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Brown carbon (BrC) affects radiation budget and thus global climate by absorbing light, during which

photolysis can also occur and serve as an important sink of BrC. Yet, the interactive roles of mixed

chromophores during BrC co-photolysis, which is anticipated in ambient aerosol particles, is seldom

explored, making a model representation of atmospheric lifetimes of BrC highly uncertain. Herein, we

investigate the photolysis of four typical atmospheric BrC chromophores (two methoxyphenols, MPs,

and two nitrophenols, NPs), alone or mixed, with a wide range of concentrations as anticipated in

atmospheric cloud/fog and aerosol droplets. The photo-decay rate constants (k) for the photolysis of

single chromophores generally decrease as BrC concentration increases, but the effective quantum

yields (Fe) are relatively constant in optically thin solutions; the Fe values increase by one order of

magnitude in optically thick solutions for most BrC chromophores studied and even exceed 1 when BrC

concentrations are high (e.g., 500 mM in isopropanol solutions), presumably due to secondary reactions

involving their triplet states. During co-photolysis of two mixed chromophores, MPs increase the Fe

values of NPs by factors of 4–26, but NPs affect the Fe values of MPs insignificantly, indicating

a stronger sensitizing effect of MPs than NPs. In contrast, NPs mainly exert a shadowing effect on MP

degradation, which only affects photo-decay rate constant but not effective quantum yield and is

negligible for fine particles. Estimation of atmospheric lifetimes suggests that sensitizing by MPs can

accelerate NP degradation by a factor of up to 30 while shadowing between them plays minor roles in

fine particles but non-negligibly in coarse particles.

Environmental signicance

Atmospheric brown carbon (BrC) absorbs light and undergoes photolysis simultaneously, thereby affecting global climate and atmospheric chemistry. Co-
photolysis is expected for complex BrC chromophore mixtures in ambient aerosol particles. The interactive roles between different chromophores during
BrC co-photolysis were equivocally explained as competition for light or for reactive species previously, with little consideration of the potential cross-sensitizing
effects. We herein study the co-photolysis of methoxyphenols and nitrophenols from a perspective of shadowing and sensitizing. The shadowing effect does not
affect atmospheric lifetimes in small particles but might do so in coarse particles. The sensitizing effect of methoxyphenols can signicantly accelerate the
degradation of nitrophenols, but not vice versa. This work elucidates the effects of BrC type, BrC concentration, and particle size on atmospheric lifetimes due to
co-photolysis from the perspective of shadowing and sensitizing, which should be considered in chemical transport models for complex aerosol particles with
mixed BrC chromophores.
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1 Introduction

Atmospheric brown carbon (BrC) can efficiently absorb radia-
tion in the near-ultraviolet (UV) and visible ranges, affecting air
quality, atmospheric chemistry, and climate forcing.1–4 There
are two major sources of BrC: (1) direct emissions such as the
combustion of biomass5–7 or fossil fuels8,9 and (2) secondary
formation of electron-rich products such as carbonyls,
aromatics, as well as nitrophenols.10–13 The positive radiative
forcing of BrC is attributable to the photophysical process of
energy dissipation from their electronically excited states upon
light absorption.4,14 Photochemical processes of the excited BrC,
on the other hand, alter their chemical identities,15–17 forming
either less-absorbing (bleaching)18,19 or more-absorbing (further
browning) products.20–22 Photosensitized reactions of BrC
through their triplet state (3BrC*) also lead to the formation of
reactive oxygen species (ROS) such as hydroxyl radical (OH),
superoxide (O2

−), and singlet oxygen (1O2).20,23–25 These species
participate in atmospheric chemistry by acting as oxidants and
accelerate the degradation of BrC via secondary reactions,26,27

thereby affecting atmospheric lifetimes of BrC. The atmo-
spheric lifetimes of the chromophores during various bleaching
processes28,29 dictate to a great extent the warming potency of
BrC.30,31

Experimental studies of BrC photodegradation have been
conducted with direct photolysis,32,33 as well as those mediated
by H2O2 (as a precursor of OH radicals),33,34 photosensitizers,23,35

and nitrate.20,21 The photochemical lifetime (s, s), as the recip-
rocal of the photolysis rate constant (j, s−1) under solar irradi-
ation, is linked to the experimentally determined pseudo rst-
order photo-decay rate constant (k, s−1) through intrinsic
quantum yield of BrC degradation (F, dimensionless). All these
parameters are wavelength-dependent and can be obtained
from experiments using lights with wavelengths as much
atmospherically relevant as possible. To obtain F from k,
experiments were also generally conducted in optically thin
(dilute) solutions, as in cloud and fog waters, to avoid light
competition and secondary reactions.35,36 The BrC concentra-
tion in aerosol liquid water, however, can be orders of magni-
tude higher than those in cloud or fog waters.36–39 Photolysis
experiments of BrC are still widely performed in bulk photo-
chemical reactors, in need of comprehensive optical and
chemical characterizations. To simulate BrC photolysis at high
concentrations as in aerosol particles, light competition is
highly probable in those reactors because light attenuation by
a long optical path of one or a few centimeters (cm) would be
much higher than that in ne aerosol particles of less than 1
micrometer (mm). This effect might lead to concentration
dependence of measured photodegradation rates. Indeed,
concentration-dependent photodegradation rates of BrC were
observed,23,35 which was attributed to the decrease in volume-
averaged photon ux. Such dependence was quantied using
an internal light screening factor that characterized the self-
shadowing effect.35 On the other hand, at high concentrations
for BrC photolysis, secondary reactions are deemed inevitable if
the chromophores are capable of photosensitizing. Self-
1146 | Environ. Sci.: Atmos., 2023, 3, 1145–1158
sensitizing normally accelerates the photodegradation of BrC
via their triplet states or the reactive intermediates (e.g., ROS)
generated.23,40,41

