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ABSTRACT: Sources, optical properties, and chemical
composition of atmospheric brown carbon (BrC) aerosol are
uncertain, making it challenging to estimate its contribution to
radiative forcing. Furthermore, optical properties of BrC may
change significantly during its atmospheric aging. We examined
the effect of photolysis on the molecular composition, mass
absorption coefficient, and fluorescence of secondary organic
aerosol (SOA) prepared by high-NOx photooxidation of
naphthalene (NAP SOA). Our experiments were designed to
model photolysis processes of NAP SOA compounds dissolved
in cloud or fog droplets. Aqueous solutions of NAP SOA were
observed to photobleach (i.e., lose their ability to absorb visible
radiation) with an effective half-life of ∼15 h (with sun in its
zenith) for the loss of near-UV (300−400 nm) absorbance.
The molecular composition of NAP SOA was significantly modified by photolysis, with the average SOA formula changing from
C14.1H14.5O5.1N0.085 to C11.8H14.9O4.5N0.023 after 4 h of irradiation. However, the average O/C ratio did not change significantly,
suggesting that it is not a good metric for assessing the extent of photolysis-driven aging in NAP SOA (and in BrC in general). In
contrast to NAP SOA, the photobleaching of BrC material produced by the reaction of limonene + ozone SOA with ammonia
vapor (aged LIM/O3 SOA) was much faster, but it did not result in a significant change in average molecular composition. The
characteristic absorbance of the aged LIM/O3 SOA in the 450−600 nm range decayed with an effective half-life of <0.5 h. These
results emphasize the highly variable and dynamic nature of different types of atmospheric BrC.

■ INTRODUCTION

Atmospheric aerosols affect the Earth’s radiative balance by
direct and indirect mechanisms.1 The direct radiative forcing is
typically negative (cooling) because light scattering dominates
over absorption for most types of aerosols. However, aerosols
that strongly absorb visible radiation, such as black carbon
(BC), mineral dust, and brown carbon (BrC),2 may either
reduce the cooling effect or result in positive radiative forcing
(warming).3 In contrast to well characterized BC, the sources,
optical properties, and chemical composition of BrC are not
well understood, making it challenging to estimate the
contribution of BrC to global forcing.4−6

Biomass burning and fossil-fuel combustion serve as
important primary sources of BrC and BC. In addition, BrC
may also have secondary sources related to gas-phase and
aqueous processes involved in the formation and aging of
secondary organic aerosols (SOA). For example, ammonium
sulfate has been shown to react with glyoxal and methyl glyoxal
in aqueous solutions producing imidazole-based light-absorbing
compounds.7−13 SOA produced from certain biogenic
precursors, such as limonene (LIM), have been found to
produce BrC in the presence of ammonia.14−18 Aqueous

oxidation of phenols and gas-phase oxidation of certain
aromatic compounds also produce BrC material.19−21 The
multitude of poorly characterized secondary sources contrib-
utes to the challenge of constraining the properties of BrC
aerosols in climate modeling.
Several studies demonstrated that optical properties of BrC

may evolve significantly as a result of atmospheric aging. For
example, Rincon et al. analyzed the absorption spectra of
irradiated solutions of pyruvic acid and showed that the spectra
change significantly depending on temperature, irradiation
history, and other conditions.22 Sareen et al. examined the
properties of methyl glyoxal + ammonium sulfate reaction
products and found that the near-UV absorbance of these
products drops on a time scale of minutes in reactions with
ozone and during photolysis.11 Lambe et al. demonstrated that
optical properties of SOA are strongly affected by extensive OH
oxidation.23 Zhong and Yang demonstrated that biomass
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burning BrC undergoes reactions that both produce light-
absorbing compounds and remove them on time scales of
hours.24 Therefore, it is not sufficient to know the initial
absorption properties of BrC; it is also important to predict
how they may evolve during various aging scenarios.
The goal of this study is to explore the effect of photolysis on

