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ABSTRACT: Organic aerosols (OA) have gained attention as a
substantial component of atmospheric aerosols owing to their
impact on atmospheric visibility, climate, and human health.
Although oxygenated organic molecules (OOMs) are essential
contributors to OA formation, the sources, transformations, and
fates of the OOMs are not fully understood. Herein, anthropogenic
OOMs (AOOMs), anthropogenic volatile organic compounds
(AVOCs), and OA were concurrently measured in Xiamen, a
coastal city in southeastern China. Our results show that the
AOOMs exhibited a high nitrogen content (76%) and a low
oxidation degree. Strong photochemical processes of aromatic
VOCs were the predominant sources of AOOMs. Also, NOx
concentrations and the occurrence of multigeneration OH radical
oxidations were the critical factors that might influence the formation of AOOMs. Finally, the newly developed aerosol dynamic
model's results show that more than 35% of the OA mass growth rate is attributed to the gas−particle partitioning of AOOMs.
Further sensitivity testing demonstrates that the contribution of AOOMs to OA growth is significantly enhanced during high-
particulate-concentration periods, especially under low-temperature conditions. This study emphasizes the vital role of
photochemically produced AOOMs derived from AVOCs in OA growth in a coastal urban atmosphere.
KEYWORDS: oxygenated organic molecules (OOMs), gas−particle partitioning, multigeneration oxidation, aerosol dynamic model,
coastal city

1. INTRODUCTION
Atmospheric aerosols have emerged as an important concern
due to their ability to reduce atmospheric visibility, influence
local and global climates, and pose health risks to humans.1−4

Among these, organic aerosols (OA), comprising both primary
OA and secondary OA (SOA), make up a substantial fraction
(20−90%) of fine particulate matter (PM2.5).

5−7 In Chinese
megacities, SOA, formed through gas-to-particle conversion or
heterogeneous reactions, constitute 44−71% of OA during
haze events.8 Recent case studies in megacities of southern
China have demonstrated a considerable contribution of
oxygenated organic molecules (OOMs) to SOA formation.
Specifically, OOMs accounted for 70% of SOA formation in
Nanjing, whereas in Shanghai and Hong Kong, the
contributions reached 71 and 68% respectively.9 The OOMs
were defined as the gas-phase oxygen-containing organic
molecules formed during the atmospheric oxidation of volatile
organic compounds (VOCs) or evaporation process from
aerosols.10−13

A comprehensive understanding of atmospheric OOMs is
necessary to elucidate their sources, transformations, and fates.
The Nitrate Chemical Ionization Atmosphere-Pressure-inter-
face long-Time-of-Flight mass spectrometer (Nitrate-CI-APi-
TOF) has facilitated the detection of OOMs and provided
chemical composition information at the molecular level.14

Laboratory studies have explored the formation mechanisms of
OOMs in various oxidation systems using precursors such as
sesquiterpenes, isoprenes, monoterpenes, and aromatics.15−24

In addition to the traditional VOCs-to-OOMs mechanism,
applying novel theories such as autoxidation and multi-
generation oxidation has improved our understanding of the
OOMs oxidation process.13,22 Recent studies on OOMs in
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urban areas have found that anthropogenic OOMs (AOOMs),
generated by the oxidation of anthropogenic VOCs, contribute
dominantly to the growth of urban OA rather than OOMs
derived from biogenic VOCs.9,25 AOOMs consist of aromatic
and aliphatic OOMs, which are formed by the oxidation of
aromatic and aliphatic VOCs, respectively.
Despite their important role in the urban atmosphere, the

current knowledge of AOOMs remains limited. For instance,
previous studies have not adequately investigated the
precursors of AOOMs. Although laboratory experiments have
explored the atmospheric transformation of AVOCs into
AOOMs, the actual atmospheric conditions are often far more
complex. Moreover, research has indicated that the high levels
of radiation and temperature, which are characteristic of
coastal areas, may facilitate the formation of OOMs.25

Therefore, further investigations are necessary to fully
understand this phenomenon in the coastal urban atmosphere.
This study comprehensively investigated the molecular

composition of AOOMs, their potential precursors, and
partitioning to OA in urban Xiamen by deploying a set of
novel online instruments. The AOOMs were categorized into
aliphatic and aromatic OOMs, and the chemical characteristics
of each, as well as the factors influencing their formation, were
investigated. Furthermore, the connection between aromatic
OOMs and their precursors was depicted, and the source of

the precursors was identified. Finally, the contribution of
AOOMs to OA mass growth rate was modeled with a newly
developed Atmospherically Relevant Chemistry and Aerosol
box model (ARCA Box), which applies the analytical predictor
of the condensation method to simulate the dynamic
condensation/evaporation processes.26,27 Sensitivity tests of
the parameters affecting the contribution were also performed.

