such as pH 9.0), where the phenolate anion of SNV or 4NG
becomes the dominant species, both nitrophenols absorb significantly in the visible
light region (Figure 5). In contrast, when SNV or 4NG exists in the undissociated
form, it is energetically unfavorable for the delocalization of an unshared electron in
the OH function group into the nitro group through the ring (SI Figure S10) to occur.
This is because such electron delocalization would involve the separation of the
positive charge and the negative charge that costs energy.*” For these reasons, at low
pH (such as pH 3.0), nearly all SNV or 4NG molecules are present in undissociated
form, their absorption spectra show features characteristic of separate, non-interacting
chromophores, with the wavelength of maximum absorbance (Amax) locating in the
UV region (Figure 5).

The —CHO group on a phenolic molecule behaves in a similar fashion as the —
NO, group. The deprotonation of VL facilitates the electron delocalization from the
electro-donating group —O" to the electron-withdrawing group —CHO (Figure S11),
thus gives rise to a red-shift in absorbance at higher pH (Figure S12). However, the
deprotonated VL does not absorb the visible light absorbance as the deprotonated
4NG does (Figure 5b), which suggests the electron delocalization between the —O°
group and the -CHO group is weaker than that between the —O" group and the -NO,
group. Generally, when an electron-withdrawing group, such as nitro group or
aldehyde group, is situated para or ortho to OH group of phenol, increasing pH may
cause a pronounced increase in absorption at longer wavelengths for the substituted

phenolic species. To the best of our knowledge, this study is the first to provide a
15
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mechanistic explanation for the pH-dependent light absorbance of nitrophenols.

4. Atmospheric Implications

This study reveals that nitrite-mediated photooxidation of vanillin — a phenolic
carbonyl compound emitted in large amounts from biomass burning processes — can
be a significant source of nitrophenols (NPs) under conditions representative of
atmospheric water. It also demonstrates that the production of NPs is strongly
influenced by reaction conditions such as NO,/VL molar ratio, pH of the solution,
and the presence of *OH scavengers. In the solution with high nitrite/phenols molar
ratio, *NO;, is found to be the dominant reacting radicals that initiates the
photooxidation of VL. In addition, our results reveal that *OH scavengers only have
a limited impact on the photonitration of VL by NO,", which highlights the important
roles that nitrite photochemistry may play in the atmospheric aqueous nitration
processes. The molecular composition of the products from phenol reactions with
nitrite is influenced by the NO,/VL molar ratio in solution, a high NO,/VL molar
ratio (e.g., molar ratio of 10) was shown to strongly favor the formation of nitration
products. Considering that NPs are toxic for living organisms and can be a significant
threat to human health, our findings may have important implications for
understanding the health impacts of particulate matter, especially in urban areas
influenced by biomass burning emissions. In many US and European cities, burning
of wood is a common method for heating during wintertime. Coupled with foggy
meteorological conditions, which are frequent in areas such as the Central Valley of
California and the Po Valley of Italy in winter, the active emissions of NOy from fossil
fuel combustion and phenols from biomass burning may promote the formation of

NPs, thus acerbate the toxicity of airborne particles.

Another important finding from this study is that pH is a key determinant of the
oxidation rate of VL, photoformation rate of NPs, as well as the light absorption
properties of the NP products in aqueous phase. NPs are well-known brown carbon
(BrC) species with pronounced absorbance bands within the UV and visible light

region.*” ® The UV-vis spectra of NPs were found to present significant red-shifts and
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absorption increases when the pH in the solution increase. Furthermore, according to
a few recent studies, BrC in ambient particles displayed systematic increases in
absorption with increasing pH as well.**** These findings suggest that pH-dependent
light absorptivity may be a more universal property of atmospheric BrC. Given the
fact that the pH in atmospheric condensed phases varies widely from 0 to 9, the
influence of pH on BrC absorption properties needs to be thoroughly studied and
properly represented in aerosol models. In this study, a mechanistic explanation is
provided for the effects that pH has on the light absorption properties of
functionalized phenols including NPs. This information is important for better
elucidating the role that BrC plays in influencing the radiative balance of the

atmosphere.
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S1 and S2, Figure S1-S12.
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Table 1. Reactions and their rate constants or quantum yield involved in the
formation of reactive nitrogen species and hydroxyl radical in the presence of

NO, /HNO; in aqueous phase under dark and irradiation conditions.

