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A laboratory study was carried out to investigate the chemical composition of aged aromatic sec-
ondary organic aerosol (SOA) formed from the photoxidation of p-xylene in the presence of
ammonia (NH3). The experiments were conducted by irradiating p-xylene/CH3ONO/NH3 air mix-
tures without and with NO in a home-made smog chamber. The particulate products of aged p-
xylene SOA in the presence of NH3 were measured by UV–vis spectrophotometry, attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, and aerosol laser time-of-flight
mass spectrometry (ALTOFMS) coupled with the fuzzy C-means (FCM) clustering algorithm.
The experimental results show that NH3 does not alter the gas–particle partitioning in the photoxi-
dation of p-xylene without NO and that 2,5-dimethylphenol is the predominant NH3-aged p-
xylene SOA without NO. However, NH3 has a significant promotional effect on the formation of
organonitrogen compounds in the OH-initiated oxidation of p-xylene with NO. Organic ammo-
nium salts such as ammonium glyoxylate and p-methyl ammonium benzoate, which are formed
from NH3 reactions with gaseous organic acids, were detected as the major particulate organoni-
trogen products of NH3-aged p-xylene SOA with NO. 1H-Imidazole, 4-methyl-1H-imidazole, and
other imidazole products of the heterogeneous reactions between NH3 and dialdehydes of p-xylene
SOA were newly measured. The possible reaction mechanisms leading to these organonitrogen
products are also discussed and proposed. The formation of imidazole products suggests that some
ambient particles containing organonitrogen compounds may be the result of this mechanism. The
results of this study may provide valuable information for discussing anthropogenic SOA aging
mechanisms.

Keywords: p-Xylene; Secondary organic aerosol; Ammonia; Organonitrogen compounds; Aging
mechanisms.

INTRODUCTION
p-Xylene and other monocyclic aromatic hydro-

carbons emitted from motor vehicles are the main vola-
tile organic compounds (VOCs) in the urban
atmosphere.1,2 After being released into the atmo-
sphere, p-xylene can be easily attacked by OH radicals,
generating nonvolatile and semivolatile organic com-
pounds, which can result in secondary organic aerosol
(SOA) formation via either a self-nucleation process or

gas/particle partitioning on pre-existing particulate

matter.1–3 SOA in the atmosphere can have a lifetime

of about 1 week,4,5 during which they can age via the

reaction with ammonia (NH3), nitrogen oxides (NOx),

and other reduced nitrogen substances, leading to the

formation of organonitrogen compounds of brown

carbon,6–8 which absorb radiation efficiently in the

near-UV (300–400 nm) and short wavelengths of the
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visible range,9 and are an important contributor to radi-
ative forcing.9–11

Ammonia (NH3) from livestock waste, fertilizers,
gasoline vehicles, and other non-agricultural sources is
the primary alkaline polluting gas commonly found in
the atmosphere.12,13 Field measurement have shown the
background level concentration of NH3 is less than
500 ppt in remote areas whereas it reaches a few ppm
in the urban ammosphere.14,15 Previous studies have
shown that NH3 plays an important role in the aging of
SOA particles. SOA particles formed from the OH- and
O3-initiated oxidation of anthropogenic and biogenic
precursors and exposed to NH3 were studied by
Updyke et al.,6 who measured the highest mass absorp-
tion coefficients (MACs) of SOA from limonene and
sesquiterpenes ozonolysis and matched them with the
MAC values of biomass burning particles. The complex
refractive indices (RIs) of brown carbon from biogenic
SOA aged with NH3 were measured by Flores et al.7

with broadband cavity-enhanced spectroscopy. The
obtained real component (n) of the NH3-aged biogenic
SOA did not change significantly, but the imaginary
part (k) increased from k = 0.000 to k = 0.030 for the
NH3-aged limonene and α-humulene SOA. Also, the
formation of particulate nitrogen-containing organic
products during the photoxidation of m-xylene and ozo-
nolysis of α-pinene with NH3 were studied by Liu
et al.8 A number of organonitrogen fragments were
observed, which were in accordance with the reactions
between NH3 and the carbonyl constituents of SOA.