the optical properties of laboratory generated proxies of BrC in
aqueous solutions, as a model for cloud/fog processing of BrC.
The model BrC used in this study is SOA produced by high-
NOx photooxidation of naphthalene (NAP). NAP is the most
abundant and simplest polycyclic aromatic hydrocarbon found
in highly populated urban areas,24,25 with fossil-fuel combustion
serving as its major source.26−30 Gas-phase reaction with OH (k
= 2 × 10 −11 cm3 molecules−1 s−1)26 is the primary sink for
NAP resulting in a lifetime of about 6 h at [OH] = 2 × 106

molecules cm−3. This reaction forms a multitude of secondary
pollutants in both the particle and gas phase. Scheme 1 shows
the initial processes involved in NAP photooxidation, and
Table 1 lists some of the products previously reported in the
literature.28−32 Some of the products shown in Scheme 1, such
as aromatic aldehydes, nitroaromatic compounds, and quinones
are expected to absorb light in the near-UV range and be
photochemically active. Therefore, photolysis is expected to
have a strong effect on NAP SOA composition.

NAP SOA can be considered a prototype of BrC material
because of its relatively large absorption coefficient18,23 and
because its absorption spectrum is similar in shape to the
absorption spectra of ambient organic and biomass burning
aerosols.24,33,34 In this work, we attempted to correlate the
photolysis-driven changes in the optical properties of NAP
SOA to changes in its molecular composition probed by high-
resolution mass spectrometry (HR-MS). Photolysis produced
significant changes in the molecular composition of NAP SOA
but only had a modest effect on its wavelength-dependent mass
absorption coefficient (MAC). To demonstrate that this is not
universally applicable to all types of BrC, we also examined
photolysis of BrC material produced by chemical aging of LIM/
O3 SOA with ammonia vapor (NH3).

14,16−18 The aged LIM/
O3 SOA displayed the completely opposite behavior, with
relatively small changes in the composition, but dramatic
changes in the absorption spectrum. The contrast between
NAP SOA and aged LIM/O3 SOA emphasizes the highly
variable and dynamic nature of different types of BrC materials.

■ EXPERIMENTAL METHODS
The methods are described in full in the Supporting
Information and briefly summarized here. SOA samples were
prepared by photooxidation of NAP in a 5 m3 Teflon chamber
under dry, high-NOx conditions. Typical initial concentrations

Scheme 1. Initial Processes Involved in Atmospheric Oxidation of NAP Adapted and Modified from Nishino et al.29a

aIn addition to the products retaining the NAP skeleton (naphthols and nitro compounds), a number of ring-opening benzene derivatives can also
be produced. A partial list of possible products is provided in Table 1. Formulas corresponding to the boxed compounds have been observed in the
HR-MS spectra reported in this work.
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in the chamber were 450−900 ppb (10−9 by volume) of NAP,
500−800 ppb of NO, and 2−4 ppm (10−6 by volume) of H2O2.
The steady-state OH concentration in the chamber (∼5 × 106

molecules cm−3) was estimated from the measured rate of
decay of NAP and the known bimolecular rate constant (2 ×
10−11 cm3 molecules−1 s−1) for the NAP + OH reaction.26 After
3 h of photooxidation, SOA was collected on two PTFE filters
(Millipore 0.2 μm pore size). The amount of SOA collected
was estimated from scanning mobility particle sizer (SMPS)
measurements assuming 100% collection efficiency by the
filters and known NAP SOA density of 1.55 g cm−3.31

Typically, 800−1300 μg of SOA material was collected on each
filter. In addition to the NAP SOA samples, SOA from
ozonolysis of LIM (LIM/O3 SOA) was generated and aged
with NH3 to produce BrC as described in Lee et al.17 This type
of aged SOA has a distinctive, well-characterized absorption
spectrum in the visible range,14,17,18,35 making it a convenient
model system for studying photochemistry of BrC. We will
refer to this material as “aged LIM/O3 SOA” in the rest of this
paper.
SOA was extracted from filters by sonication in 1.8−2 mL of

deionized water for 10−15 min to achieve a concentration of
0.58 ± 0.07 mg mL−1 of dissolved SOA material. This
concentration is considerably higher than typical levels of
organic material in cloud droplets but comparable to
concentrations in urban fogs and wet aerosols. Three-
dimensional excitation−emission matrix (EEM) spectra of
SOA extracts were acquired with a Hitachi F-4500 fluorescence
spectrometer as described in Lee et al.17 A dual-beam
spectrometer (Shimadzu UV-2450) was used to record UV/
vis absorption spectra of the SOA extracts. We observed that
the absorption spectra of the NAP SOA extracts were pH
dependent (Figure S1) and attribute the pH dependence to
acid−base equilibria of nitrophenols. Spectra of nitrophenols

are known to experience a significant red-shift upon ionization
in solution.36−38 The measured pH of the NAP SOA extracts
were around 5−6, similar to the pH of cloud droplets.39,40

