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ABSTRACT: Improved understanding of the optical properties of
secondary organic aerosol (SOA) particles is needed to better
predict their climate impacts. Here, SOA was produced by reacting
1-methylnaphthalene or longifolene with hydroxyl radicals (OH)
under variable ammonia (NH3), nitrogen oxide (NOx), and
relative humidity (RH) conditions. In the presence of NH3 and
NOx, longifolene-derived aerosols had relatively high single
scattering albedo (SSA) values and low absorption coefficients at 375 nm independent of RH, suggesting that the longifolene
SOA is mostly scattering. In 1-methylnaphthalene experiments, the resulting SSA and SOA mass absorption coefficient (MACorg)
values suggest the formation of light-absorbing SOA, and the addition of high NOx and high NH3 enhanced the SOA absorption.
Under intermediate-NOx dry conditions, the MACorg values increased from 0.13 m2 g−1 in NH3-free conditions to 0.28 m2 g−1 in
high-NH3 conditions. Under high-NH3 conditions, the MACorg value further increased to 0.36 m

2 g−1 with an increase in RH. Under
dry high-NOx conditions, the MACorg value increased from 0.42 to 0.67 m2 g−1 with the addition of NH3, while with elevated RH,
the MACorg value reached 0.70 m2 g−1. The time series of MACorg showed increasing trends only in the presence of NH3.
Composition analysis of SOA suggests that organonitrates, nitroorganics, and other nitrogen-containing organic compounds
(NOCs) are potential chromophores in the 1-methylnaphthalene SOA. Significant formation of NOCs was observed in the presence
of high-NOx and NH3 and was enhanced under elevated RH.
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1. INTRODUCTION

Atmospheric aerosols play an important role in controlling the
Earth’s radiative balance by directly and indirectly interacting
with solar radiation. The Intergovernmental Panel on Climate
Change Fifth Assessment Report (IPCC AR5) suggested that
the average global climate forcing values from black carbon
(BC) and organic carbon emitted directly from sources like
biomass burning and fossil fuel combustion are +0.64 W m−2

(+0.25 to +1.1 W m−2) and −0.29 W m−2 (−0.5 to −0.09 W
m−2), respectively.1 However, the estimation of radiative
forcing for secondary organic aerosols (SOAs) was not
included in IPCC AR5 because formation pathways and the
physical and chemical properties of SOA are currently poorly
understood. Although the distribution and relative concen-
tration of SOA in the atmosphere vary among regions,
Hallquist et al. estimated that globally 70−90% of organic
aerosol (OA) is SOA, which is produced from atmospheric
multi-phase reactions.2

Recent studies have shown that light-absorbing organic
compounds, known as brown carbon (BrC), could be emitted
directly together with BC from biomass burning and fossil fuel
combustion or formed secondarily as SOA in the atmos-

phere.3−5 BrC can absorb solar radiation strongly in the visible
to near-ultraviolet (near-UV) range.3,6−8 Despite more
research being carried out in recent years using field
measurements and chamber studies of BrC, the chemical and
optical properties of secondary BrC are still highly uncertain.4

The large uncertainties in radiative forcing estimates of
secondary BrC decrease the certainty of current climate
model projections. Wang et al. estimated a global mean top-of-
the-atmosphere direct refractive effect of +0.48 W m−2 for
BrC,9 suggesting an overall global warming effect by BrC.
Many recent studies that focused on the chemical and optical
properties of lab-generated and ambient BrC suggest that
conjugated systems,10−12 organonitrate and nitroorganic
groups,12−15 and reduced nitrogen-containing organic com-
pounds (NOCs)16−20 in BrC could act as strong light-
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absorbing chromophores and are responsible for the
absorption of tropospheric solar radiation. The extent of
browning and the optical properties of the resulting SOA vary
greatly among SOA from different precursors and oxidants and
further changes with aging under different conditions.4,21−27

Lambe et al. suggested the importance of light-absorbing
components by conjugated double bonds retained in the
oxidation products of aromatic precursors that can extend SOA
absorption toward longer wavelength in the UV−visible
range.10 Jacobson suggested that nitroaromatic gases and
nitrated and aromatic aerosols contributed for 25−30% of the
reduction in UV irradiance within the boundary layer in the
Los Angeles Basin area.28 A more recent study showed that
SOA formation from anthropogenic volatile organic com-
pounds (VOCs) is the major source of water-soluble BrC in
the Los Angeles Basin, and light absorption from water-soluble
nitroaromatics was identified to contribute up to 3.8% of the
observed ambient near-UV to UV absorption.29 Lab-generated
SOA formed under high-NOx conditions also indicated that
organonitrates and nitroorganics are important components in
aromatic SOA,30 absorbing near-UV to UV light.3,27,29,31 In
addition to the studies on the effect from NOx, there are some
studies focused on the effect of NH3/NH4

+ on the optical
properties of SOA. SOA produced by O3-initiated limonene
oxidation became brown after exposure to reduced nitrogen
compounds including NH3, NH4