The above experiments mainly focused on the
measurement of the optical parameters (MAC, RI) of
the NH3-aged biogenic SOA. However, the chemical
constituents of organonitrogen products of brown car-
bon were not considered in detail in these reports. Our
group has used aerosol laser time-of-flight mass spec-
trometry (ALTOFMS) to measure the p-xylene SOA
particles in real time and detected aromatic aldehydes,
unsaturated dicarbonys, hydroxyl dicarbonys, organic
acids, and oligomers.16 Recently, a fuzzy C-means
(FCM) algorithm was developed by our group to clas-
sify the mass spectra of a large number of particles. Pre-
vious studies had shown that the real-time ALTOFMS
detection approach coupled with the FCM algorithm
data processing could successfully carry out the cluster
analysis of aromatic SOA.17,18 On this basis, the chemi-
cal constituents of particulate products of aged p-xylene

SOA in the presence of NH3 without and with NO were
measured with UV–vis spectrophotometry, attenuated
total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy, and ALTOFMS coupled with the
FCM algorithm. The reaction mechanisms leading to
the organonitrogen products of brown carbon are also
proposed and discussed in this paper.

EXPERIMENTAL
Smog chamber experiment of p-xylene SOA aging

The formation and aging of p-xylene SOA were
carried out in an 850-L smog chamber equipped with
black lamps, similar to the procedure described
previously.16–18 It is worth pointing out that NO emit-
ted from vehicle emissions is the major nitrogen oxide
pollutant in the urban atmosphere.19 It can participate
in the photochemical processes of VOCs, leading to the
formation of ozone and SOA.20,21 The rapid develop-
ment of China’s economy and the increasing number of
vehicles result in an urban atmosphere containing high
concentrations of NOx.

22 In order to simulate the atmo-
sphere of a Chinese city, NO was added in the current
study. After flushing the smog chamber, p-xylene, NO,
CH3ONO, and NH3 were introduced into the chamber,
which was then filled with purified air to the full vol-
ume. The concentration of p-xylene and CH3ONO was
fixed as 2.0 and 20.0 ppm, respectively. The effects of
NH3 on the particulate products of aged p-xylene SOA
without NO and with 2.0 ppm NO were investigated.
In each case, seven experiments were designed with
NH3 absent or present in the concentration of 2, 4,
8, 12, 16, and 20 ppm, respectively. In all experiments,
the relative humidity and temperature in the chamber
were maintained at about 25 � 2% and 300 � 2 K,
respectively. The OH radicals were formed from the
irradiation of CH3ONO using four black lamps.23 Each
experiment was repeated three times in parallel, twice
for collecting the aged particles for offline analysis with
UV–vis and ATR-FTIR spectrometry after 8 h of
photoxidation, and once for online analysis with
ALTOFMS coupled with the FCM clustering
algorithm.

Chemical characterization with UV–vis and ATR-FTIR
After 8 h of photoxidation, the aged p-xylene

SOA particles were collected on polytetrafluoroethylene
membrane filters (Sigma-Aldrich, 47 mm, 0.20 μm pore
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size) at 3 L/min for 2 h. The constituents of the filtered
aged particles were extracted into 5 mL of 2%
methanol–water solution under 30 min sonication for
offline measurements. A double beam UV–vis spectro-
photometer (UV-6100S, Mapada Instruments) was used
to measure the absorbance of the extracts from 200 to
600 nm. The spectrophotometer was blanked using a 1-
cm quartz curvette filled with 2% methanol–water solu-
tion. Since the extracts were in the form of solutions,
they could not be measured by a conventional infrared
spectrometer equipped with a KBr beamsplitter. The
infrared spectra of the extracts were recorded on an
ATR-FTIR (Thermo Nicolet iS 10, Thermo Fisher Sci-
entific) spectrometer equipped with a DTGS detector,
which could be used for the determination of solution
samples directly. ATR-FTIR was performed in the
auto-gain mode, and data were obtained between 4000
and 400 cm−1 with a resolution of 2 cm−1.