Under these conditions, the degree of ionization of nitro-
phenols should be relatively small.
The procedure for the photolysis of aqueous SOA extracts in

standard 1.0 cm quartz cuvettes was similar to that described by
Epstein et al.41 The radiant flux density was determined by
photolyzing a 0.1 M solution of azoxybenzene (Fisher
Scientific, 98%) in ethanol in the presence of 0.1 M potassium
hydroxide (Figure S2).41,42 Figure S3 shows a typical radiant
flux density as a function of wavelength. Most of the
photolyzing radiation fell in the 275−390 nm range with a
maximum at 320 nm. The SOA photolysis experiments were
repeated three times with independently generated SOA
samples. In control experiments, a similar procedure was
followed with the irradiation lamp turned off to confirm that
the absorption spectra did not change significantly due to
hydrolysis and other processes.
The SOA samples were analyzed with a high−resolution (m/

Δm ∼ 105 at m/z 450) linear-ion-trap (LTQ) Orbitrap mass
spectrometer (Thermo Corp.) equipped with an electrospray
ionization (ESI) source operating in the positive ion mode. In
each set of experiments with independently prepared SOA
samples, two identical SOA filter samples were separately
extracted to obtain 0.34 ± 0.07 mg mL−1 SOA solutions in
water. One of the solutions was photolyzed, while the other was
kept in the dark as a control. The exposure was equivalent to
about 3−4 h under a solar zenith angle (SZA) of 0°. The mass
spectral data analysis was carried out as discussed in
Nizkorodov et al.43 Briefly, peaks that appeared in the blank
sample and peaks corresponding to 13C isotopes were
discarded. The peaks were assigned to formulas
C1−40H2−80O0−35N0−2Na0−1

+ with 0.00075 m/z tolerance
while constraining the H/C and O/C ratios to 0.4−2.5 and
0−1.0 and only permitting closed-shell ions (no ion-radicals).

■ RESULTS AND DISCUSSION
Mass Absorption Coefficients of NAP SOA. The

measured absorption spectra presented in this work are in
the form of wavelength-dependent MAC, which is calculated
from the base-10 absorbance, A10, of the SOA solution with
known mass concentration, Cmass (g cm−3), and path length, b
(cm).44

λ
λ

=
×

×
A

b C
MAC( )

( ) ln(10)solution

mass

10

(1)

Examples of the MAC spectra taken at different photolysis
times are shown in Figure 1. The shapes of the spectra are
characteristic of a typical atmospheric BrC material34 and
consistent with previous measurements for NAP SOA.18,23 The
absorption coefficient is highest in the UV range, but there is a
broad tail in the visible range. The absolute MAC values (0−
6000 cm2 g−1 between 300−700 nm) are qualitatively
consistent with previous measurements by Updyke et al. (0−
5000 cm2 g−1 in the same wavelength range).18 The differences
are likely due to uncertainties in estimating the mass of
collected SOA from the SMPS data. A power law is customarily
used to describe the wavelength dependence of the mass
absorption coefficient of BrC, MAC(λ) = MACo × λ−AAE,
where AAE stands for the absorption Angstrom exponent.
Values of AAE in excess of 1, which are typical for BC-

Table 1. Partial List of Known Products of NAP
Photooxidation

peak abundance (%)

namea formula [M + H]+ [M + Na]+
effect of
photolysis

benzoic acid C7H6O2

phthaldialdehyde C8H6O2 37 ↑
2-hydroxy benzoic
acid

C7H6O3

phthalic anhydride C8H4O3

2-formylbenzoic acid C8H6O3 13 ↑
2-formyl-
cinnamaldehyde

C10H8O2 1.9 20 ↓

formyl cinnamic acid C10H8O3 3.1 23 ↑
naphthol C10H8O
1,4-naphthoquinone C10H6O2 2.4 ↓
2,3-epoxy-1,4-
quinone