No. Reaction kor @ Ref.
1 HNO, + H — NO'+ H,0 39
2 2HNO, — *NO+ *NO,+ H,0 k=286 M"'s" 38
3 HNO, + H,0, — HOONO + H,0 3
4 HOONO — *NO,+ *OH k=0.35+0.03s" 4
5 NO;, +hv— *NO+ *O” Doy 300= 6.7(x0.9)% 35,36
6 O +H & *OH 33
7 NO, + *OH — *NO,+ OH" k=1.0x10"M"'s" 33
8 HNO, +hv — *NO+ *OH Dow 300=36.2(£4.7)% 36,43
9 HNO, + *OH — *NO,+ H,0 k=2.6x10"M"s" 2
10  *NO + 0, <> ONOO* >
11 ONOO* + *NO — ONOONO >
12 ONOONO — 2°NO, >
13 NO, +hv— *NO,+ey @ <107 77
14 Oy +eyq — 02 57
15 0,7 +NO, +2H" — *NO,+ H,0, 2
16  0,”+ *NO— ONOO~ k=(5+1)x10°M's! 4
17  ONOO +H' < HOONO 4
18  (CH;),CHOH + *OH — (CH;),COH* +H,0 63
19  (CH;),COH* + 0O, — (CH;3),CO + HO,* 63
20  *NO+HO,* — HOONO k=(32+03)x10°M's!t
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Figure 2. (a) Effect of solution pH on the nitrite-mediated photooxidation of VL.
[VL]o=100 uM, [NaNO;]o=1mM, air saturated solution. (b) Effect of dissolved O, on

the photooxidation of VL and the formation of

SNV and 4NG. [VL];=100 uM,

[NaNO;]o=1mM, pH=5.0+0.1, air bubbling, nitrogen bubbling. (c) Effect of

2-propanol (2P) (500 mM) on the photooxidation

of VL and the formation of 5NV

and 4NG. [VL]p=100 uM, [NaNO;]o=1 mM, pH=5.0+0.1, air bubbling. (d) Effect of
2-propanol (500 mM) on the photooxidation of VL and the formation of SNV and
4NG under N, bubbling conditions. [VL]y=100 uM, [NaNO,]o=1 mM, pH=5.0%0.1.
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761  Figure 4. Proposed mechanisms for the formation of nitrated products from the photoreactions of VL with NaNO, after 180 min. [VL]o= 100
762 uM, [NaNO;]o=1 mM, pH = 5.0 £ 0.1, air bubbling.
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Text S1. Materials and reagents

All chemicals were analytical grade and were used as received. The water
employed was deionized and purified by a Millipore purification system (Barnstead
NANO Pure, USA). Chemical agents of vanillin (CsHgO3), S-nitrovanillin (CsH7NOs),
4-nitroguaiacol (C7H7NOy4), sodium nitrite (NaNO;), 2-propanol (C;Hz0),
dichloromethane (CH,Cl,), sodium chloride (NaCl), sulfuric acid (H,SO4) and sodium
hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Glassware and quartzware were cleaned with a 10% HCI solution,
followed by rinsing with deionized water. All solutions were prepared using deionized
water.

Text S2. Additional experimental details

The photochemical reactions were carried out under the following experimental
conditions: initial concentrations of wvanillin ([vanillin]g) was 0.1 mM, initial
concentrations of sodium nitrite ([NaNO;]y) were 1 mM or 0.1mM, and the pH of the
solution was adjusted to 3.0, 4.0 or 5.0 using either diluted H,SO,4 or NaOH solution.
The 10:1 molar ratio of NO,7/ vanillin (i.e., | mM NaNO; and 0.1 mM vanillin) used
may reflect the concentration ratio of NO,™ and vanillin found in atmospheric waters
in highly polluted urban locations where the concentration of NOy is high, while the
1:1 molar ratio of NO,/ vanillin (i.e., 0.1 mM NaNO, and 0.1 mM vanillin) used may
reflect the concentration ratio of NO;™ and vanillin found in atmospheric waters in less
polluted rural locations where the concentration of NOy is relatively low. No buffers
were used to adjust the pH value in our experiments as pH variations were < 0.4 for
all the experiments. In some experiments, 2-propanol was added into the reaction
solution in excess (500 mM) to scavenge the photo-formed *OH. The solutions were
saturated with high-purity air at the beginning of the experiments or for deaeration
experiments, the solution was continuously bubbled with high-purity N, starting from
15 min before the reaction until the end of the photoreaction. The dark control
experiments were performed in a flask covered with aluminum foil containing ImM
NO; and 0.1 mM VL with pH adjusted to 3 to 5 under air-saturated condition. An
overview of the experimental conditions performed and the analytical devices used
for each experiments was given in table S1. Aliquots of the sample (ImL) were
withdrawn at given time intervals and were analyzed by HPLC.
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132 Table S1. An overview of the experiments performed and the analytical devices used
133 for each experiments. Each experiment was repeated three times.