A light-absorbing subset of compositionally highly complex
organic aerosol (OA),42,43 BrC is also a mixture44 with chromo-
phores originating from both primary emission and secondary
formation.15 The photophysical process of light absorption by
mixed BrC chromophores is not simply additive, with feature-
less tailing absorption extending to longer wavelengths, due to
the formation of charge-transfer complexes45 and/or almost
a continuum of electronic states.46 It is anticipated that the
photochemical processes of mixed BrC chromophores are not
additive either because the chemistry involved is even more
intertwined and non-linear than light absorption. In ambient
aerosol particles, inorganics such as sulfate and nitrate are
normally mixed with BrC chromophores. Therefore, degrada-
tion of BrC in mixtures with those inorganic components has
been studied widely,21,47–50 including our previous study51 on
interactive photolysis of BrC and nitrate. There are, however,
few investigations on the interactions between mixed BrC
chromophores during (co)-photolysis,23,35,52 which are also
generally expected in ambient aerosol particles.53,54 The cross-
shadowing (light screening) and cross-sensitizing (secondary
reaction) effects during co-photolysis of BrC chromophores are
even less explored than the concentration dependence,
hindering accurate estimation of their atmospheric lifetimes to
assess their effects on global climate and atmospheric
chemistry.

We investigate herein the shadowing and sensitizing effects
in the co-photolysis of different BrC chromophores using a bulk
photochemical reactor, especially in elevated concentrations
approaching those in ambient aerosol particles. The shadowing
effect in this work refers to the light competition between BrC
chromophores and is estimated with relative light absorption
fraction fi(l) from their absorptivity and concentration. The
sensitizing effect refers to the oxidation reaction initiated by the
excited triplet state BrC and contributes to BrC degradation,
including direct H-abstraction, electron transfer, energy trans-
fer, and ROS generation. We conjecture that the shadowing and
sensitizing effects depend on the structural and absorptive
features of the chromophores, i.e., BrC types. We test this
hypothesis by investigating the photolysis of two methox-
yphenols (MPs: vanillic acid, VA, and vanillin, VL) and two
nitrophenols (NPs: 4-nitrocatechol, 4NC, and 4-nitrophenol,
4NP) under different concentrations, alone or mixed. These
phenolic compounds are typical BrC chromophores from
primary emission (e.g., MPs from biomass burning)55,56 and/or
secondary formation (e.g., NPs from NO2-mediated oxidation
of aromatics).57 The structures of the four model BrC chromo-
phores are shown in Fig. S1 in the ESI,† and their absorption
spectra in Fig. S2,† together with the emission spectra of the
lamp used and typical solar radiation. Experiments were mainly
conducted in air-saturated aqueous solutions, but selected
experiments were also performed in an organic solvent or under
N2-saturated conditions to investigate the matrix dependence
and the roles of ROS, respectively. Mass spectrometric analysis
was also performed for some experiments to probe the product
© 2023 The Author(s). Published by the Royal Society of Chemistry
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formation during (co-)photolysis of selected chromophores.
Shadowing and sensitizing effects induced by these BrC model
compounds are discussed with experimentally determined
photo-decay rate constants (k), calculated effective quantum
yields of BrC degradation (Fe), and estimated atmospheric
lifetimes (s) via transformed photolysis rate constants (j) as in
aerosol particles.
2 Materials and methods
2.1 Chemicals

VA ($97%), VL (99%), 4NC (97%), and 4NP (99%) were obtained
from Sigma-Aldrich. Their structures and absorption spectra
are shown in Fig. S1 and S2, respectively, in the ESI.† Iso-
propanol (IPA,$99.7%) was from Xilong Scientic, sulfuric acid
(H2SO4, 95% wt) was from Acros Organics, and sodium
hydroxide (NaOH, 98%) was from Fluka. Solutions were
prepared with deionized (DI) water from a Milli-Q water puri-
cation system (Direct-Q 3UV system). All chemicals were used
as received without further purication.
2.2 Photolysis and measurements

We used a photochemical reactor equipped with a xenon lamp
(NBeT Co. Ltd., 300 W), a 100 mL Pyrex glass reactor with
a magnetic stirrer, a quartz window (GGS1, NBeT-PH100), and
a circulating water-cooled system (298± 1 K) to perform the BrC
photolysis experiments, as in previous work.51 The output light
of the lamp in this study was ltered by an optical lter (New-
port, FSQ-WG305) to screen off the light below 309 nm to
simulate solar radiation. The photon ux was measured by
a spectrometer (Brolight, BIM-6002), with the spectrum shown
in Fig. S2.†We performed photolysis under different conditions
as shown in Tables S1–S3.† The concentrations of these BrC
compounds were set as 0.02, 0.05, 0.5, 2, and 5 mM for direct
photolysis in aqueous air-saturated solutions. Each BrC chro-
mophore of 0.05 or 0.5 mM was mixed with another BrC chro-
mophore to study the co-photolysis of BrC. It should be noted
that the light absorption of BrC containing carboxylic or
phenolic moieties exhibits pH dependence.58 Therefore, all
aqueous solutions in this study were adjusted to a xed pH of 5
by H2SO4 or NaOH before photolysis. We also used IPA instead
of water as the solvent for VL and 4NC (Table S2†) in some
selected experiments to study the matrix effect or to obtain VL
solution with high enough concentration (500 mM) in some
cases. To investigate the roles of molecular oxygen (ROS
generation) during the photolysis, some experiments were
conducted under N2-saturated conditions, in which nitrogen
(N2, 99.999%, 0.5 L min−1) was introduced into solutions for
30 min before irradiation and continued throughout the
photolysis experiments.20 Unless otherwise specied, the data
are from air-saturated conditions. Each experiment was
repeated independently at least 3 times, and measurements
were conducted in triplicate. The error bar in the gures
represents the standard deviations of three experimental
results.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Aliquots of illuminated solutions were collected for
precursor concentration measurements with liquid chroma-
tography, as in our previous study.21 The pseudo-rst-order
decay rate constant, k, was estimated by tting the exponen-
tial decay of the BrC compounds.21,23 Products were analyzed
from some experiments with a high-performance liquid
chromatograph-mass spectrometer equipped with an Orbitrap
mass analyzer (HPLC-Orbitrap-MS, Thermo) as in our previous
study.21 The mass spectra were obtained in the negative mode
(the positive ion mode was tested, but signals were relatively
low). Them/z scan range was set from 50 to 500 dalton (Da). The
mass spectral data were analyzed with a free toolbox MZmine
(https://mzmine.github.io/).
2.3 Calculations