C10H6O3 6.4 ↓

4-hydroxy-2,3-
epoxy-carbonyl

C10H7O3

1-nitronaphthalene C10H7NO2 12 ↓
aThis table lists common names and chemical formulas of the
products reported in refs 28−32. If the formula is detected in the
unphotolyzed NAP SOA sample by ESI/HR-MS, the relative
abundances (in % relative to the largest peak in the mass spectrum)
of the corresponding protonated [M + H]+ and sodiated [M + Na]+

species are also included. The last column indicates whether the peaks
corresponding to these compounds increase (↑) or are removed (↓)
upon photolysis.
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dominated aerosol, indicate strong contribution of BrC to
aerosol absorption. The AAE for NAP SOA studied here is
∼6.2 for the visible wavelength range of 400−630 nm. It is
slightly smaller than the value of 6.5 reported by Updyke et al.
but closer to the range of reported AAE values for BrC, ranging
from 2 to 7, measured in the field studies.45−48 In summary,
NAP SOA can be regarded as an example of a moderately−
absorbing type of BrC.
Effective Rate of NAP SOA Photolysis. As Figure 1a

demonstrates, the exposure of aqueous NAP SOA to actinic
radiation slightly reduces its MAC, presumably as a result of
photodegradation of BrC chromophores. Although omitted
from Figure 1a, the MAC continues to decline at approximately
the same rate upon further photolysis. Quantitative inter-
pretation of these measurements is rather complicated because
of the unknown and likely very large number of individual
chromophores in the SOA solution. We approximate the MAC
decay as a first-order kinetic process with an effective rate
constant k.

= × −ktMAC MAC exp( )t 0 (2)

To facilitate the discussion of the atmospheric relevance of
these results, we converted the laboratory photolysis time into
an equivalent time in the atmosphere at SZA = 0°, as described
in the Supporting Information. This procedure converts the
photolysis rate resulting from irradiation by the UV source
(shown in Figure S3) to that resulting from solar irradiation
(also shown in Figure S3). We stress that this approach is
approximate as it neglects wavelength dependence of the
photolysis quantum yields for NAP SOA compounds.

Figure 2a shows the dependence of the average MAC in the
near-UV (300−400 nm) and visible (450−600 nm) regions on

the effective atmospheric photolysis time. The effective rate
constant, k, appears to be larger in the near-UV range (k =
0.052 h−1) than in the visible range (k = 0.011 h−1). These rates
can be converted into empirical half-lives, τ = ln(2)/k, which
are listed in Table 2. The half-life suggests that NAP SOA loses

its ability to absorb near-UV and visible radiation on a time
scale of days, with the fastest changes on the blue end of the
spectrum. We verified in a separate set of experiments that
NAP SOA can be completely photobleached (i.e., lose its
yellow color) upon prolonged irradiation (after many effective
days of photolysis).
To demonstrate that not all BrC is as resilient to photolysis

as NAP SOA, we also include data on photodegradation of BrC

Figure 1. UV/vis absorption spectra recorded during photolysis of (a)
an aqueous solution of NAP SOA and (b) an aqueous solution of
LIM/O3 SOA aged through reaction with ammonia vapor. The vertical
axis corresponds to the mass absorption coefficient (MAC) calculated
from eq 1. The inset in panel (a) zooms in on the 300−400 nm range.

Figure 2. Decay of absorbance during irradiation of SOA aqueous
solutions. (a) For NAP SOA, the average ln(MAC) is plotted against
the effective photolysis time at 300 nm (blue x), in the near-UV region
(300−400 nm, black points), and in the visible region (450−600 nm,
green triangle). (b) For LIM/O3 SOA + ammonia vapor reaction
products, the data are plotted for the near-UV region, visible region,
and at 500 nm (red +). The solid lines correspond to linear fits to the
data. Numbers next to the lines correspond to the slopes ±1σ. The
300 nm measurement for NAP SOA and the 500 nm measurement for
LIM/O3 SOA were continuous single wavelength observation, while
the rest were extracted from the individual absorption spectrum.