ALTOFMS measurements of aged p-xylene SOA
The aged p-xylene SOA particles were measured

by ALTOFMS coupled with the FCM clustering algo-
rithm in real time. The aged SOA particles were trans-
ferred into the ALTOFMS instrument via an
aerodynamic lens and allowed into the sizing system for
velocity/size determination and chemical component
analysis system sequentially. The particles with mea-
sured diameters were ionized by a 248-nm pulsed exci-
mer KrF laser. Although an ultraviolet laser pulse is
often used to ionize material from the particle, the laser
desorption ionization (LDI) mechanism is not fully
understood. It is generally believed that, upon absorp-
tion of the laser pulses, the particle is heated rapidly,
desorbing and ionizing individual molecules from the
particle. As proposed by Reinard and Johnston,24 ion
formation occurs by a two-stage process. In the first
stage, photoionization of laser-desorbed neutrals gives
rise to cations and free electrons. In the second stage,
collisions in the plume cause electron capture and com-
petitive charge transfer. It has been demonstrated that
ALTOFMS can be successfully applied to measure
organic aerosol particles.25 Silva and Prather26 have
used ALTOFMS with a Nd:YAG laser operating at
266 nm to analyze organic compounds containing a
variety of functional groups, including polycyclic aro-
matic hydrocarbons, heterocyclic analogs, aromatic
oxygenated compounds, aliphatic dicarboxylic acids,

and reduced nitrogen species. They found that the posi-
tive ion mass spectra of organic compounds are similar
to those found in libraries of 70-eV electron impact
mass spectrometry in many cases, indicating that most
organic compounds can be desorbed and ionized by the
ultraviolet laser pulse. As the photon energy of the 248-
nm pulsed excimer KrF laser used in this study is
greater than that of the Nd:YAG laser used by Silva
and Prather, we were confident that most organic com-
ponents of the aged p-xylene SOA could be ionized.
The formed ions were analyzed in a linear time-of-flight
mass spectrometer. The acquired mass spectra of parti-
cles were calibrated with well-known ions for the
recorded mass spectra and converted into a normalized
300-point vector. The data vectors of all the particles
measured were written into a classification matrix. Each
spectrum’s data was stored as one row in this matrix.
Then, the mass spectra of individual particles were fur-
ther handled by the FCM algorithm, as described in
detail in our previous studies.17,18

RESULTS AND DISCUSSION
Effect of NH3 on the particulate products of aged
p-xylene SOA without NO

The influence of NH3 on the particulate products
of aged p-xylene SOA in the absence of NO was studied
first to obtain a reference for comparison. Figure 1
shows the UV–vis spectra of the extracts of aged p-
xylene SOA in the absence and in presence of 20 ppm
NH3 without NO. These spectra, which have a strong
absorption band at 216 nm and a weak absorption peak
at 274 nm, are similar to the UV–vis spectra of the phe-
nol solution obtained by Seftel et al.27 As proposed by
Seftel et al.,27 the absorption band at 210–220 nm corre-
sponds to the E2 band of the benzene ring, which is due
to the π!π* transition of three ethylene cyclic conju-
gated systems, and the absorption band at 270 nm,
which is due to the overlap of the π!π* transition and
the vibration of the phenol, is the characteristic absorp-
tion peak of phenol. Compared to the absorption band
at 270 nm of the phenol solution, the absorption peak at
274 nm of the extract of aged p-xylene SOA without
NO and NH3 is red-shifted slightly by about 4 nm.