2.3.1 Effective quantum yield. With possible secondary
reactions, we considered the quantum yields measured in our
experiments as effective quantum yields of BrC degradation
(Fe), calculated as follows.35,59

Ve ¼ kc
P

fiðlÞI0ðlÞ
�
1� 10�3ðlÞ�c�l

�
Dl

f2NB;corr (1)

where k is the pseudo-rst-order decay rate constant (s−1), and c
is the concentration (M) of the BrC compound. The relative light
absorption fraction fi(l) is the fraction of light absorption by
one BrC chromophore at a certain wavelength, as shown in eqn
(S1) and (S2) in the ESI.† For a single chromophore fi(l) = 1,
while for more than one chromophore fi(l) is used to quantify
the light competition (shadowing), which will affect the effective
quantum yield calculations (see eqn (S1) and (S2)†). For
instance, for the nitrate photolysis in the presence of VA in our
previous study,51 our results showed that incoming light
absorbed by VA affected nitrate photolysis. Thus, the quantum
yield of nitrite calculated by the conventional method might be
underestimated because the fraction of light absorption by VA is
not considered in the calculation. I0(l) is the volume-
normalized light intensity (einstein L−1 s−1 nm−1) of the
lamp; 3(l) is the molar absorption coefficient (mol−1 L cm−1); l
is the optical path (cm), being 2.2 cm in our experiments; and
Dl is the interval of wavelength (nm). The Fe values were also
corrected by a factor (f2NB,corr) derived from the photolysis of
a chemical actinometer, 2-nitrobenzaldehyde (2NB), to scale the
light intensity to that determined from the chemical actinom-
etry, as shown in Section S2 in the ESI.† We arrived at a f2NB,corr
value of 1.4 and used it to correct all effective quantum yields in
this study.

2.3.2 Light-absorbing fractions. The average light-
absorbing fractions (fabs) of the incoming light for the BrC
chromophores at different concentrations were calculated with
eqn (2) below.

fabs ¼

Pl2

l1

�
1� 10�3ðlÞ�c�l

�

N
(2)

where N is the number of bins from wavelength l1 to l2, within
the wavelength range, the BrC chromophores absorb the lights
Environ. Sci.: Atmos., 2023, 3, 1145–1158 | 1147
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of the lamp. Specically, the wavelength ranges of VA, VL, 4NC,
and 4NP are 300–350 nm, 300–380 nm, 300–450 nm, and 300–
450 nm, respectively.

2.3.3 Estimated atmospheric lifetime. The intrinsic or
effective quantum yields of BrC degradation determined from
experiments serve as a bridge to estimate atmospheric lifetimes
of BrC chromophores due to photolysis. For intrinsic quantum
yields determined from optically thin solutions, one can use
a simplied equation as follows,60 to estimate the photolysis
rate constant for similar dilute aqueous droplets such as those
in clouds and fogs.

j1 =3.82 × 10−21F
P

F(l)3(l)Dl (3)

where F is the intrinsic quantum yield of BrC degradation
(dimensionless); F(l) is wavelength-dependent solar ux
(photon per cm2 per s per nm) in the range of 300–450 nm in the
mid-latitude region with 30 degrees of solar zenith angle.60 The
conversion factor of 3.82 × 10−21 is used to change the
absorption coefficient from the base-10 form (normally in the
unit of M−1 cm−1, i.e., L mol−1 cm−1) to the base-e form (nor-
mally in the unit of cm2 per molecule). We refer to this method
as Method 1, and j1 is the photolysis rate constant (s−1) appli-
cable to dilute droplets.

In concentrated aerosol particles, however, the light might
not reach every single BrC molecule, and the effect is more
prominent if the light path is longer (e.g., for larger particles).
Therefore, another equation as below,59 was used to take
concentration and droplet size into account.

j2 ¼
P

VeIðlÞ
�
1� 10�3ðlÞ�c�l

�
Dl

c
(4)

We refer to this method as Method 2, and j2 is applicable to
all cases regarding the BrC concentration range. The reciprocal
of j1 or j2 is taken as the atmospheric lifetime (s) of the BrC
chromophore due to photolysis:

s ¼ 1

j
(5)

More details about the estimation of atmospheric lifetimes
are provided in Section S3 in the ESI.†
3 Results and discussion
3.1 Decay rate constant

The pseudo rst-order decay rate constants (k, Fig. 1) during
aqueous-phase photolysis generally decrease as BrC concen-
trations increase, consistent with previous studies that attrib-
uted this trend to competition for light (self-shadowing).23,35,61,62

At low concentrations (#0.05 mM), the k values of MPs (VA and
VL, ∼5 × 10−4 s−1) are approximately 10 times higher than
those of NPs (4NC and 4NP, ∼5 × 10−5 s−1), consistent with our
previous study using 254 nm and 313 nm lamps.21 Above
0.5 mM, the k values of VA rapidly decrease to ∼5 × 10−5 s−1

(Fig. 1A), while those downward trends of VL, 4NC, and 4NP
1148 | Environ. Sci.: Atmos., 2023, 3, 1145–1158
slow down or even become stable (Fig. 1B–D). The latter three
cases indicate accelerating effects, most likely self-sensitizing,
that dampen further decrease of k values at high concentra-
tions, which is discussed later with estimated Fe (light-
normalized, see eqn (1) in Materials and methods).