Table 2. Effective Half-Life (in h) for the Disappearance of
Absorbance at Different Wavelengths

wavelength (nm)a NAP SOA aged LIM/O3 SOA

300 13 3.0
near-UV 14 1.3
visible 64 0.35
500 43 0.24

aThe half-lives, τ = ln(2)/k, are calculated for NAP SOA and aged
LIM/O3 SOA at different regions: at 300 nm, in the near-UV region
(300−400 nm), in the visible region (450−600 nm), and at 500 nm
where the aged LIM/O3 SOA has its characteristic absorption peak.
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produced by the reaction of LIM/O3 SOA with NH3.
6,17,18,49

Figure 1b shows the initial absorption spectrum of the aged
LIM/O3 SOA and its evolution during irradiation. The
distinctive 500 nm peak is almost completely removed after 2
h of photolysis, and the brown color of the solution almost
disappears in the process. The decay of MAC approximated by
the first-order kinetics (Figure 2b) indicates an effective
atmospheric photolysis time on the order of 1 h (Table 2).
In contrast to NAP SOA, MAC changes faster in the visible
range (k = 2.0 h−1) than in the near-UV range (k = 0.52 h−1).
Effect of Photolysis on Molecular Composition of

Photolyzed NAP SOA. Table 1 lists known products of NAP
photooxidation observed by gas chromatography−mass spec-
trometry,28−30,32 proton-transfer-reaction mass spectrometry,31

and aerosol mass spectrometry,31,50,51 while Scheme 1 shows an
abridged mechanism of their formation. Seven out of the 12
compounds listed in Table 1 appeared in the ESI/HR-MS
spectra of NAP SOA, detected mostly as sodiated species. The
expected major products28−32,50,51 (phthaldialdehyde, formyl
cinnamic acid, 2-formyl-cinnamaldehyde, 2-formylbenzoic acid,
and 1-nitronaphthalene) were abundant in the mass spectra
(10−40% of the largest observed peak). Other expected
products were not detected, presumably because of relatively
high volatility and low abundance in SOA (e.g., benzoic acid),
lower ionization efficiencies, or possible hydrolysis in water
extracts. For example, phthalic anhydride, a secondary oxidation
product of phthaldialdehyde,30,52 may have hydrolyzed in the
aqueous solution.
Figure 3 compares the ESI high-resolution mass spectra

acquired before and after photolysis of aqueous NAP SOA. For

ease of comparison, the peak abundances are normalized to that
of the largest peak in the corresponding mass spectrum. The
initial mass spectrum had a bimodal peak distribution featuring
the monomeric and dimeric groups of SOA constituents.
Photolysis resulted in a significant change in the spectrum with
the marked decline of the relative abundance of the dimeric
compounds and parallel formation of new compounds at lower
m/z values. Overall, before photolysis, 244 peaks (Table S1)
were reproduced in all three NAP SOA samples (we only
include peaks in our analysis that appeared in all three of the
mass spectra of independently prepared samples). Of those,
150 peaks were removed by photolysis. In photolyzed samples,
108 peaks reproducibly appeared in all of the mass spectra. Of

those, 14 peaks correspond to newly formed compounds, and
94 peaks correspond to compounds present in the initial
sample. Clearly, photolysis affects the molecular composition of
SOA in a profound way.
For an individual compound, CcHhOoNn, that contains c

carbon, h hydrogen, o oxygen, and n nitrogen atoms, the double
bond equivalent (DBE, the total number of double bonds and
rings) can be calculated as follows:

= + − +n h
cDBE 1

2 (3)

This formula assumes a valence of 3 for nitrogen, and
therefore it underestimates the DBE for nitrocompounds
(-NO2) and organonitrates (-ONO2) by 1. Figure 4a shows

the distribution of DBE values, which indicates a substantial
decline in the DBE values upon photolysis presumably driven
by the preferential destruction of larger, oligomeric compounds.
There is no clear effect of photolysis on the O/C or H/C

ratios as evident from the lack of obvious patterns in the van
Krevelen (VK) diagram (H/C vs O/C for individual
compounds) in Figure 4b. In view of the molecular complexity
of SOA, it is common to express its bulk composition as
averaged elemental ratios. The average elemental composition
and ratios (C, N, O, H/C, O/C, C/N, and O/N) and the
average DBE can be estimated from the assigned molecular
formulas:53

⟨ ⟩ =
∑
∑

=Y
x Y

x
Y c h o nwhere , , , , or DBEi i i

i i (4)

Figure 3. High-resolution positive ion mode mass spectra of NAP
SOA before and after photolysis plotted as positive and negative
signals, respectively. The spectra are normalized with respect to the
largest detected peak. The preferential removal of larger compounds in
photolysis is clearly evident from the spectra.