According to the reaction mechanism proposed by
Atkinson et al.,28 OH-initiated reaction with p-xylene
results in a minor hydrogen abstraction to form the
methylbenzyl radical and a major OH addition to the
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benzene ring to generate the dimethyl hydroxycyclohex-
adienyl radical. Under atmospheric conditions, the sub-
sequent reactions of these two radicals with O2 and NO
lead to the formation of the 2,5-dimethylphenol, p-
tolualdehyde, glyoxal, methylglyoxal, and other car-
bonyl products, as shown in Figure 2. As can be seen
from the Figure 2, NO plays a decisive role in the con-
version of the peroxy radicals to alkoxy radicals, which
can further crack or react with O2 to produce aldehyde
products. Thus, in the photoxidation of p-xylene with-
out NO, the reaction channels leading to the formation
of carbonyl products are hindered, and the dimethyl
hydroxycyclohexadienyl radical reacting with O2 is the
predominant path, indicating that 2,5-dimethylphenol is
the major product of aged p-xylene SOA in the absence
of NO and NH3. It is obvious that the hydrogen of the
benzene ring is substituted by the methyl group, causing
the red shift of the absorption peak of 274 nm, as dis-
played in Figure 1. The phenolic product was further
confirmed by the mass spectrum of aged p-xylene
SOA particles without NO and NH3 obtained by
ALTOFMS. The average mass spectrum of 100 raw
spectra of aerosol particles shown in Figure 3 is domi-
nated by the characteristic cleavage fragments of pheno-
lic compounds at m/z 93 (C6H5O

+) and of the benzene
ion and its fragment ion peaks at m/z 77 (C6H5

+),
65 (C5H5

+), 52 (C4H4+), 39 (C3H3
+), and 28 (C2H4

+).
It is worth noting that the UV–vis spectrum of the

extract of aged p-xylene SOA in the presence of 20 ppm

NH3 is similar to that of 0 ppm NH3. Also, the absor-
bance at 274 nm (corresponding to the content of 2,5-
dimethylphenol in aged p-xylene SOA) of the extract of
aged p-xylene SOA in the absence of NO at different
concentrations of NH3 displayed in Figure 4 is nearly
identical, suggesting that 2,5-dimethylphenol is the pre-
dominant aging product in each case, and NH3 does
not alter the molecular component of aged p-xylene
SOA in the absence of NO. This is probably due to the
fact that NH3 cannot interact with 2,5-dimethylphenol
formed from p-xylene reaction with OH radicals and
O2. Thus, NH3 does not alter the gas–particle partition-
ing in the photoxidation of p-xylene without NO and
cannot affect the chemical constituents of aged p-xylene
SOA without NO.

Size distribution of NH3-aged p-xylene SOA particles
with NO

The diameter and constitution of a single aged p-
xylene SOA particle could be measured simultaneously
using ALTOFMS. Because of the large variation of the
individual aerosol diameters, the size distribution was
determined statistically. As displayed in Figure 5, the
aged p-xylene SOA particles in the presence of 20 ppm
NH3 with NO are predominant in the form of fine par-
ticles, with most of these aged particles being of
~600–1200 nm. It has been shown that these fine parti-
cles easily deposit in the alveoli and seriously affect
human health.29 The constituents of NH3-aged p-xylene
SOA with NO are discussed in the following sections.

UV–vis and IR spectra of NH3-aged p-xylene SOA
with NO

Figure 6 displays the typical UV–vis spectra of the
extracts of aged p-xylene SOA in the presence of 0 and
20 ppm NH3 with NO, respectively. From the UV–vis
spectra in the range 200–600 nm, it can be observed
that NH3-aged p-xylene SOA particles with NO absorb
light at wavelengths <300 nm but have negligible
absorption in the visible range (300–600 nm). Our
results are consistent with those of Li et al.,30 who have
studied the optical properties of SOA particles from the
photoxidation of aromatic compounds and have found
that aromatic SOA particles have no obvious absorp-
tion in the visible range. However, the UV–vis spectrum
of aged p-xylene SOA in the presence of NO but with-
out NH3 has a distinct absorption signal at 205 nm.