Similar gradually decreasing trends of k values are also
observed in isopropanol (IPA) solutions for VL and 4NC (Fig. 1B
and C, respectively), again attributable to self-shadowing. A
notable difference between VL and 4NC is that the k values of VL
in IPA and in H2O are comparable, while those of 4NC are
approximately one order of magnitude higher in IPA than in
H2O. The former can be explained by the previous nding that
VLmainly degrades via self-quenching of its triplet state (3VL*)63

and thus is less prone to matrix effect, while the latter suggests
a matrix dependence attributable to the disparity in the
quenching efficiency by aqueous and organic solvents.64,65

Photo-excited nitroaromatics such as 34NC* preferably react by
abstracting hydrogen,66,67 which is more readily available from
the C–H bonds in IPA than from the O–H bonds in H2O.64,66 This
observation indicates that the commonly present organic
matrix in atmospheric aerosols might enhance the nitrophenol
degradation. Notably, organic matrix might scavenge reactive
radicals such as OH and then suppress the BrC oxidation. The
comparable Fe values of VL in IPA and H2O, however, indicate
that reactive radicals quenched by IPA have a minor effect on
BrC degradation or that such reduction in VL degradation is
replenished by other unknown mechanisms.

The k values for co-photolysis of BrC are shown in Fig. S3.†
There are three mixing cases: (1) MP + MP, (2) NP + NP, and (3)
MP + NP. The k values of the rst BrC chromophore in the
mixture mostly decrease in the presence of the second, and the
higher the concentration (from 0.05 to 0.5 mM) of the second
chromophore, the lower the k values of the rst. Therefore, the
self-shadowing effect of BrC (as its own concentration increases,
as discussed in the section above) or cross-shadowing by
another chromophore can decrease the k values via light
competition. However, there are exceptions. The k values of 4NC
and 4NP in the presence of VA or VL increase by factors of 1.4–
38.4 (Fig. S3C and D†), suggesting that cross-sensitizing by MPs
on NPs outweighs cross-shadowing, thereby accelerating NP
degradation. Similarly, k values of MPs (i.e., VL) decrease by 33–
90% (Fig. S3B†) in the presence of NPs (i.e., 4NC), but increase
by 38–66% for k values of 4NC in the presence of VL (Fig. S3C†),
are also observed in IPA solutions. These observations demon-
strate that the cross-sensitizing ability of MPs is superior to that
of NPs, and such ability shows little matrix dependence.
3.2 Effective quantum yield

The violet symbols in Fig. 1 are the estimated Fe values (by eqn
(1) in Materials and methods) as a function of BrC concentra-
tion. The Fe value of VA (Fig. 1A) is relatively constant at (1.9 ±

0.3) × 10−2 in the whole concentration range studied (0.02–5
mM), and those of VL [(3.2 ± 0.8) × 10−3], 4NC [(5.9 ± 0.4) ×
10−5], and 4NP [(7.3 ± 0.9) × 10−5] are also quite stable in the
low-concentration range of 0.02–0.5 mM (Fig. 1B–D, respec-
tively). The average Fe values of VL and 4NP in optically thin
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pseudo-first-order decay rate constant (k) (cyan symbols), effective quantum yield (Fe) (violet symbols), and light-absorption fraction (fabs)
(orange symbols) of (A) vanillic acid (VA), (B) vanillin (VL), (C) 4-nitrocatechol (4NC), and (D) 4-nitrophenol (4NP) as a function of concentration.
The hollow circles connected with solid lines are data from experiments in aqueous solutions, while the hollow triangles connected with dashed
lines are data from experiments in isopropanol (IPA) solutions.
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(dilute) solutions are comparable to results reported in previous
studies,35,68 while those of VA and 4NC are two orders of
magnitude higher than those from previous studies65,69 that
might differ from ours in the light intensity of the lamp or the
calculation method for quantum yield. The Fe values of VL,
4NC, and 4NP increase substantially above 1 mM (Fig. 1B–D),
which is different from those of VA (Fig. 1A), a distinction also
observed for k values as discussed in the section above. The
steady Fe values translated from the rapid decrease in k values
of VA as concentration increases suggest that concentration
dependence is eliminated by considering the self-shadowing
effect with light normalization (eqn (1)). The increases in Fe

values of the other three BrC chromophores, however, empha-
size that self-sensitizing dominates over self-shadowing at high
concentrations.

In IPA solutions for VL and 4NC, the greatly enhanced Fe

values under much higher concentrations (Fig. 1B and C) again
suggest self-sensitizing during the photolysis of these two BrC
chromophores as concentration increases. In IPA solutions
from 0.05–5 mM, 4NC has much higher Fe values in IPA [(4 ± 1)
× 10−3 at 5 mM] than in H2O [(5 ± 4) × 10−4 at 5 mM] (Fig. 1C),
while VL has comparable Fe values in H2O and IPA (Fig. 1B),
with reasons discussed in the previous section for k values. The
Fe value of VL at 500 mM in IPA is even higher than unity (1.48
± 0.61), suggesting that self-sensitizing in an organic matrix at
such a high concentration leads to cascade degradation of VL
beyond the assumption of one reaction per photon absorbed.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Although organic concentrations in aerosols are not well con-
strained due to some factors such as solubility, volatility, and
phase,39 the BrC concentration can reach tens of mM37 or even
higher in the interfacial region of the particles because of
surface enhancement of organics.70 Therefore, this observation
implies possible enhancement on BrC photodegradation in the
aerosol organic matrix where BrC is concentrated.