pH NO; Vanillin 2-propanol Air  or | Analytical
concentration | concentration | concentration | N, devices
bubbling

3 1 mM 0.1 mM air HPLC

1 mM 0.1 mM air HPLC

HPLC,

1 mM 0.1 mM air GC-MS,

Simulated UPLC-HRMS
sunlight 0.1 mM 0.1 mM air UPLC-HRMS

5 1 mM 0.1 mM N, HPLC

1 mM 0.1 mM 500 mM air HPLC

1 mM 0.1 mM 500 mM N, HPLC

0.1 mM air HPLC

3 1 mM 0.1 mM air HPLC

Dark 4 1 mM 0.1 mM air HPLC

1 mM 0.1 mM air HPLC
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159
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Text S3. Analytical Procedures
S3.1 HPLC analysis

The concentration of the precursors (i.e., vanillin, 5-nitrovanillin and
4-nitroguaiacol) was determined using a HPLC (Agilent 1260) with a Phenomenex
Gemini C18 column (250 x 4.60 mm, 5 pm), photodiode array detector (DAD)] at a
flow rate of 1 ml/min. The detection wavelength was 279 nm for vanillin, 277 nm for
S-nitrovanillin, and 345 nm for 4-nitroguaiacol. The mobile phase consisted of
48.5/51.5 (v/v) methanol/water acidified with trifluoroacetic acid (TFA, 0.05%). The
injection volume was 50 pl and the retention time of vanillin, 5-nitrovanillin and
4-nitroguaiacol was 5.65 min, 7.64 min and 9.78 min, respectively.

S3.2 HRMS coupled with UPLC analysis

The analysis of reaction products was carried out using a Q Exactive mass
spectrometer (Orbitrap, Thermo Fisher Scientific, mass resolution = 140000 FWHM)
equipped with a UltiMate 3000 UHPLC. The samples were separated on a Waters
ACQUITY UPLC HSS T3 Column (2.1 x 100 mm, 1.8 pum) equipped with a guard
column (2.1x 5 mm) of the same packing material. The mobile phase consisted of A:
0.1% formic acid in H,O and B: 0.1% formic acid in CH3CN, with an isocratic elution
performed with 71/29 (v/v) mixture of A/B. The flow rate was 0.3 ml/min and
injection volume was 5 pl. The mass spectra (m/z 90-500) were obtained in negative
ion mode after electrospray ionization (ESI). Data acquisition and analysis were
conducted by using the Thermo Xcalibur Roadmap software (version 2.2). The mass
accuracy limit was set as £ 5 ppm.

S3.3 GC-MS analysis

For gas chromatography/mass spectrometry (GC-MS) analyses, the samples
were extracted with CH,Cl, after the addition of salting-out agent NaCl. Then the
extracts were concentrated under a gentle stream of high-purity N,. The concentrated
extract was directly injected into a Thermo FOCUS DSQ GC-MS, equipped with a
HP-INNOWax fused-silica capillary column (30 m % 0.25 mm ID, 0.25 pum). The
conditions utilized for GC-MS analysis were: carrier gas flow 1 mL/min (He), injector
temperature 250 °C, the column temperature was initially held at for 60 °C for 3min,
then raised to 300 °C at a rate of 30 °C min-1, with a final holding time of 2 min. The
mass spectra were scanned from m/z 29-400 with electron impact ionization
technology (EI). Data acquisition and analysis were carried out by using the Thermo
Xcalibur software (version 2.2). Compounds were identified using the NIST Mass
Spectral Library (National Institute of Standards and Technology, Washington DC,
USA).

S3.4 UV-vis analysis

A YOKE UV1901 diode array spectrophotometer utilizing a combination of a
tungsten incandescent lamp and a deuterium lamp was used for UV-VIS absorption
measurements. A 1 cm quartz cuvette was used for measuring absorbance and the
deionized water was utilized as the spectroscopic blank. The detection range of the
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entire spectrum was between 190-1100 nm.
S3.5 pH measurement

pH measurement was performed by a SX-610 pH-meter (Shanghai San-Xin)
equipped with a SX615 combination glass electrode with saturated KCl as the inner
reference solution, and calibrated with pH 4, 7, 10 standard buffers (Shanghai
San-Xin).