Fig. 1. UV–vis spectra of extract of aged p-xylene
SOA in the presence of 0 and 20 ppm NH3

without NO.
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This spectral characteristic matches the light absorption
property of a carboxyl compound,31 indicating that car-
boxyl compounds are the major constituents of aged p-
xylene SOA particles in the presence of NO without
NH3. In fact, carboxylic acids such as oxalic acid, p-
toluic acid, and 2-methyl-4-hydroxy-5-oxo-2-hexaenoic
acid have already been shown to be major products in
aged p-xylene SOA with NO.16 Also, carboxylic acids

were further confirmed by the infrared spectra of the fil-
ter extract of aged p-xylene SOA in the presence of NO
without NH3, as illustrated in Figure 7. The broad
peaks near 3255 and 1643 cm−1 were assigned to O─H
and unconjugated C═O stretching of carboxyl groups,
respectively. The peak at 1055 cm−1 could be attributed
to the O─H bending vibrations and C─O stretching of
carboxyl groups.32 These peaks lead to the conclusion

Fig. 2. Proposed reaction mechanism for the OH-initiated oxidation of p-xylene.

Fig. 3. Average mass spectrum of 100 raw spectra of
aged p-xylene SOA without NO and NH3.

Fig. 4. Absorbance at 274 nm of the filter extract of
aged p-xylene SOA at different concentra-
tions of NH3 without NO.
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that the major products of aged p-xylene SOA particles
in the presence of NO without NH3 are carboxylic
acids.

Besides the absorption band at 205 nm, there is an
additional absorption signal at 280 nm in the UV–vis
spectra of extract of aged p-xylene SOA with 20 ppm
NH3 and 2.0 ppm NO. It can be seen from Figure 6
that the intensity of the 205 nm absorption peak in the
UV–vis spectrum of the extract of aged p-xylene SOA
in the presence of NO with 20 ppm NH3 is stronger
than that of 0 ppm NH3, indicating that the content of

carboxyl compounds of aged p-xylene SOA with NH3

is higher than that of aged SOA without NH3. This
result provides further evidence that NH3 can react with
gaseous organic acids, generating carboxylates as sug-
gested by Na et al.33 The emergence of the absorption
peak at 280 nm indicates the formation of new products
in aged p-xylene SOA with NH3 and NO. This band
was also observed in evaporating droplets containing
glyoxal and (NH4)2SO4 conducted by Lee et al.34 and
in previous bulk studies35,36 using solute concentrations
of glyoxal and (NH4)2SO4 at the molar level. The
potential chromophores were likely imidazole com-
pounds, such as imidazole and imidazole-2-carbalde-
hyde, which were formed from the reactions between
NH3 and carbonyl-containing SOA. Although carboxyl
compounds, whose IR absorbance bands shown in
Figure 8 (for the aged p-xylene SOA with 20 ppm NH3

and 2.0 ppm NO) appear at 1649 cm−1 for the stretch-
ing of C═O, 1087 cm−1 for the bending vibration of
O─H, and stretching of C─O were observed, the nota-
ble peaks appear at 1518 cm−1 for bending of N─H,
1743–1698 cm−1 for stretching of N═C, and 1457 cm−1

for stretching of C─N,8 confirming that the 280 nm
chromophores correspond to imidazole compounds.
Also, the observed ALTOFMS fragments of CH2N

+

(m/z 28), C2H3N
+ (m/z 41), and C3H3N2

+ (m/z 67) in
the next section indicate that imidazole compounds
were formed in the aged p-xylene SOA with NH3

and NO.

Mass spectra of NH3-aged p-xylene SOA with NO
The particulate products of aged p-xylene SOA

with NO in the absence of NH3 were already measured
by ALTOFMS in our previous study.16 In addition to
the oligomeric components, the mass spectra of aged
p-xylene SOA in the presence of NO without NH3 con-
tained the fragment peaks of m/z 30 (NO+),
43 (CH3CO

+), 44 (CO2
+), and 46 (NO2

+), indicating
that carbonyl compounds (glyoxal, methylglyoxal,
3-hexene-2,5-dione, 2-furaldehyde, p-tolualdehyde, 3-
methyl-6-oxo-2,4-heptadieneal, 2-methyl-5-hydroxy-4,
6-dioxo-2-hepteneal), caroboxylic acid (oxalic acid,
p-toluic acid, 2-methyl-4-hydroxy-5-oxo-2-hexaenoic
acid), and nitrogen-containing organic compounds
(2-nitro-p-xylene, p-methylbenzyl nitrate) are major
products in aged p-xylene SOA in the presence of NO
without NH3.