Fig. 2 shows the Fe values for co-photolysis (color symbols)
as compared to those in the photolysis of a single chromophore
(grey symbols). The Fe values of VA change insignicantly in the
presence of 4NC, but they increase by approximately one order
of magnitude (from 0.019± 0.003 to 0.165± 0.085) with 0.5 mM
of VL (Fig. 2A). Similarly, adding 4NC does not change the Fe

value of 4NP, but 0.5 mM of VL increases it by a factor of 4
(Fig. 2D). For VL (Fig. 2B), the presence of either MP (VA) or NP
(4NC) does not increase its Fe values in H2O or in IPA. The Fe

values of 4NC in H2O (Fig. 2C) are insignicantly affected by
4NP but increased by factors of 5 and 26 in the presence of
0.5 mM of VA and VL, from (5.94 ± 1.26) × 10−5 to (2.85 ± 1.22)
× 10−4 and to (1.55 ± 0.07) × 10−3, respectively. A similar
increase inFe values [from (5.5± 0.06)× 10−4 to (1.45± 0.43)×
10−3] are also observed in IPA for 4NC in the presence of VL
(Fig. 2C). These observations for Fe values during co-photolysis
further illustrate the better cross-sensitizing ability of MPs than
NPs.

3.2.1 Concentration-dependent Fe of single chromophores
explained by shadowing and sensitizing. To investigate the
Environ. Sci.: Atmos., 2023, 3, 1145–1158 | 1149
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Fig. 2 Effective quantum yield of (A) vanillic acid (VA), (B) vanillin (VL), (C) 4-nitrocatechol (4NC), and (D) 4-nitrophenol (4NP) under three mixing
conditions: case 1 of MP + MP, case 2 of NP + NP, and case 3 of MP + NP. The circles are data from experiments in aqueous solution, while the
triangles are data from experiments in isopropanol (IPA) solutions. The hollow and solid symbols represent the data for lower concentrations
(0.05 mM) and higher concentrations (0.5 or 5 mM), respectively. The dashed and dotted lines are not fitting results and are merely to guide the
eyes.
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concentration dependence of Fe during photolysis of single
chromophores, we calculated the average light-absorbing frac-
tions (fabs) of the incoming light for the BrC chromophores at
different concentrations by eqn (2) (Materials and methods),
which are shown in Fig. 1. Generally, a solution with base-e
absorbance much less than one, that is, an fabs value of less
than 63%, can be considered as an optically thin solution.59 The
fabs value of VA increases from 4% to 61% from 0.02 to 5 mM,
and in this concentration range, the Fe values vary insigni-
cantly, indicating sufficient incident light for VA and thus stable
Fe values. This low fabs value for VA is related to the lowest
overlapping between its absorption spectrum and that of the
lamp (Fig. S2†). For VL, 4NC, and 4NP, however, the fabs values
increase from approximately 75% to almost 100% in the
concentration range of 0.5–5 mM, where the Fe values of these
three BrC chromophores also increase substantially aer
0.5 mM. High fabs values (light almost depleted) in optically
thick solutions lead to high Fe values, suggesting that
secondary reactions, instead of direct photolysis, lead to
substantial consumption of these BrC chromophores at higher
1150 | Environ. Sci.: Atmos., 2023, 3, 1145–1158
concentrations. Therefore, the differences between VL/4NC/4NP
and VA in the trends of Fe values (Fig. 1) can be explained by the
difference in the fabs values as concentration increases.

The above interpretation can be understood from another
perspective. In optically thin solutions, almost every BrC chro-
mophore molecule can absorb light, upon which photo-
degradation may occur. Therefore, the quantum yield for direct
photolysis should be concentration independent, given the
assumption that the photolysis event proportionally scales with
BrC concentration when there are sufficient photons. This can
explain the relatively stable Fe values of VA in the 0–5 mM range
and of VL/4NC/4NP in the 0–0.5 mM range (Fig. 1). In optically
thick solutions, however, due to light depletion, some BrC
chromophore molecules cannot absorb light and remain in
their ground states. As BrC concentration increases, the ground-
state BrC tends to react with reactive intermediates generated
from photosensitized reactions and results in higher Fe values,
as those of VL/4NC/4NP with concentration from 0.5 to 5 mM
(Fig. 1B–D). In our experiments, it seems that partial shadowing
(light not depleted, Fig. 1A) occurred for VA at concentrations
© 2023 The Author(s). Published by the Royal Society of Chemistry
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up to 5 mM and for VL/4NC/4NP at concentrations up to
0.5 mM, which only reduced the k values but did not affect Fe

values. For VL/4NC/4NP at concentrations higher than 0.5 mM,
however, almost complete shadowing (light depleted, Fig. 1B–
D) occurred, and sensitizing started to play a more important
role in their photodegradation, leading to enhancedFe values at
higher concentrations.

The BrC chromophores in their triplet excited state can be
a precursor of ROS upon the reactions with dissolved O2 and/or
other substrates (e.g., phenols themselves) during the photol-
ysis.20,25 To further investigate in the cases of light depletion
whether the reactive intermediates from sensitizing are mainly
ROS, we conducted aqueous-phase photolysis for VA and VL
with limited dissolved O2 (N2-saturated solutions, Table S3†).
The Fe values of these two MPs under N2-saturated conditions
(Fig. S4†) were 5–10 times lower than those under air-saturated
conditions, which is consistent with previous studies.20,71 This
result indicates that ROS plays a role in enhancing the degra-
dation of these BrC chromophores. In addition, VA does not
show an obvious change in Fe values as its concentration
increases under N2-saturated conditions as under air-saturated
conditions (Fig. S4A†); neither does VL under N2-saturated
conditions, which is different from the increasing trend from
0.5 mM to 5 mM (with high fabs values) under air-saturated
conditions for VL (Fig. S4B†). Therefore, our result indicates
that ROS does play a role in the increasing Fe values of MPs at
high concentrations by reacting with ground-state BrC (i.e.,
those BrC molecules that do not receive light). This effect is
mainly caused by sensitizing but is also indirectly manifested by
shadowing that leaves more BrC chromophores in the ground
state.