Figure 4. Comparison of molecular characteristics of the NAP SOA
constituents before and after photolysis plotted as (a) DBE versus
molecular weight (Da) and (b) Van Krevelen plot of H/C versus O/
C.
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⟨ ⟩ =
∑
∑

=

Y Z
x Y

x Z
Y Z/ where /

H/C, O/C, N/C, and N/O

i i i

i i i

(5)

These formulas use peak abundances, xi, as weighing factors.
Strictly speaking, eq 5 calculates ⟨Y⟩/⟨Z⟩, but we designate it as
⟨Y/Z⟩ to simplify the notation. Table 3 lists the elemental
composition of NAP SOA before and after photolysis
calculated using eqs 4 and 5. Based on these results, the 3−4
h of atmospheric photolysis of NAP SOA can be represented by
an effective chemical equation:

+ →hvC H O N C H O N14.1 14.5 5.1 0.085 11.8 14.9 4.5 0.023 (6)

The average carbon number, ⟨C⟩, as well as the overall
molecular size, are reduced by photolysis. There is also a
significant decrease in ⟨DBE⟩ implying a preferential break-
down of more unsaturated compounds. The average atomic
ratios ⟨N/C⟩ and ⟨O/N⟩ drop in magnitude, while ⟨H/C⟩
increases. The small increase in ⟨H/C⟩ suggests a decrease in
the level of unsaturation upon photolysis. It is noteworthy that
the change in ⟨O/C⟩ is small (from 0.36 to 0.38). The ⟨O/C⟩
ratio, a measure of the degree of oxidation, is frequently used in
the literature as an indicator of photochemical aging of SOA.
Our results indicate that ⟨O/C⟩ may not be an informative
parameter for tracking the age of SOA in cases when photolysis
is the primary mechanism of aging.
Table S2 lists fractions of compounds containing 0 and 1

nitrogen atoms (0N and 1N compounds). The decrease in ⟨N⟩
and in the ⟨N/C⟩ ratio indicates a significant reduction in the
fraction of 1N compounds during photolysis. Photolysis is
known to be the dominant loss process for gas-phase
nitronaphthalenes.54 Our observations suggest that photolysis
remains an important loss mechanism for these compounds in
the aqueous phase. Indeed, the peak corresponding to

nitronaphthalene (Table 1 and Table S1) disappears from the
mass spectrum upon photolysis. Although nitroaromatic
compounds have been shown to photodegrade very slowly in
water,55,52 they can be efficiently photoreduced in the presence
of suitable hydrogen atom donors, such as alcohols and
aldehydes,56,57 which are abundant in SOA. Photoreduction of
nitroaromatics is consistent with the observed decline in the
N/O ratio of the products.
Another contribution to the loss of nitrogen-containing

organics may come from photolysis of organonitrates, RONO2,
which are known to photolyze by breaking the weak O−N
bond. Nguyen et al.58 observed a significant reduction of
organonitrates in the photolysis of aqueous solutions of high-
NOx isoprene SOA as well as formation of 2N species. In
contrast to the isoprene SOA, we do not observe a buildup of
2N compounds after photolysis of NAP SOA. In fact, the
fraction of 2N species both before and after photolysis was very
small. This suggests that production of 2N compounds may be
unique to the photolysis of high-NOx isoprene SOA.
The known products of NAP photooxidation that do not

contain nitrogen atoms (e.g., the ones shown in Table 1 and
Scheme 1) were also strongly affected by photolysis. 2-Formyl-
cinnamaldehyde was removed by photolysis in agreement with
the expected reactivity of α,β-unsaturated aldehydes. Formyl
cinnamic acid increased, presumably as a result of photo-
oxidation of 2-formyl-cinnamaldehyde and similar compounds.
Aromatic aldehydes, phthaldialdehyde and 2-formylbenzoic
acid, both increased with photolysis. In summary, photolysis of
NAP SOA introduces rather significant changes in its molecular
composition.
To study the extent of compositional changes in aged LIM/