16

Fig. 5. Size distribution of aged p-xylene SOA parti-
cles in the presence of 20 ppm NH3 and
2.0 ppm NO detected by ALTOFMS.

Fig. 6. UV–vis spectra of extract of aged p-xylene
SOA in the presence of 0 and 20 ppm NH3

with NO.
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About 6500 single-particle mass spectra of aged p-
xylene SOA in the presence of 20 ppm NH3 and
2.0 ppm NO were selected to extract potential aerosol

with the FCM algorithm. The Davies–Bouldin index
shown in Figure 9 has the minimum value at n = 14,
indicating that the aged p-xylene SOA particles in the

Fig. 7. Infrared spectra of the filter extract of aged p-xylene SOA in the presence of NO without NH3.

Fig. 8. Infrared spectra of the filter extract of aged p-xylene SOA in the presence of 20 ppm NH3 and 2.0 ppm NO.

Xu et al.Article

584 www.jccs.wiley-vch.de J. Chin. Chem. Soc. 2018, 65, 578–590© 2018 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



presence of 20 ppm NH3 and 2.0 ppm NO can be clus-
tered into 14 classes. The ion signals of m/z 18 (NH4

+)
and m/z 44 (CO2

+) were found in the mass spectral pat-
tern of Class 1–6 of aged p-xylene SOA in the presence
of 20 ppm NH3 and 2.0 ppm NO as shown in
Figure 10, demonstrating that organic ammonium car-
boxylates are the major products in the NH3-aged
p-xylene SOA with NO. Glyoxal, methyl glyoxal, p-
tolualdehyde, 2-methyl-4-hydroxy-5-oxo-2-hexenal, and
2-methyl-6-oxo-2,4-heptadieneal are the major gaseous
aldehyde products from the OH-initiated photoxidation
of p-xylene.16,37,38 As depicted in Figure 11, the OH
radical abstracts a hydrogen atom from the carbonyl
group of glyoxal, and an oxygen molecule adds to the
radical. The formed peroxy radical can react with the
HO2 radical to form ozone and glyoxylic acid17,39. The
acid–base neutralization reaction between gaseous
glyoxylic acid and the added NH3 form condensable
ammonium glyoxylate (Class 1, molecular ion peak at
m/z 91). Also, glyoxylic acid can further react with the
OH radical, oxygen molecule, and HO2 radical to
generate oxalic acid, which further reacts with NH3 to
generate ammonium hydrogen oxalate (Class 3, molecu-
lar ion peak at m/z 107). Similarly, methylglyoxal,
p-tolualdehyde, 2-methyl-4-hydroxy-5-oxo-2-hexenal,
and 2-methyl-6-oxo-2,4-heptadieneal can be oxidized by
OH radical, oxygen molecule, and the HO2 radical to
yield methyl glyoxylic acid, p-methyl benzoic acid,

2-methyl-4-hydroxy-5-oxo-2-hexaenoic acid, and 2-methyl-
5-hydroxy-4,6-dioxo-2-heptennoic acid, respectively. These
carboxylic acids can interact with NH3, producing condens-
able ammonium methyl glyoxylate (Class 2, molecular ion
peak at m/z 105), p-methyl ammonium benzoate (Class
4, molecular ion peak at m/z 153), ammonium 2-methyl-4-
hydroxy-5-oxo-2-hexaenoiclate (Class 5, molecular ion
peak at m/z 175), and ammonium 2-methyl-5-hydroxy-4,6-
dioxo-2-heptennoiclate (Class 6, molecular ion peak at m/z
203), respectively.