+, and amino acids.32 The
optical measurements as well as chemical composition
measurements suggest that the newly formed light-absorbing
moieties were likely to be conjugated nitrogen-containing
organic species.18,32,33 Bones et al. and Laskin et al. suggested
that this kind of browning involving reduced nitrogen
compounds was induced by condensation reactions between
NH3/NH4

+ and carbonyls, which produces the light-absorbing
imine (CN) bond.32,33 Huang et al. and Qi et al. carried out
chamber experiments to explore the aromatic SOA formation
in the presence of gas-phase NH3 and observed the formation

of NOCs in the particle phase, which significantly increased
the resulting SOA absorption.34,35 In addition to the reaction
with carbonyls, NH3 can also react with organic and inorganic
acids forming particle-phase ammonium salts.36,37 Chen et al.
suggested that the addition of NH3 enhanced the formation of
secondary aerosol from the photooxidation of gasoline vapor
due to the formation of inorganic NH4NO3 and NOCs.38

Relative humidity (RH) can also play a role in SOA
formation and composition,39 thus affecting its optical
properties. For example, water vapor can react with hydro-
carbon oxidation products in the gas phase or suppress aerosol-
phase condensation reactions that produce water mole-
cules.40,41 Furthermore, RH was shown to control aerosol
uptake of NH3 by influencing the aerosol water content and
therefore viscosity and molecular diffusion in aerosols.42,43

Lian et al. observed the formation of imidazole compounds
from the reaction between carbonyls and ammonium/amines
in ambient aerosols and provided evidence that cloud
processing could enhance the formation of particulate
imidazole.44 Additionally, aqueous-phase hydrolysis reactions
may lead to loss of organonitrates,45,46 thus affecting the
absorption characteristics of BrC. There is limited research
focused on the effect of NH3 on optical and chemical
properties of SOA under atmospherically relevant RH.
In this study, we examined the optical and chemical

properties of SOA formed from photooxidation of a biogenic
hydrocarbon (longifolene) and an anthropogenic polycyclic
aromatic hydrocarbon (PAH) (1-methylnaphthalene) (1-MN)
in a Teflon chamber under variable levels of NOx, NH3, and
RH. The selected compounds are representative compounds in
their class with a relatively high SOA formation poten-
tial.30,47,48 Longifolene is a tricyclic sesquiterpene, which is
found predominantly in pine resins.49 Longifolene is an
important precursor to atmospheric aerosols due to its high
reactivity with hydroxy radicals (OH) and nitrate radicals
(NO3) and high SOA yields.47,49,50 1-MN is a PAH which is a

Table 1. Summary of Experimentsa

hRIorg,100min

VOC
hydroxyl radical

source

bHC0
(ppbv)

cΔHC
(ppbv)

dNOx,0
(ppbv)

e

[HC/NOx]0

fNH3,0
(ppbv)

gRH
(%) ρeff (g/cc) n−0.07

+0.09 k−0.004
+0.006

plot
reference

Lgf HONO 80 80 550 0.1 180 5 1.13 ± 0.007 1.36 0.001 I
Lgf HONO 70 70 550 0.1 200 10 1.13 ± 0.007 1.36 0.001 II
Lgf HONO 100 100 740 0.1 130 45 1.16 ± 0.04 1.37 0.001 III
Lgf HONO 90 90 550 0.2 180 45 1.16 ± 0.04 1.38 0.002 IV
1-MN H2O2 160 60 5 32 170 10 1.12 ± 0.03 1.46 0.007 I
1-MN H2O2 140 75 5 28 120 10 1.12 ± 0.03 1.44 0.007 II
1-MN H2O2 60 50 10 4 <5 5 1.52 ± 0.03 1.48 0.004 III
1-MN H2O2 75 45 5 19 <5 5 1.52 ± 0.03 1.48 0.005 IV
1-MN H2O2 170 70 10 17 260 40 1.18 ± 0.03 1.47 0.011 V
1-MN HONO 75 30 520 0.1 190 5 1.18 ± 0.05 1.31 0.020 VI
1-MN HONO 315 105 880 0.3 <5 15 1.31 ± 0.08 1.57 0.015 VII
1-MN HONO 240 100 720 0.3 <5 20 1.31 ± 0.08 1.56 0.017 VIII
1-MN HONO 160 80 440 0.4 210 40 1.26 ± 0.07 1.45 0.024 IX
1-MN HONO 160 50 350 0.5 170 40 1.26 ± 0.07 1.46 0.026 X

aLgf = longifolene, 1-MN = 1-methylnaphthalene. bHC0 is based on the initial conditions measured at the beginning of the photooxidation
reactions. cΔHC is the reacted hydrocarbon concentration by the end of the photooxidation experiments. For longifolene experiments, the
hydrocarbon concentrations were below the GC−FID detection limit toward the end of the experiment, so we assume that there was no gas-phase
longifolene in the chamber at the end of the experiments. dNOx,0 is based on the initial conditions measured at the beginning of the photooxidation
reactions. e[HC/NOx]0 is the initial hydrocarbon-to-NOx ratio. fNH3,0 is based on the initial conditions measured at the beginning of the
photooxidation reactions. gRH values are based on the average RH measured by the RH probe during the photooxidation reactions. hRIorg,100min are
derived only for the organic components of the aerosol at 100 min after irradiation or at the end of the experiment if the reaction time was less than
100 min.
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commonly found anthropogenic hydrocarbon in the polluted
environment. 1-MN and OH-initiated photooxidation reac-
tions result in relatively high SOA formation.30 Previous work
investigated 1-MN SOA formation in a variety of NOx regimes
and found that the chemical and physical properties of 1-MN
SOA were significantly impacted by NOx conditions.