O3 SOA induced by photolysis, we carried out LC-ESI/HR-MS
(reverse phase separation by liquid chromatography on a C18
column with the ESI/HR-MS detector) analysis before and

Table 3. Average Elemental Composition, Elemental Ratios, and Double Bond Equivalents (DBE) before and after Photolysis of
NAP SOA Solution

⟨C⟩a ⟨H⟩ ⟨O⟩ ⟨N⟩ ⟨H/C⟩ ⟨O/C⟩ ⟨N/C⟩ ⟨N/O⟩ ⟨DBE⟩

before (SD) 14.1 14.5 5.1 0.085 1.02 0.36 0.0060 0.017 7.9
(0.7) (0.4) (0.1) (0.017) (0.06) (0.02) (0.0012) (0.003) (0.9)

after (SD) 11.8 14.9 4.5 0.023 1.27 0.38 0.0020 0.0053 5.3
(0.4) (0.6) (0.3) (0.003) (0.07) (0.03) (0.0002) (0.0007) (0.2)

after − before −2.4 0.4 −0.7 −0.06 0.3 0.02 −0.0041 −0.012 −2.6
aData collected from three independent measurements were averaged. Errors are reported as 1σ standard deviation (SD) between the
measurements.

Figure 5. EEM spectrum recorded (a) before and (b) after photolysis. After 120 min of photolysis the fluorescence intensity (FI, color coded as
shown on the right) increased somewhat (while the solution absorbance decreased, as shown in Figure 1).
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after photolysis. After 2 h photolysis of aged LIM/O3 SOA,
which was sufficient to completely change its absorption
spectrum as shown in Figure 1b, the effective average chemical
composition of SOA changed as follows:

+ →hvC H O N C H O N13.4 19.1 3.5 0.62 14.2 20.4 4.3 0.72 (7)

Since a different technique was used to analyze the aged
LIM/O3 SOA and NAP SOA mixtures, a direct comparison to
eq 6 cannot be made. However, this result shows that the
extent of photolysis-driven changes in the mass spectra were
smaller in the aged LIM/O3 SOA than in NAP SOA. This
result can be explained by the low relative abundance of the
chromophores in aged LIM/O3 SOA, which makes it difficult
to detect them within a complex matrix of the much more
abundant nonabsorbing compounds.35

Fluorescence of NAP SOA. The EEM spectra in Figure 5
show that NAP SOA was moderately fluorescent both before
and after photolysis. The fluorescence quantum yield (QY),
measured as described in Lee et al.,17 increased from ∼0.2% to
∼0.3%. Although photolysis reduced the overall absorption
coefficient of NAP SOA compounds (Figure 2), there was a
slight increase in their fluorescence intensity as shown in Figure
5b. This is an unexpected result, considering that the photolysis
of NAP SOA also reduced the average number of double bonds
(inferred from DBE values) in the NAP SOA sample (Figure 4
and Table 3), thus preferentially removing highly unsaturated
molecules that are more likely to fluoresce. One possible
contribution to the increased fluorescence intensity is the loss
of nitroaromatic compounds during photolysis. Such com-
pounds undergo highly efficient intersystem crossing (ISC)
into the triplet manifold, followed by thermal relaxation.59

Shutting down the ISC pathway could make the effective QY
higher. Another possibility is that the photolysis may create
carboxylic acids and reduce the solution pH. This was observed
as the typical starting NAP SOA pH of about 5−6 decreased by
0−1 units during photolysis. When we carried out fluorescence
measurements on unphotolyzed samples at intentionally
lowered pH values, we also observed higher emissions
intensities. Therefore, some of the observed increase in the
fluorescence intensity may be attributed to the pH effects. We
note that the observed increase in the intensity of fluorescence
in the photolyzed NAP SOA is in stark contrast with the aged
LIM/O3 SOA system, which loses its ability to fluoresce upon
photolysis. Figure S4 in the Supporting Information shows a
typical EEM spectrum for the aged LIM/O3 SOA solution
before and after photolysis.
Atmospheric Implications. We examined the photolysis