As displayed in Figure 10, N-containing fragments
appear in the mass pattern of Class 8–14 of aged p-
xylene SOA in the presence of 20 ppm NH3 and
2.0 ppm NO. Strong peaks belonging to the CxHyNn

dominate the spectrum at m/z 28 (CH2N
+),

41 (C2H3N
+), and 67 (C3H3N2

+), demonstrating that
imidazole species are formed in the NH3-aged p-xylene
SOA with NO.17,18 These results are in accordance with
those of previous studies, which found a notable
increase in the fraction of organonitrogen compounds
for aged α-pinene SOA7 and m-xylene SOA with NH3.

8

It is well known that α-dicarbonyls such as glyxoxal
and methylglyxoxal are the major particulate products
from the photoxidation of p-xylene.16,37,38 According to
the experimental results of Liu et al.8 and Zhang
et al.,40 heterogeneous reactions of NH3 with carbonyl
compounds in SOA lead to the generation of imidazole
products after the NH3 uptake onto the SOA. As
shown in Figure 12, α-dicarbonyls are protonated by
hydrogen ions from organic acid products and hydro-
lyzed by the diol product (1) and the tetrol product (2)
formation subsequently. Also, the protonated
α-dicarbonyls can be attacked by NH3 followed by the
loss of H2O and H+ ion, producing the diimine product
(3). The diimine (3) reacts with the tetrol product (2) to
produce (4) via the dehydration reaction of hydrogen
atom of amido of (3) and the OH of (2). Compound (4)
is unstable, the lone pair electrons of N atom could
nucleophilically attack the C atom, leading to the for-
mation of (5) after dehydration. Compound (5) pro-
duces formic acid (or acetic acid) and 1H-imidazole
(Class 7, molecular ion peak at m/z 67) or 4-methyl-1H-
imidazole (Class 8, molecular ion peak at m/z 82))
through electronic rearrangement and the fracture
dehydration reaction. In addition, (5) can also undergo
electron rearrangement, as shown in Figure 12, to form
(6), which can be dehydrated to generate imidazole-2-

Fig. 9. Clustering number evaluated using the
Davies–Bouldin index for aged p-xylene
SOA particles with 20 ppm NH3 and
2.0 ppm NO.
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Fig. 10. Representative spectral patterns of aged p-xylene SOA particles in the presence of 20 ppm NH3 and 2.0 ppm
NO as determined by FCM.
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carbaldehyde (Class 9, molecular ion peak at m/z 96) or
4-methyl-imidazole-2-acetaldehyde (Class 10, molecular
ion peak at m/z 124). The formed 1H-imidazole (or 4-

methyl-1H-imidazole) can continue to react with (2) to
generate hydrated N-glyoxal-substituted 1H-imidazole
(Class 11, molecular ion peak at m/z 144) (or hydrated

Fig. 11. Proposed aging mechanism leading to the formation of ammonium carboxylates.

Fig. 12. Proposed aging mechanism leading to the formation of imidazole products (R═H for glyoxal and R═CH3 for
methylglyoxal).
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N-methylglyoxal-substituted 4-methyl-imidazole (Class
12, molecular ion peak at m/z 172)), and hydrated
glyoxal dimer-substituted imidazole (Class 13, molecular
ion peak at m/z 202) (or hydrated methylglyoxal dimer
substituted 4-methyl-imidazole (Class 14, molecular ion
peak at m/z 244)) after dehydration, respectively,32–34 as
depicted in Figure 12.

Effect of NH3 on the particulate products of aged
p-xylene SOA with NO

To investigate how NH3 affects the ammonium
carboxylates and imidazole products, the UV–vis spec-
tra of filter extracts of aged p-xylene SOA with NO at
different concentration of NH3 were measured. As
shown in Figure 13, the absorbance at 205 nm (corre-
sponding to the content of ammonium carboxylates in
aged p-xylene SOA) increases as the added NH3