30,48,51 We
hypothesize that, in the presence of NH3, the SOA formed
from these VOCs contains chromophores which could
significantly enhance SOA absorption. On-line chemical and
microphysical measurements of aerosols were performed
during chamber experiments, and aerosols’ single scattering
albedo (SSA), SOA mass absorption coefficient (MACorg), and
refractive index (RIorg) were determined in each experiment.
Evolution in the chemical and optical properties was also
evaluated to identify the formation of possible chromophores
in the resulting SOA. Our results indicate that the longifolene
SOA remained as mostly scattering under high-NOx and high-
NH3 conditions regardless of RH. On the other hand,
organonitrates and/or nitroorganics and other NOCs were
important chromophores in 1-MN SOA, and the formation of
NOCs was promoted under higher RH.

2. METHODS
2.1. Chamber Experiments and Instrumentation. A

detailed description of the chamber experimental setup and
instrumentation used in this work can be found in Dingle et
al.51 Essentially, the chamber is a 1.5−2.0 m3 PFA Teflon bag
in a metallic frame enclosure. The initial RH in the chamber
was adjusted by injecting dry zero air and water vapor for
different experiments resulting in average RH 40−45% for
humid experiments and <20% for dry experiments. The OH
sources for photooxidation experiments were hydrogen
peroxide (H2O2, for intermediate-NOx experiments) or nitrous
acid (HONO, for high-NOx experiments). The resulting
average concentrations of OH from the above sources in the
chamber were calculated as 6.3 × 106 and 3.6 × 107 molecules
cm−3, respectively.51 Details of these estimations are presented
in the Supporting Information. For high-NOx experiments, we
injected additional NO to achieve the initial NOx concen-
trations of ∼500 ppbv. Although for intermediate-NOx
experiments we did not inject any additional NO or NO2,
trace amounts of NOx from zero air introduced in the chamber
led to the initial NOx concentration in these experiments to be
∼3−15 ppbv. In addition to NO, we injected NH3 in some
experiments before the initiation of irradiation to create a high-
NH3 condition (∼120−260 ppbv). Table 1 shows the
summary of experimental conditions used in this work. Four
of the experiments described by Dingle et al. are also presented
in the following section for comparison with the high-NH3
experiments and to better illustrate the influence of NH3 on
the chemical and optical properties of SOA.51

Once the gas-phase concentration of the parent hydrocarbon
was stable in the chamber, irradiation by UV lights initiated
photooxidation. A significant amount of SOA particles (with
maximum volume concentration ≈30−95 μm3 cm−3 under
different experimental conditions) from VOCs (longifolene or
1-MN) were generated by nucleation and condensation
(Figure S1).
In this work, we used a diverse set of instruments measuring

both gas-phase and particle-phase compounds. A gas
chromatograph coupled with a flame ionizing detector (GC−
FID, Hewlett Packard 5890 Series II) was used for measuring
the concentrations of the injected VOCs. A UV photometric

ozone analyzer (Thermo, model 49i) and a chemiluminescence
NO−NO2−NOx analyzer (Thermo, model 42i) were used to
measure gas-phase ozone and NO−NO2−NOx concentrations
at 1 Hz. We also used a cavity ring-down spectrometer
(Picarro G2123) to monitor the NH3 concentration in the
chamber during the high-NH3 experiments.
For particle-phase measurements, various instruments

sampled air from the chamber through a 30 cm-long diffusion
dryer containing silica gel (Sigma-Aldrich, Saint Louis, MO,
USA) and Purafil (Thermo Scientific). A scanning electrical
mobility spectrometer (SEMS, Brechtel Manufacturing Inc.)
was used to measure the number concentration and size
distribution of particles in the range of 10−740 nm. Based on
the calibration with polystyrene latex sphere standards, the
sizing accuracy of SEMS was determined to be ∼±4%. A
photoacoustic extinctiometer (PAX, Droplet Measurement
Technology) measured aerosol’s scattering and absorption
coefficient at 375 nm at 1 Hz (βscat,375 and βabs,375); the
detection limits defined as 2 times the standard deviation of
scattering and absorption coefficients of filtered air averaged to
SEMS time (140 s) were ∼1.9 and ∼2.1 M m−1 for βscat,375 and
βabs,375, respectively. Total mass and size-dependent chemical
composition of SOA particles were measured at 15 s intervals
using a mini-aerosol mass spectrometer (mAMS) coupled with
a compact time-of-flight (ToF) mass spectrometer (Aerodyne
Research). The mass accuracy of the mAMS was determined
to be ±20 ppm and the resolving power was ∼1200−1300.
The relatively high ionization energy and vaporization
temperature within the mAMS fragmented the aerosols into
small ions; thus, tracers of chemical composition information
are provided as mass concentration of specific ions at specific
mass-to-charge ratios (m/z).52 Several fragments (m/z = 44,
CO2

+, m/z = 43, C2H3O
+) are often used as important

indicators of chemical composition and aging of oxygenated
SOA.53,54 The m/z = 27 (CHN+), m/z = 30 (NO+, CH4N

+),
m/z = 46 (NO2

+), m/z = 40 (C2H2N
+), and m/z = 76

(C6H4
+) are also considered for the SOA composition in this

study.30,38,55 The mAMS data were analyzed by high-resolution
(HR)-ToF-AMS analysis toolkit 1.61B and PIKA module for
SQUIRREL 1.21B.