2. MATERIALS AND METHODS
2.1. Field Measurement and Instrumentation. The

field measurements were conducted at the Institute of Urban
Environment (IUE, 24.61°N, 118.06°E, Figure S1), Chinese
Academy of Sciences, in Xiamen City, Southeast China. The
atmospheric environment observation supersite, located at this
institute and approximately 80 m above ground level, was
selected as the sampling site. This site is close to major traffic
arteries with high traffic volumes, commercial properties, and
residential areas, making it representative of a typical urban
environment.28

The Nitrate-CI-APi-TOF (Aerodyne Research Inc., USA,
and Tofwerk AG, Switzerland) was deployed to detect the
OOMs.14 The calibration of OOMs is based on the calibration
coefficients of sulfuric acid after mass transmission correction,
which is the preferred method in the current study of
OOMs.28,29 Details of instrument setup, calibration, and

Figure 1. (a) Time series of meteorological parameters, gaseous pollutants, VOCs, gaseous AOOMs, and OA (in PM1) in the sampling period. (b)
AOOMs concentrations dependent on temperature from 24 to 42 °C during the sampling period. The spots are colored by j(O1D), measured in
units of 10−5 s−1. The concentration of AOOMs at different temperature ranges is presented by using box plots additionally. In a box plot, the
central line represents the median and the box represents the interquartile range (IQR), with the upper and lower limits indicating the upper and
lower quartiles, respectively. As the temperature increases, the concentration of AOOMs rises, and high concentrations of AOOMs tend to occur at
times of high radiation intensity. (c) AOOMs concentrations depend on the temperature at various lower tropospheric sites. Square and circle
markers represent urban and suburban areas, respectively.
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uncertainty analysis of OOMs concentrations are given in Text
S1. On the basis of the current knowledge of VOCs oxidation,
a recently developed workflow was utilized to attribute these
OOMs to their likely VOCs precursor classes, including
aliphatics, aromatics, isoprenes, and monoterpenes.9 The
details of the workflow and uncertainty analysis for the
classification of the sources of the OOMs are introduced in
Text S2. Text S3 presents the details of measurements on
PM2.5, gaseous pollutants, particle size distribution, and VOCs,
whereas Text S4 describes the details of OA measurement by
the Aerosol Chemical Speciation Monitor (ACSM, Aerodyne
Research Inc., USA).
2.2. Volatility Distribution of OOM. The saturation

concentrations of OOMs are predominantly influenced by
their functional groups.30 The functional groups of aliphatic
OOMs and aromatic OOMs are mainly hydroxyl, nitrate, and
carbonyl groups, whereas hydroperoxide groups are minimal.24

The method employed to compute the saturation concen-
trations of these OOMs was based on the approach described
by Donahue et al. (2012).31 These OOMs were categorized
into volatility bins using a volatility basis set (VBS). The
method used for estimating the volatility with temperature
adjustment and bin classification is outlined in Text S5.
2.3. ARCA Box Model. The Atmospherically Relevant

Chemistry and Aerosol box model (ARCA Box) was applied to
evaluate the contribution of AOOMs to the mass growth rate
of OA during the measurement period from September 2 to
October 11, 2021.27 The measured concentrations and
estimated volatility values of each compound (Tables S1 and
S2) were incorporated into the model. Additionally, the
particle size distributions within the diameter range of 7.5 nm

to 15.2 μm were measured and fed into the model at 5 min
intervals. Between the two input time points, the particle size
distributions were calculated according to the condensation/
evaporation of the input OOMs as well as the coagulation
process. The updated particle size distribution modified only
the particle number concentration but kept the single particle
composition for each size bin. On the basis of the input
information mentioned above, the model can first output the
concentration of a specific q-OOM in the particle phase at
each time point. The modeled mass flux (Φ) of an OOM
compound q from the gas to particle phase within each 5 min
slot was then calculated by