increases from 0 to 20 ppm. However, the absorbance
of 205 nm remained almost constant as the concentra-
tion of NH3 exceeded 8 ppm, while the absorption peak
at 280 nm became discernable and its absorbance
increased gradually and reached a plateau after the con-
centration exceeded 16 ppm. Na et al.33 and Paciga
et al.41 studied the neutralization reaction between NH3

and gaseous organic acids, leading to the generation of
particle-phase organic ammonium salts. As reactions of
NH3 with carbonyls are usually acid-catalyzed,40 Liu
et al.8 suggested that the rates of gas-phase reactions
between NH3 and carbonyls are exceedingly slow as a

termolecular reaction would be necessary and heteroge-
neous reactions occur after NH3 absorbed onto SOA
contributes to particulate imidazole products.

Based on the experimental results above, the
effects of NH3 on the ammonium carboxylates and
imidazole products can be interpreted. In the gas-phase
reaction of organic acids and carbonyls from the photo-
xidation of p-xylene exposed to gaseous NH3, acid–base
neutralization reaction between gas-phase organic acids
and NH3 occurs first. The resulting organic ammonium
salts subsequently condense, leading to an increase of
organic ammonium in aged p-xylene SOA. When the
concentration of NH3 increases to a certain value
(8 ppm in this study), the gas-phase organic acids are
consumed completely, and the concentration of ammo-
nium carboxylates (corresponding to the absorbance of
205 nm) remains nearly constant even though the con-
centration of NH3 increases. Heterogeneous reactions
occur via the uptake of NH3 by p-xylene SOA when the
concentration of NH3 exceeds 8 ppm, facilitating the
formation of imidazole products as mentioned above. It
is not surprising that the concentration of imidazole
products (corresponding to the absorbance of 280 nm)
increases as the amount of the added NH3 increases
from 8 to 20 ppm. It is worth noting that the generation
of no additional imidazole products is observed as the
added NH3 exceeds 16 ppm. This is probably due to
the fact that the particulate carbonyls present in this
reaction, in terms of NH3, are consumed totally.

Fig. 13. Absorbance at (a) 205 nm and (b) 280 nm of the filter extract of aged p-xylene SOA with NO at different con-
centration of NH3.
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Compared to the experiments of Na et al.33 and
Liu et al.,8 this work has extended the concentration of
NH3 to 20 ppm, and the particulate products of NH3-
aged p-xylene SOA with NO measured by ALTOFMS,
UV–vis, and ATR-FTIR, further strengthening the sug-
gestion that NH3 can react with gaseous organic acids
generating condensable organic ammonium salts. Also,
1H-imidazole, 4-methyl-1H-imidazole, and their deriva-
tives, which were formed from the heterogeneous reac-
tions between NH3 and dialdehydes of SOA, were
newly detected. The results of this study also indicated
that imidazole derivatives could be formed via the
absorption of NH3 by fresh SOA particles, in contrast
to the experimental results of Bones et al.42 where orga-
nonitrogen products were found to form over several
days. These would provide valuable information on
anthropogenic SOA aging and new pathway for NH3

deposition.

CONCLUSIONS
Smog chamber experiments were performed to

investigate the chemical composition and reaction
mechanisms for NH3-aged p-xylene SOA in the absence
and presence of NO. The chemical constituents of aged
p-xylene SOA were measured by UV–vis, ATR-FTIR,
and ALTOFMS, which showed that NH3 does not alter
the molecular component of aged p-xylene SOA in the
absence of NO. Nevertheless, NH3 can react with gas-
eous organic acids, generating condensable organic
ammonium salts and enhancing SOA formation in the
presence of NO. 1H-Imidazole, 4-methyl-1H-imidazole,
and their derivatives formed from heterogeneous reac-
tions between NH3 and dialdehydes of p-xylene SOA
with NO were newly detected in this study. Imidazole
compounds from this mechanism may be a potential
source of ambient particle-associated nitrogen-
containing organic compounds. Also, imidazole com-
pounds have been regarded as an important kind of
brown carbon, which are considered to have a signifi-
cant role in climate radiative forcing.9 The absorption
properties of aged aromatic SOA need to be
investigated.
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