2.2. SSA, MAC, and RI Calculations. The SSA of aerosols
at 375 nm was determined with βscat,375 and βabs,375 measured
by PAX using eq 1.56,57

β

β β
=

+
SSA375

scat,375

scat,375 abs,375 (1)

Aerosols’ SSA is size dependent; thus, we explored its
dynamics as a function of size parameter (α). α was
determined by aerosol electrical mobility diameter (dm)
representing the mode of the size distributions measured by
SEMS and the wavelength of radiation used in PAX (λ = 375
nm) as eq 2.58

α
π

λ
=

d
375

m
(2)

The relative uncertainties of the calculated SSA were
determined by propagating the errors in βscat,375 and βabs,375
and were determined to be ∼2−9% in different experiments.
MAC at 375 nm was calculated using the organic mass

concentration of the aerosols (MOA) (detailed description
given in the Supporting Information) and βabs,375 obtained
from PAX using eq 3.59 Relative uncertainties of MACorg were
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determined by propagating errors in βabs,375 and mass of
organic components in aerosols and were ∼6−16% in different
experiments.

β
=

M
MACorg

abs,375

OA (3)

Aerosol effective densities were determined by comparing
parallel AMS aerosol mass distributions and SEMS volume
distributions.60,61 AMS mass distributions are measured versus
the vacuum aerodynamic diameter (dva) while SEMS volume
distributions are a function of electrical mobility diameter
(dm). Assuming particle sphericity, the effective density was
determined as follows

ρ ρ=
d
deff
va

m
0

(4)

where ρ0 is the unit density (1 g cm−3). The calculated
effective densities are listed in Table 1.
RI is an indicator of the interaction between the material and

radiation. RI values were calculated based on Mie theory and
by an optical closure procedure.26,62,63 The aerosols did not
show any size-dependent composition difference (Figure S2);
thus, we assumed that the aerosols were homogeneous and
internally mixed and applied Mie theory to our system.
Basically, the theoretical βscat,375,theo and βabs,375,theo were
calculated with a broad range of n (1.3−1.8) and k (0−0.05)
values and at small increments (0.01 for n and 0.001 for k)
using the measured size distribution.63 The n and k pair that
resulted in the best match of the calculated values of βscat,375,theo
and βabs,375,theo with the measured βscat,375 and βabs,375 by
minimizing the merit parameter Δ (defined by eq 5) were
assigned as aerosol’s n and k.14

β β β βΔ = | − | + | − |( ) ( )scat,375 scat,375,theo abs,375 abs,375,theo

(5)

The aerosol RI contains the contribution from both
inorganic and organic species in the particle phase. The
following equations were used to derive the RI of pure organic
compounds in the aerosol (norg and korg), assuming well-mixed
particles and volume weighting of the RI of the mixture
components.64,65 The relative uncertainties in n and k values
were determined by the uncertainties in measured βscat,375 and
βabs,375 and size distribution uncertainties.

= × + ×n n nVF VFinorg inorg org org (6)

= × + ×k k kVF VFinorg inorg org org (7)

where ninorg and kinorg are the RI values of NH4NO3 and HNO3
and VFinorg and VForg are the volume fractions of the inorganic
and organic components in the aerosols, respectively. The
relative uncertainties in norg and korg values were determined by
the uncertainties in n and k values, VFinorg and VForg, and the
overall uncertainties are listed in Table 1. Details of these
calculations are provided in the Supporting Information.
The derived norg and korg values at the end of the

experiments, final SSA of aerosols, and MACorg values at
∼100 min of oxidation time along with their corresponding
uncertainties are listed in Tables 1 and S1. Since aerosol
particles nucleated and grew very fast at the initial stages of
oxidation, SEMS could not capture the true size distribution
during this time because of its relatively long scan time (140 s),
so we present the corresponding measurements when the
aerosol mode increased by less than 10% between two
consecutive SEMS runs.
Given the short photooxidation reaction times in our system,

we do not expect particle wall loss to be significant.
Furthermore, the presented results on SSA and RI are based
on aerosols’ intensive properties. Therefore, wall loss
correction has not been applied to the data.

2.3. Organonitrate and Nitroorganic Fraction Calcu-
lation. Fractional contribution of −ONO2 (organonitrate)
and −NO2 (nitroorganic) functional groups to total organic
matter in particle phase was calculated in each experiment.
Due to the fragmentation by mAMS, our analysis cannot
distinguish between the organonitrate and nitroorganic groups;
thus, here we calculated the total fraction of organic nitrate
(NOx

+
org) from these two groups to the measured organics.