3.2.2 Co-photolysis of VL and 4NC revealed by N2-saturated
experiments and product analysis. We observed that MPs
signicantly accelerated NP degradation but not vice versa.
There are a few possible mechanisms for the acceleration of NP
degradation: (1) NP mainly reacting with ROS generated from
3MP*, (2) NP mainly reacting with 3MP* directly, (3) MPs as
a good H donor reacting with 3NP*. If the third mechanism
holds, MPs will form phenoxyl radicals and degrade efficiently
in the presence of NPs and lead to increased Fe values of MPs,
which is contradictory to no acceleration of MP degradation by
NPs (Fig. 2A and B). Therefore, the third mechanism can be
ruled out. The rst two mechanisms also imply the consump-
tion of reactive intermediates ROS and 3MP* by NPs, which
should have decreased the Fe values of MPs compared to those
without NPs. This is because 3MP* and ROS are responsible for
MP photodegradation when MPs photolyze alone, for example,
self-quenching (3VL* + VL) as indicated above. For the second
mechanism, the unaffected Fe values of MPs in the presence of
NPs (Fig. 2A and B) suggest that the consumed 3MP* (reacting
with NPs instead of ground-state MPs) in the presence of NPs is
replenished via other routes. That is, even though a signicant
portion of 3MP* is consumed by reacting with NPs, the ground-
state MPs can still be degraded via some other reactions than
self-quenching, thereby maintaining relatively constant Fe

values. We have shown in the previous section that ROS can also
contribute to MP degradation during their photolysis alone. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
the case of co-photolysis of MPs and NPs, the second mecha-
nism can still be feasible if ROS also contributes to the
consumption of ground-state MPs and maintain relatively
constant Fe values for MPs as observed (Fig. 2A and B).

To further investigate which one of the rst two mechanisms
holds, co-photolysis of VL and 4NC was conducted under N2-
saturated solutions (Table S3†). If the rst mechanism holds, VL
will not enhance the Fe values of 4NC in N2-saturated solutions
because of the limited availability of ROS; if the second mech-
anism holds, VL will increase the Fe values of 4NC in N2-satu-
rated solutions, while the Fe values of VL will be reduced by
4NC, because of limited reactions between VL and ROS to offset
the consumption of 3VL* by 4NC. In N2-saturated solutions, the
Fe values of VL decreased by factors of 6–7 and 35–65 in the
presence of 0.05 mM and 0.5 mM of 4NC, respectively, which
are different from the relatively constant Fe values of VL in air-
saturated solutions (Fig. 3A). The Fe values of 4NC, in contrast,
increased by factors of 4–44 and 7–121 with VL of 0.05 mM to
0.5 mM, respectively, similar to the increase in air-saturated
conditions (Fig. 3B). The results thus support the second
mechanism that NP degradation is mainly driven by reaction
with 3MP*, albeit reactions with ROS might have also played
a role. The proposed pathways for this mechanism are shown in
Scheme S1 in the ESI.†

The product formation from co-photolysis of VL and 4NC
also supports the second mechanism (reaction between 4NC
and 3VL*). Table S4† shows the main identied products of VL
by hydroxylation, dimerization, and cross-reaction from the
mass spectrometric analysis. In the VL (0.5 mM) + 4NC (0.05
mM) solutions, the cross-reaction product (C14H11NO7) between
4NC and VL was generated under both air- and N2-saturated
conditions (Fig. 4), although its efficient decomposition aer
15 min was observed under air-saturated conditions. The
production of VL dimer (C16H14O6) by self-quenching (VL +
3VL*),63 however, was 1.5–1.7 times less during co-photolysis
than during photolysis alone (Fig. 4A) under air-saturated
conditions at 30 and 40 min; an even greater reduction of its
formation (2.7–3.9 times) under N2-saturated conditions from
15–60 min was observed. These observations suggest that the
presence of 4NC suppresses the reaction between VL and 3VL*
(less formation of VL dimer C16H14O6), which was replaced by
the reaction between 4NC and 3VL* (forming cross-reaction
product C14H11NO7).

On the other hand, the consumption of 3VL* by 4NC was
indeed offset by the ROS oxidation, which leads to signicant
increase of hydroxylation products (C8H8O4) under air-saturated
conditions (Fig. 4A) but not so under N2-saturated conditions
(Fig. 4B). Therefore, oxidation by ROS in air-saturated solutions
is of importance in compensating the decrease of reaction 3MP*
+ MP, thus maintaining their Fe values (Fig. 3A). In anoxic
conditions as in N2-saturated solutions, however, oxidation of
MPs (e.g., VL) is suppressed in the presence of 4NC, because the
reaction between 3VL* and 4NC consumes substantial amounts
of 3VL*. Such suppression of reaction between ground-state VL
and 3VL*, which is the main driving force for VL photo-
degradation when it photolyzes alone, leads to one to two orders
Environ. Sci.: Atmos., 2023, 3, 1145–1158 | 1151
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Fig. 3 Comparison of effective quantum yields of (A) vanillin (VL) and (B) 4-nitrocatechol (4NC) alone or mixed under air-saturated and N2-
saturated conditions. The hollow and solid symbols represent the data for a lower concentration (0.05mM) and a higher concentration (0.5 mM),
respectively.
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of magnitude lower Fe values for VL under N2-saturated
conditions (Fig. 3A) at higher concentrations.
3.3 Estimated atmospheric lifetime