of aqueous solutions of NAP SOA, a prototypical BrC aerosol,
as a model of photochemical processing of BrC compounds in
cloud and fog droplets. Photolysis had a modest effect on the
wavelength-dependent MAC of NAP SOA but produced
significant changes in the molecular composition as determined
by ESI/HR-MS methods. To demonstrate that this is not
universally applicable to all types of BrC, we also presented
results on the photolysis of BrC produced by reaction of LIM/
O3 SOA aged with NH3. This system displayed an opposite
behavior to NAP SOA, with relatively little change in the
overall composition, but more dramatic and faster changes in
the absorption spectrum. These results highlight the great
diversity of properties of different types of BrC and imply that
the chemical nature of the light-absorbing compounds in
different types of BrC can be quite different.

An important conclusion of this work is that chemical
composition and optical properties of BrC cannot be viewed as
static. Light-absorbing compounds responsible for the color of
BrC can potentially photobleach in sunlight (i.e., lose their
ability to absorb visible radiation). This photobleaching can be
quite fast, as in the case of light-absorbing products of reactions
of LIM/O3 SOA + NH3 (a couple of hours of irradiation,
Figure 2) and methyl glyoxal + ammonium sulfate (a few
minutes of irradiation according to the estimation in Sareen et
al.11). It can also be considerably slower, as in the case of NAP
SOA examined in this work. Our conclusions corroborate the
results of Zhong and Jang, who found that the absorption
spectrum of biomass-burning aerosol changed significantly over
the course of a day due to a competition between formation
and photobleaching of light-absorbing organics.24

Even in the case of the relatively resilient NAP SOA, the
MAC decays with an estimated effective half-life of ∼15 h.
Therefore, in addition to the wavelength-dependent MAC
values of various BrC samples, the effective rate with which
MAC evolves under typical atmospheric conditions should also
be quantified and reported. A strongly absorbing BrC sample
will not produce much direct radiative forcing if it photolyzes in
minutes, as reported, for example, for the chromophores in
methyl glyoxal + ammonium sulfate solutions.11

The average O/C ratio is a parameter that can be derived
from aerosol mass spectrometry measurements.60,61 In many
reports, O/C is used as a convenient indicator of the degree of
oxidation in SOA, and a number of studies have attempted to
correlate O/C with the aerosol type, chemical age, and even its
properties, such as viscosity, optical properties,23 hygroscopic-
ity,62,63 etc. Our results suggest that the O/C ratio is not a
fundamental characteristic that can uniquely describe these
SOA properties. The chemical composition and MAC of NAP
SOA undergoes significant changes during photolysis. How-
ever, these changes cannot be adequately captured by bulk
measurements of the O/C ratio. Therefore, this type of
photolysis-driven aging would likely be missed by measure-
ments of integrated O/C values.
Although this work focused on aqueous solutions of NAP

SOA, we also briefly examined photolysis of NAP SOA material
directly on the filter. The photolysis also resulted in efficient
photobleaching (photographs of NAP SOA filters before and
after photolysis are shown in the Table of Contents image in
the abstract). Moreover, the molecular composition of NAP
SOA photolyzed on the filter changed in a qualitatively similar
manner to that in an aqueous NAP SOA solution. Therefore,
the scope of our results is not limited to aqueous photolysis of
SOA; photolysis is likely to be just as important in organic
particles (although the mechanism of photolysis in the aerosol
may be very different from that in the aqueous solution of
SOA). This is consistent with our previous observations of
efficient photochemistry of biogenic SOA material.64−66

Finally, a significant fluorescence level of NAP SOA, with QY
of ∼0.2−0.3%, is worth noting. Many studies have reported
strong fluorescence emission produced by primary biological
aerosol particles (PBAP).67−69 Lee et al. suggested that SOA
may interfere with detection of PBAP with fluorescence-based
techniques. The wide excitation (250−425 nm) and emission
(350−550 nm) range for NAP SOA further supports this
concern. In fact, the emission of NAP SOA overlaps even better
with the EEM peak for PBAP than that of the biogenic SOA
reported previously in Lee et al.17
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