First, we calculated the fractional contribution of NOx
+
org ions

to total NO3
− as follows.55

=
− +

− +
x

R R R
R R R
( )(1 )
( )(1 )

obs AN lit

lit AN obs (8)

where Robs is the observed [NO+]/[NO2
+] in the experiments

from mAMS analysis, Rlit is the literature value of [NO+]/
[NO2

+] from NOx
+
org (assumed as 10),66 and RAN is the

calculated [NO+]/[NO2
+] value from mAMS NH4NO3

calibration, representing the inorganic nitrate contribution to
NO3

−.55,67 Calculations were repeated with Rlit = 5 and 15 to

Figure 1. (a) SSA vs size parameter at 375 nm and (b) MACorg vs photooxidation reactions time for longifolene-derived aerosol particles. All
longifolene experiments were done under high-NOx, high-NH3 conditions; the pink markers refer to the experiments under dry conditions; the
green markers refer to the experiments under humid conditions. Open and closed markers represent the duplicate runs of the same condition.
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bound the uncertainties for RIorg and MACorg estimations. We
then calculated the ratio of NOx

+
org to measured organics as

follows.

=
[ ]
[ ]

−

R x
NO
OAON

3

(9)

where [NO3
−] is the mass concentration of nitrate (both

organic and inorganic) and [OA] is the mass concentration of
OAs measured by mAMS during the experiments.

3. RESULTS AND DISCUSSION

3.1. Longifolene SOA with HONO as an Oxidant. In
longifolene experiments, particle volume and mass concen-
trations increased at a fast rate after the initiation of oxidation
and reached peak values after 1 h. βscat also showed a similar
trend as the experiments went on, while βabs remained low and
almost constant regardless of RH. The profiles of SSA and
MACorg during longifolene experiments are shown in Figure 1.
The SSA is shown as a function of size parameter at 375 nm.
The SSA in the presence and absence of NH3 remained very
high at larger aerosol sizes (with SSAmax = 0.95−1),51
suggesting that aerosols formed from OH oxidation under
high-NOx conditions were mostly scattering regardless of NH3
concentration. Additionally, the MACorg values of longifolene
SOA (<0.2 m2 g−1) were significantly lower than the MACorg
values from previous studies on absorbing SOA,4 indicating
that the longifolene SOA formed in the current experiments
was only weakly absorbing.

3.2. 1-MN SOA with H2O2 as an Oxidant Precursor.
Both aerosol mass and volume concentrations in 1-MN
oxidation by OH (under intermediate-NOx conditions with
H2O2 as the OH precursor) increased soon after the irradiation
of UV light and reached their peaks after about 70−80 min of
oxidation. Compared with longifolene SOA, the βabs values of
1-MN-derived aerosols were higher despite having lower NOx
concentrations, suggesting that 1-MN has a greater potential
for forming light-absorbing aerosols in the atmosphere.

3.2.1. Effect of NH3 under Dry Conditions. As shown in
Figure 2a, in dry intermediate-NOx experiments and in the
absence of NH3, the SSA values increased from 0.8 at a size
parameter of 0.6 and stabilized at 0.96 at a size parameter of
0.9. However, similar experiments in the presence of NH3
resulted in a slightly lower SSA of 0.94 at similar large size
parameters. Despite minor changes in SSA and korg, differences
in MACorg are significant and beyond the propagated
uncertainties in the derivations, suggesting that under dry
conditions with intermediate-NOx, NH3 has the potential to
promote formation of more absorbing 1-MN SOA (for non-
NH3 experiments, MACorg ≈ 0.13 m2 g−1; for high-NH3
experiments, MACorg ≈ 0.25−0.28 m2 g−1). Moreover, in
contrast to the experiments without NH3, MACorg in high-NH3
experiments showed a significant increase with reaction time,
suggesting that NH3 is the main factor driving the chemistry
toward additional formation of absorbing aerosol components
and increase of SOA absorption per mass in this system.
To better understand the chemistry driving the differences

in the SOA optical properties observed in each experiment, HR

Figure 2. (a) SSA vs size parameter at 375 nm and (b) MACorg vs photooxidation reactions time for 1-MN-derived aerosols under intermediate-
NOx conditions; (c) SSA vs size parameter at 375 nm, and (d) MACorg vs photooxidation reactions time for 1-MN-derived aerosols under high-
NOx conditions. The gray markers refer to the experiments under no-NH3, dry conditions; the yellow markers refer to the high-NH3, dry
experiments and the blue markers refer to the high-NH3, humid experiments. Open and closed markers represent the duplicate runs of the same
condition.
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analyses of the mAMS data were carried out. Carbonyl
compounds are one of the major products from OH-initiated
1-MN oxidation reactions.48,68 Carbonyl groups may react with
ammonia and form imine groups.17,69 These nitrogen-
containing compounds may absorb light strongly, especially
in the near-UV wavelength range. Thus, in this work, we also
focused on identifying the possible light-absorbing NOCs
using mAMS HR mass spectra to examine ions that could act
as markers for the formation of NOCs and evaluated the
contribution of NOCs to total SOA absorption. Under dry
conditions and in the presence of NH3, possibly due to the
detection limits of our instruments and relatively low OH
exposure values, our analysis show only slightly increased
fractions of some nitrogen-containing ions after the addition of
NH3 (Figure S3), including CHN+, CH4N

+, and C2H2N
+.