The concentration-dependent Fe values of BrC chromophores
during their (co-)photolysis were used to estimate their
photolysis rate constants (j, s−1) using Method 1 (eqn (3)) and
Method 2 (eqn (4)) as shown in Materials and methods. These
two methods differ in that Method 1 assumes optically thin
solutions, and therefore optical path (l) is nonessential and
ignored, while Method 2 considers the shadowing effect and
keeps l, which is particle radius in ambient aerosol particles or
solution depth in our experiments. The ratio between the j
values obtained by these two methods, termed as the j1-to-j2
Fig. 4 Peak areas of main products of VL (0.5 mM) photolysis alone or
saturated conditions, respectively. The formula of C16H14O6 is dimerizatio
reaction product(s). The formulae for these products were derived from

1152 | Environ. Sci.: Atmos., 2023, 3, 1145–1158
ratio (Fig. S5†), is close to unity at low concentrations (<5 mM)
but increases substantially at higher ones (50–500 mM) for
chromophores with a molar absorption coefficient (3) larger
than 1000 mol−1 L cm−1. This analysis reveals the potential
effect of particle size on the estimated atmospheric lifetimes for
highly light-absorbing BrC chromophores. Shadowing effect is
largely negligible for small particles and could only be signi-
cant for large particles (>1 mm) with highly absorbing (3 > 1000
mol−1 L cm−1) and highly concentrated chromophores
(possible in aerosol particles).

To be compatible with previous studies, we used Method 1 to
calculate the j values for 100 nm particles, which are compa-
rable with those calculated by Method 2 at this small particle
size, and consideration of size effect is not necessary even for
concentrated conditions. The j values of these BrC
co-photolysis with 4NC (0.05 mM) under (A) air-saturated and (B) N2-
n product(s), C8H8O4 hydroxylation product(s), and C14H11NO7 cross-
the corresponding quasi-molecular ions ([M − H]−).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chromophores in H2O and IPA are shown in Fig. S6,† from
which their atmospheric lifetimes (s) were also calculated with
eqn (5) (see Materials and methods) and are shown in Fig. 5.
The s values of VA, VL, 4NC, and 4NP via aqueous-phase
photolysis in small particles (100 nm) at optically thin solu-
tions (0.02–5 mM for VA; 0.02–0.5 mM for VL/4NC/4NP) are 10.7
± 1.7 h, 1.2 ± 0.3 h, 12.4 ± 2.6 h, and 14.5 ± 1.9 h, respectively
(Fig. 5 and Table 1). In IPA solutions at a low concentration (0.05
mM), the s value of VL (2.2 ± 0.5 h) is comparable with that in
H2O, while that of 4NC is about 10 times shorter (1.3 ± 0.2 h)
than that in H2O, indicating faster degradation of 4NC in
organics-dominated particles.

For the co-photolysis of MP + MP (VA + VL), the s values of VA
are shortened by 30% and 90% (to approximately 1 h) in the
presence of VL of 0.05 mM and 0.5 mM, respectively (Fig. 5A),
while those of VL is insignicantly affected by VA (Fig. 5B). For
NP + NP (4NC + 4NP) (Fig. 5C and D), their s values are also
insignicantly affected by each other. For MP + NP (VA/VL +
4NC/4NP), the s values of MPs are affected insignicantly by
NPs (Fig. 5A and B), while those of NPs are greatly shortened by
MPs to less than a half or even less than one-tenth (Fig. 5C and
D). In IPA solutions, the s values of VL are insignicantly
affected by 4NC (Fig. 5B), while those of 4NC are shortened by
Fig. 5 Estimation of atmospheric lifetimes (s, h) of (A) vanillic acid (VA), (
alone (in black) and under three mixing conditions: MP + MP, NP + NP,
concentration of 0.02–0.5 mM. The circles used data from experiments
isopropanol (IPA) solutions. The dashed and dotted lines are not fitting r

© 2023 The Author(s). Published by the Royal Society of Chemistry
40% in the presence of VL (Fig. 5C). This acceleration effect of
VL on 4NC in IPA is not as strong as that in H2O, but still
reduces the s value of 4NC to <1 h. In general, BrC chromo-
phores (especially NPs) tend to photolyze faster in the organic
matrix that is commonly found in atmospheric aerosol parti-
cles. As a comparison, a previous study also showed a decreased
lifetime of 4NP from 11 h to 8 h in the presence of a-pinene-
derived secondary organic aerosol (SOA),68 which was attrib-
uted to the oxidation by OH radicals from photolysis of fresh
SOA as a photochemically labile organic matrix.

Field measurements indicated that BrC had short lifetimes
(or half-life times) of 9–15 h.13,28 Our estimated s values for
aqueous-phase photolysis in optically thin solutions (10–15 h
for VA/4NC/4NP and 1.2 h for VL, Table 1) are similar to or
shorter than those due to aqueous-phase OH oxidation (8–17 h,
Table 1); they are even much shorter than those due to gas-
phase OH oxidation (30–200 h, Table 1), although such
comparison is not straightforward without considering gas-
particle partitioning. For different organic compounds, their
partitioning between the gas and particle phases is governed by
the vapor pressure, octanol–air partition coefficient, and/or
solubility, etc.72 and affects their lifetime estimation, which is
beyond the scope of the current study. Despite that photolysis
B) vanillin (VL), (C) 4-nitrocatechol (4NC), and (D) 4-nitrophenol (4NP)
and MP + NP. The estimation assumes particles of 100 nm radius and
in aqueous solutions, while the triangles are data from experiments in
esults and are merely to guide the eyes.