S3.6 Equilibrium calculation

All speciation calculations in this work were carried out with a chemical
equilibrium calculation program-Visual MINTEQ at fixed NO, concentration of
ImM at pH range from 2.0-5.0, 25 °C.
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The fraction of *OH that reacts with NO, 1is determined as:

280

_ kno-[NOT
NOz _ noz INOa x 100% = 99.6% 281 (1)

o knoy [NOy ]| + ky, [VL]

Where [NO;] = 1x10" M, kyp; = 1.0x10"" M s™; [VL] = 1x10™" M,

ky, = 4.0x10° M s,

The fraction of *OH that reacts with 2-propanol (2P)is determined as:

296

k,o[2P
2p[2P] x 100% = 29%  (2)

y2P_
kap[2P] + kyoz [NOS T+ kyy, VL]

OH—

298
Where [2P] =500 x10° M, k,p = 1.9 x10° M s';[NO;] = 1x107

M, kyoy =1.0x10° M 55 [VL] = 1x10* M, ky, = 4.0x10° M 5™
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Figure S2. Effect of solution pH on the photooxidation kinetics of VL in the presence
of nitrite. [VL]p= 100 uM, [NaNO;]o= 1mM, air saturated solution.
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Figure S4. The yields of SNV and 4NG from the photoreaction of VL with NOy
under different experimental conditions. (a) pH=3, [VL]o(=100 uM, [NaNO;]o=1mM,
air saturated solution. (b) pH=4, [VL]o=100 uM, [NaNO;]o=1mM, air saturated
solution. (c) pH=5, [VL]o=100 uM, [NaNO;]p=1mM, air saturated solution. (d) pH=5,
[VL]o=100 uM, [NaNO;]o=1mM, N, saturated solution. (¢) pH=5, [2-propanol],=500
mM, [VL]=100 uM, [NaNO;]o=1 mM, air saturated solution. The absolute value of
the slope for the line represents the yield of SNV or 4NG.
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Figure S5. (a) Effect of solution pH on the N(III)-mediated dark oxidation of VL. (b)
Effect of solution pH on the dark-oxidation kinetics of VL in the presence of nitrite.
(c) Effect of solution pH on the N(III)-mediated formation of 5-nitrovanillin (5NV)
under dark condition. (d) Effect of solution pH on the N(III)-mediated formation of
4-nitroguaiacol (4NG) under dark condition. [VL]p = 100 uM, [NaNO;]o = 1mM, air

saturated solution.
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394  Figure S6. Effect of 2-propanol (500 mM) on the photooxidation kinetics of VL in the
395  presence of nitrite. [VL]p= 100 uM, [NaNO;]o=1 mM, pH = 5.0 £ 0.1, air bubbling.
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Table S2.

VL with NaNOQO, identified with (-) ESI HRMS.

The products formed through the aqueous-phase photoreactions of

No. | Retention Ion Proposed No. | Retention Ion Proposed
time composition Structure time composition structure
(m/z) (m/7)
OH
1 7.11 min CoH,05 Unidentified 2 8.46 CsHeNOg | O,N OCH;,
(195.02997) min (212.02011)
1o %0
OH OH
3 9.72 C8H6N05_ OZN O(jH3 4 10.12 C7H6N04_ OCH3
min (196.02487) min (168.03005)
H’C\\O N02
OH
5 | 11.15 min | C14HoN,O¢ Unidentified 6 | 12.74 C;H5N,O06 | O,N OCH,
(301.04706) min (213.01522)
NO,
OH
7 02N OCH3
18.74 CisHi2NO7
min (318.06195) o
©/OCH3
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436
437  Figure S7. Total ion current (TIC) chromatogram for the sample taken from the
438  photoreaction of vanillin (VL) with NaNO, at 180 min. (a). [VL]p = 100 uM,
439  [NaNO;]o= 100 uM , pH= 5.0 = 0.1, air bubbling. (b). [VL]o= 100 uM, [NaNO,]o= 1
440 mM, pH= 5.0 + 0.1, air bubbling.
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Figure S8. Average MS results for retention time 5-20 min of TIC chromatogram for
the sample taken from the photoreactions of VL with NaNO, after180 min. [VL]y=
100 uM, [NaNO;]o= 100 uM, pH = 5.0 + 0.1, air bubbling.
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481  Figure S9. Proposed mechanisms for the formation of hydroxylated products from the
482  photoreactions of VL with NaNO, after180 min. [VL]o= 100 uM, [NaNO,]o = 100
483  uM, pH =5.0 = 0.1, air bubbling.
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Figure S10. The resonance structures for SNV and 4NG at high and low solution pH,
respectively. Structure I, III and V represent the most stable resonance struture when
the corresponding compound is deprotonated. Structure II, IV and VI represent
unstable resonance struture when the corresponding compound exists in its

undissociated form.
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Figure S11. The resonance structures for VL at high and low solution pH, respectively.
Structure VII represent the most stable resonance struture when VL is deprotonated.
Structure VIII represent unstable resonance struture when VL exists in its
undissociated form.
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Figure S12. The UV-vis absorption spectra as a function of pH for 40 uM VL.
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