Although we observed the increased fraction of these ions,
their relatively low concentration (<0.6% to total aerosol mass)
suggests that under the current H2O2-initiated experimental
conditions, the proposed NH3−carbonyl reactions may not be
able to produce significant NOCs. Nguyen et al. reported that
negligible contribution from NOCs (<1%) in limonene SOA
after exposure to ammonium sulfate solution drastically
enhanced the resulting aerosols’ absorption without significant
change in overall molecular composition.18 Whether low
concentrations of NOCs contributed to any light absorption in
this system remains to be studied in the future with more
sensitive instrumentation.
3.2.2. Effect of RH under High-NH3 Conditions. Under

high-NH3 concentrations, the SSA and MACorg from the dry
and humid experiments showed significant differences,
indicating that RH is an important factor influencing the
optical properties of the resulting aerosols (Figure 2a,b).
Under humid and dry conditions, SSA reached maximum
values of 0.89 and 0.96, respectively, and MACorg values were
0.36 and 0.28 m2 g−1 after 100 min of UV irradiation,
respectively. As for the RI, norg was 1.44−1.47 under both
conditions, while korg reached 0.011 in humid conditions and
0.007 under dry conditions. Additionally, the MACorg value
increased at a faster rate under humid conditions (≈0.0032 m2

g−1 min−1 compared to dry condition 0.0019 m2 g−1 min−1).
All these observations lead us to conclude that in the OH-
initiated oxidation of 1-MN, higher RH (∼40%) strengthens

the potential for forming absorbing SOA compared to the
experiments under lower RH conditions (<20%).
The calculated RON from both low and high RH experiments

under intermediate-NOx conditions were low (<5%) (Figure
3a), suggesting that without any additional injections of NOx,
the elevated RH and NH3 would not influence the formation
and fate of organonitrates and/or nitroorganics. Similar to dry
experiments, our current analysis did not show any significant
signal from NOCs as an indicator of strong chromophore
formation under humid conditions in the presence of NH3
with H2O2 as the oxidant source. As discussed above, although
we believe that NH3 was involved in the chemistry and
formation of absorbing SOA,7,17 the formed compounds that
increased MACorg (Figure 2b) may be of low concentration or
fragment significantly such that our mAMS analysis could not
capture their presence.

3.3. 1-MN SOA with HONO as an Oxidant Precursor.
Similar to the H2O2-initiated oxidation reaction, the aerosol
mass and volume concentration increased soon after the start
of UV irradiation and reached their peaks after about 1 h of
oxidation. However, compared to the H2O2 experiments, the
aerosol volume concentrations in HONO experiments were
significantly lower, possibly due to high concentration of NOx
in HONO experiments, which suppresses SOA formation by
favoring the formation of more volatile products.70,71 The SSA
values were lower and the MACorg and korg values were higher
under high-NOx conditions compared to the previously
described H2O2 experiments, indicating that NOx has a
significant influence on 1-MN SOA optical properties.

3.3.1. Effect of NH3 under Dry Conditions. Figure 2c,d
shows the SSA and MACorg results from HONO experiments.
For high-NOx experiments, SSA in the absence of NH3
reached 0.85 at a size parameter of 0.84, while at the same
size parameter, SSA from the high-NH3 experiments was
significantly lower at approximately 0.78. Additionally, MACorg
and RIorg results were consistent with the SSA observations
(with MACorg ≈ 0.36−0.42 m2 g−1, norg = 1.57, and korg =
0.015−0.017 in the absence of NH3; MACorg ≈ 0.67 m2 g−1,
norg = 1.31, and korg = 0.020 with high concentration of NH3),
suggesting that under high-NOx and dry conditions, NH3
significantly increases 1-MN SOA absorption. Similar to the
observations described before, under high-NOx condition, the

Figure 3. Calculated RON of 1-MN SOA particles over the course of photooxidation experiments under (a) intermediate-NOx conditions and (b)
high-NOx conditions. The gray markers refer to the experiments under no-NH3, dry conditions; the yellow markers refer to the high-NH3, dry
experiments and the blue markers refer to the high-NH3, humid experiments. Open and closed markers represent the duplicate runs of the same
condition.
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presence of NH3 also leads to the increasing trend in MACorg
with the extent of oxidation.
Since previous work suggested that organonitrates and

nitroorganics were significant contributors to chromophore
formation in BrC,12−15 the ratio of NOx