Environ. Sci.: Atmos., 2023, 3, 1145–1158 | 1153
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Table 1 Estimated atmospheric lifetimes of BrC model compounds in gas-phase OH oxidation, aqueous-phase (aq.) OH oxidation, and
aqueous-phase (aq.) photolysisa

Gas-phase OH oxidation Aq. OH oxidation Aq. photolysis

kOH,g [OH]g sOH,g (h) kOH,aq. [OH]aq. sOH,aq. (h) shv,aq.
d (h) shv,aq.,min

e (h)

VA 4.72 (ref. 74) 1.5 (ref. 75) 39.2 9.8 (ref. 76) 0.35 (ref. 77)c 8.1 10.7 � 1.7 1.2 � 0.6
VL 5.72 (ref. 78) 32.4 3.3 (ref. 79) 14.1 1.2 � 0.3 1.2 � 0.3
4NC 1.27 (ref. 80) 145.8 5.0 (ref. 19) 15.9 12.4 � 2.6 0.5 � 0.02
4NP 0.9 (ref. 81)b 205.8 4.7 (ref. 82) 16.9 14.5 � 1.9 5.3 � 2.9

a kOH,g: ×10−12 cm3 per molecule per s; [OH]g: ×106 molecule per cm3; kOH,aq.: ×109 M s−1; [OH]aq.: ×10 M. b Using 2NP data due to the lack of data
for 4NP. c Mean value at urban case in cloud water. d shv,aq.: estimated from optically thin (<0.5 mM) and small particles (100 nm) in this study.
e shv,aq.,min: minimum s values due to sensitizing in this study.
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rates of BrC chromophores are highly molecule-specic and
should therefore not be extrapolated to structurally similar
compounds,32 our results highlight that aqueous-phase
photolysis can be a signicant sink of BrC chromophores. In
addition, we show that the atmospheric lifetimes of NPs are
shortened by a factor of up to 30 in the presence of MPs
(Fig. 5C), potentially making co-photolysis with sensitizing
effect a dominating sink for some BrC chromophores.

We herein used experimental data of VL in IPA to illustrate
the combined shadowing and sensitizing effects in the esti-
mation of its atmospheric lifetime with different concentrations
and particle sizes, as shown in Section S3 in the ESI.† For
a 100 nm particle containing 0.05mM or 500mMVL, there is no
signicant difference in the s values of VL (Fig. S7B†) because of
little shadowing effect caused by reduced volume-normalized
photon ux. As particle radius increases, however, the s value
of VL of 500 mM increases by 32% in a 1000 nm particle (Fig.-
S7B†), where theFe value is similar, but shadowing effect (fabs =
0.28) plays a role compared to the 0.05 mM scenario; an even
more drastic difference of a 100 time decrease is observed for
a 10 mm particle from the 0.05 mM to the 500 mM scenarios
(Fig. S7B†). The drastic difference in s value for larger particles
is due mainly to the greatly enhanced Fe value (1.48 ± 0.61)
caused by sensitizing for the 500 mM scenario. In addition,
such sensitizing effect is indirectly amplied by the shadowing
effect (light depletion, fabs = 0.65) that leaves more VL in the
ground state to react with reactive intermediates (e.g., ROS)
instead of undergoing direct photolysis. Therefore, the
combined effect of shadowing and sensitizing, together with
that from particle size, might either shorten or lengthen BrC
lifetimes.
4 Conclusions and atmospheric
implications

The shadowing effect plays a minor role in BrC photolysis in
ne particles in which BrC is commonly found; it might indi-
rectly manifest more efficient sensitizing in coarse particles
containing highly absorbing chromophores, which is also
possible, as found in eld studies. It has been shown that the
absorption-size distributions of BrC mainly peaked in the
accumulation mode at ∼500 nm,6 where the shadowing effect
1154 | Environ. Sci.: Atmos., 2023, 3, 1145–1158
should be negligible. The same study, however, also revealed
a certain contribution of BrC absorption from particles larger
than 5 mm.6 Indeed, VL showed a bimodal pattern with equiv-
alent peaks in the ne (0.4–1 mm) and coarse (3–10 mm)modes,73

which might be due to its evaporation (relatively high volatility)
from ne particles and then dissolution (slight water solubility)
in the coarse particles containing a large amount of liquid
water.33,73 Therefore, although shadowing affects the atmo-
spheric lifetimes of BrC in ne particles negligibly, it might be
important in cases where BrC is found in coarse particles.

The sensitizing effect can shorten the atmospheric lifetimes
of BrC chromophores during their co-photolysis, regardless of
particle size. The photosensitization ability of the four BrC
chromophores studied here has the sequence of VL > VA > 4NC
z 4NP. The atmospheric lifetime of 4NC was shortened from
12 h to 0.5 h (Table 1) in the presence of the most capable
photosensitizer in this study (VL). Based on our analysis, we
arrived at two major conclusions regarding the sensitizing
ability during co-photolysis: (1) MPs can greatly shorten the
atmospheric lifetimes of NPs but not vice versa (Fig. 5), which is
consistent with results in our previous study using lamps of
different wavelengths;21 and (2) among MPs, VL can shorten the
atmospheric lifetimes of VA but not vice versa (Fig. 5A and B),
which might be due to the presence of a conjugated carbonyl
group that makes VL a better photosensitizer.41 In fact, the
atmospheric lifetime of VL is overwhelmingly affected by self-
sensitization, as suggested by the strong concentration depen-
dence of Fe value (Fig. 1B). Yet, VL was considered a relatively
mild photosensitizer41 with lower quantum yields of excited
triplet state among many other BrC chromophores. If that is the
case, the sensitizing effect of those more capable photosensi-
tizers in aerosol particles may shorten the atmospheric life-
times of other BrC chromophores (or particulate components in
general) to the extent that is greater than those observed here
(up to a factor of 30, Fig. 5).

The overall effect of shadowing and sensitizing during co-
photolysis depends on particle size, concentration, and the
sensitization ability of the chromophores. Therefore, the esti-
mation of atmospheric lifetimes for BrC chromophores might
suffer from high uncertainties because of our limited knowl-
edge of their chemical identities, not to mention their sensiti-
zation abilities. Such uncertainties in atmospheric lifetimes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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may affect the modelling accuracy of the impacts on global
climate and atmospheric chemistry induced by complex mixed
BrC chromophores in aerosol particles. Chemical transport
models should also consider such accelerated degradation of
BrC chromophores or particulate species in general.
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