+
org to measured

organics mass (RON) was calculated as shown in Figure 3. The
calculated RON from high-NOx experiments are higher than
RON in intermediate-NOx experiments, indicating that the
presence of high NOx concentration in the chamber
significantly increased the formation of organonitrate and/or
nitroorganics in SOA through RO2 + NO/NO2 and R + NO2
reactions compared to the intermediate-NOx conditions;
however, their contribution decreased with reaction time.
The decreasing trends suggests that during the fast nucleation
and initial growth period, 1-MN and its first-generation
oxidized products may quickly react with NOx and form the
less volatile NOx

+
org-containing compounds that partition into

the particle phase. Later on, the photooxidation reaction led to
formation of more oxygen-containing products, like carbonyl
and carboxylic acid, peroxides, or ester functional groups,
condensing onto particles, thus the overall RON decreased
while contribution of oxygenated fragments, especially
carboxylic acids/peroxides/or ester (m/z = 44) increased
(Figure S4). Under dry conditions, RON in NH3-free
conditions decreased from ∼18% and stabilized at ∼10%,
while RON under high-NH3 conditions decreased from 30%
and reached 20% at the end of the experiment. Although
organonitrates and nitroorganics formation under high-NH3
conditions might not have reached steady state due to the
relatively short experimental time, RON values under high-NH3
conditions were higher than RON from low-NH3 experiments at
similar oxidation times. The lower VOC concentration in the
high-NH3 dry experiment (up to 3−4 times lower than NH3-
free dry experiments) could be the main reason causing this
result. Previous studies showed that the extent of RO2 + RO2
reactions (leading to formation of hydroperoxides and other
oxygenated products), RO2 + NO/NO2 reactions (leading to
organonitrate formation), and R + NO2 reactions (leading to
nitroorganic formation) vary greatly under different NOx
regimes and with different RO2 species.72,73 We believe that
the low VOC concentration may have reduced the relative
occurrence of the RO2 + RO2 reactions compared to RO2 +
NO/NO2 and R + NO2, leading to a higher RON. Regardless of
the actual value of RON, given the opposing trends of RON and

MACorg with respect to oxidation time, organonitrate and
nitroorganic formation may not be the only factor influencing
the SOA optical properties. Below we discuss two other
potential contributing factors.
Unlike the observations from H2O2-derived OH oxidation

experiments described above, a prominent increase (∼2%) of
some N-containing fragments (including CHN+, CH4N

+, and
C2H2N

+) was observed when comparing the normalized HR
organic mass spectra under no-NH3 versus high-NH3
conditions (Figures S5 and S6), indicating that NH3
participated in the chemistry that led to the formation of
NOCs. Chen et al. also observed the enhanced concentration
of some N-containing fragments from the photooxidation of
gasoline in the presence of NH3.

38 Among the ions that
showed significant increase with the addition of NH3,
concentration of the fragment C2H2N

+ continuously increased
during the experiment in the presence of NH3 (Figure 4);
however, this increasing trend was not observed in the absence
of NH3. This observation along with the increasing MACorg
suggest that in the presence of high-NOx and high-NH3,
C2H2N

+ is a reliable marker for the formation of NOCs from
the reaction between NH3 and carbonyls that leads to
increased SOA absorption at 375 nm.
Another observation that is unique under the high-NOx

conditions is related to the aromatic content of the SOA. Chen
et al. and Kautzman et al. reported that phthalic acid is a major
PAH photooxidation product under both low- and high-NOx
conditions, and the fragment at m/z = 76 (C6H4

+) is expected
to appear as a significant ion fragment from this compound in
the mAMS organic mass spectra.30,74 Our analysis confirmed
the presence of C6H4

+ in this system, and the concentration of
C6H4

+ relative to total organics concentration increased
significantly under high-NOx high-NH3 conditions, while in
other experiments, this fraction remained constant (Figure S7).
Based on these observations, we propose that in the presence
of high-NOx and high-NH3, the formation of phthalic acid was
promoted during the latter stages of photooxidation reaction,
while under intermediate-NOx and low-NH3 conditions, the
concentration of phthalic acid relative to measured organics
was unchanged during the experiment. Additionally, Lambe et
al. and Liu et al. reported that the conjugated double bonds
retained in photooxidation products from aromatic precursors
are potentially significant contributors to the formation of
chromophore in the resulting SOA.10,27 Given the different

Figure 4. Time evolution of OA and C2H2N
+ concentration (μg m−3) from mAMS from (a) 1-MN high-NOx high-NH3 dry experiment and (b) 1-

MN high-NOx high-NH3 humid experiment.
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trends but similar final values of C6H4
+ fraction from different

experiments (Figure S7), we propose that although C6H4
+-

containing conjugated double bonds may have contributed to
the resulting SOA’s absorption, it is not the most important
contributor to absorption and it did not contribute significantly
to the increase of MACorg with time in this system.
3.3.2. Effect of RH under High-NH3 Conditions. Similar to

H2O2 experimental results, SSA from high-NH3 high-NOx
conditions under two different RHs also varied significantly
considering the uncertainties in SSA (0.68−0.73 vs 0.78 for
humid and dry conditions, respectively). However, the MACorg
and korg values under the different RH conditions were similar
(MACorg ≈ 0.69−0.70 m2 g−1, korg = 0.024−0.026 under
humid conditions; MACorg ≈ 0.67 m2 g−1, korg = 0.020 under
dry conditions). One possible explanation for the apparent
difference in the SSA versus MACorg (or korg) trends with RH
is the influence of the purely scattering inorganic components
of the aerosols. The fraction of purely scattering inorganic
compounds was higher under dry conditions (20%) than
humid conditions (5%); thus, the scattering inorganic
compounds “diluted” the effect of the absorbing organic
compounds, leading to a higher SSA under dry conditions.
However, when the contribution of the inorganic components
was taken into account and MACorg and korg were calculated,
similar MACorg and korg values were determined under different
RH conditions.
Hydrolysis is an important pathway for losses of organo-

nitrate in SOA. Our results showed a significantly lower RON
under humid conditions compared to dry runs (Figure 3). This
is consistent with the findings by Liu et al., where 50% RH in
the chamber was found to significantly decrease fractional
contribution of organonitrates to OA relative to drier
conditions, although hydrolysis lifetime of organonitrate
species in 1-MN SOA of the current study may be different
from that of 1,2,4-trimethylbenzene SOA that Liu et al.
studied.13 Our optical measurement and composition analysis
show that NOx

+
org-containing compounds alone did not

control the optical properties of organic compounds in
aerosols under different RHs here.
Similar to the results from dry, high-NH3, high-NOx

experiments, our mAMS HR analysis from humid experiments
in the presence of NH3 also show the formation of ions
corresponding to NOCs, and the concentration of [C2H2N

+]
increased as the experiments went on (Figure 4b). In general,
[C2H2N

+] in humid experiments was higher than in dry
experiments, and the mass ratio of C2H2N

+ to organics under
humid conditions was double the fraction under dry conditions
toward the end of the experiment (0.5 vs 0.2%). Moreover, the
rate of C2H2N

+ production was faster under higher humidity
(∼32.4 ng m−3 s−1) compared to low-humidity runs (∼20.4 ng
m−3 s−1), indicating that in the presence of water vapor, NH3−
carbonyl reactions may have produced the imines at a faster
rate. One possible explanation for this observation is that the
carbonyl−ammonia reactions could have occurred more
efficiently in aqueous phase under higher RH.3,32,33,44,75

Alternatively, increased RH could have suppressed aldol
condensation reactions,39,41,76 leading to higher concentrations
of gas-phase carbonyl compounds and therefore a higher
potential for imine formation. Considering the similar MACorg
values but different chemical characteristics (RON and NOCs)
between dry and humid conditions (both at high-NOx, high-
NH3), we can infer that the lower contribution from ON to
total OA absorption under humid conditions was balanced out

by the higher contribution from NOC to total OA under
humid conditions. These findings and comparisons illustrate
that we can relate C2H2N

+ concentrations with MACorg in this
system and confirm that C2H2N

+ is a valid marker for
chromophoric NOCs in such systems. However, the overall
absorption of OA in this system was determined by both ON
and NOC in aerosols.
Similar to high-NOx dry experiments, under humid

conditions, we also observed the increasing trend of the
fraction of [C6H4

+] with photooxidation reaction time (Figure
S7). The increasing rate and final fraction of [C6H4

+] under
humid conditions are similar to those observed under dry high-
NOx high-NH3 conditions, indicating that humidity did not
influence the formation of phthalic acid or C6H4

+-containing
species in the SOA of this system.

4. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

This study provides new insights into the formation of
secondary BrC involving photooxidation reaction products of a
biogenic and an aromatic hydrocarbon and NH3. The
formation of secondary BrC in the atmosphere is significant
for it may potentially increase the current estimates of radiative
forcing by SOA,77,78 thus changing our understanding of the
relationships between aerosols and climate change. The
knowledge of secondary BrC formation in ambient environ-
ment is limited. Significant increases in MACorg (and korg) of 1-
MN SOA formed in the presence of NH3 to values close to
those of ambient biomass burning aerosol (∼0.1−0.7 m2

g−1)3,4 indicate that without considering the presence of
reduced nitrogen species (i.e., NH3) and their effects on SOA
composition, a significant bias in optical properties of
secondary BrC may be introduced.
Based on our results, the presence of NH3 contributes to

formation of SOA BrC from photooxidation of a PAH. Humid
conditions (∼40% RH) and high concentration of NOx in the
atmosphere also increase the light absorbing ability of the
resulting SOA. The most likely impacted areas by this pathway
are air masses impacted by biomass burning, which typically
include high concentrations of aromatic VOCs, NH3, and NOx
close to the source.79−85 Equally important yet understudied
are urban areas where aromatic VOCs, NH3, and NOx are also
abundant.86,87 For example, the measured aromatic VOCs at
roadsides may reach several ppbv to tens of ppbv for different
species,88,89 while the mixing ratios of NH3 and NOx are
several ppbv to hundreds of ppbv depending on the time and
location.87,90 Future urban ambient studies focused on
isolating and quantifying the contribution of NH3-driven BrC
to total BrC will be valuable. Given the high degree of
fragmentation in mAMS, such studies benefit from detailed
compositional analysis by soft ionization techniques similar to
what has been carried out for investigating BrC in biomass
burning emissions.91
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