= [ ]m m /50q(04:50) q(04:00)

here, mq is the mass concentration of OOM q in the particle
phase in the unit of μg·m−3 and 50 is the time difference (in
seconds) between 04:50 and 04:00. The mean mass growth
rate within 1 h was calculated by averaging all the 5 min slot
values within this hour.
The periods with an increasing trend in measured OA mass

concentration were chosen to investigate the contribution of
AOOMs to the OA mass growth rate. The calculation method
mentioned here was similar to that of Wang et al.32

3. RESULTS AND DISCUSSION
3.1. AOOMs Observation. Figure 1a depicts the temporal

variation of AOOMs, related precursor VOCs, meteorological
parameters, and gaseous pollutants during the sampling period.
For further details regarding the parameters mentioned above,
please refer to Table S3, whereas comprehensive observations
are presented in Text S6. AOOMs exhibited an evident daily

Figure 2. (a) Fractional profiles of each aliphatic OOM during the sampling period. The fraction of aliphatic OOM is calculated as the average
concentration of each OOM divided by the total aliphatic OOMs during the sampling period. The mass-to-charge ratio (m/z) denotes OOM
clustered with NO3

−. The red, blue, and green bars represent CHO-OOMs, CHON-OOMs, and CHON2-OOMs, respectively. (b) Fractional
profiles of each aromatic OOM during the sampling period. (c) The number of carbon (nC), effective oxygen (nOeff), nitrogen (nN), and double
bond equivalence (DBE) distribution of aliphatic OOMs. (d) The nC, nOeff, nN, and DBE distribution of aromatic OOMs.
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variation pattern driven by photochemistry (Figure S2),
consistent with the daily variation pattern of the ultraviolet
radiation (UV) intensity. From October 4 to 12, a relatively
pristine air mass transported from the ocean (Figure S3),
resulting in reduced concentrations of VOCs, gaseous
inorganic vapors, and OAs. However, because of the sustained
high temperature and UV intensity levels, the concentration of
AOOMs remained relatively high. This serves as evidence that
AOOMs were formed via photochemical reaction with locally
sourced precursors in this coastal city. Figure 1b shows the
concentration of AOOMs as a function of temperature and
ozone photolysis frequency [j(O1D)], which indicates that
high temperature and intense radiation have a robust positive
effect on the generation of AOOMs.28 Furthermore, as shown
in Figure 1c and Table S7, the AOOM concentration in
Xiamen and other sampling sites exhibited a temperature
dependence.
3.2. Molecular Composition of AOOMs. The molecular

information on AOOMs provided in Figure 2 reveals two main
categories of predominant species, as detailed in Table S7. The
mass spectrometry analyses were conducted on aliphatic and
aromatic OOMs, which displayed certain similarities in their
chemical formulas, such a difference of "CH2". However,
distinct differences were also observed. C6 products were
found to be the most abundant in aliphatic AOOMs, whereas
C7 and C8 products were predominant in aromatic AOOMs.
In addition, compared to aromatic OOMs, aliphatic OOMs
showed a higher nitrogen content, and CHON2 groups
contributed more (Figure 2a,b). The relatively low nitrogen
content of aromatic OOMs compared to aliphatic VOCs has
also been documented in various urban centers across
China.9,25,29 Nevertheless, the precise underlying mechanisms
remain contingent on chamber experiments and theoretical
calculations.
C6H9O7N, one of the dominant species in aliphatic OOMs

during this investigation, substantially correlated with UV
intensity and the concentration of OH radicals as shown in
Figure S4. In comparison, C6H9O6N was found to be the most
abundant aliphatic OOMs during autumn in Beijing, with one
less effective oxygen atom than C6H9O7N.

25 These differences
may arise from variations in the types and concentrations of
aliphatic VOC precursors, as well as in atmospheric oxidant
concentrations and other species participating in the oxidation
reactions, such as HO2 radicals, RO2 radicals, and NO. The
most prevalent C7 aromatic OOMs identified in this
investigation was C7H10O5, which was also observed in the
OH-initiated oxidation experiments of toluene.18 C7H10O5
may be a product of the reaction between C7H9O5 radicals
and HO2 radicals, whereas C7H10O7 and C7H10O9 may be
products of multistep autoxidation reactions of C7H9O5
radicals followed by reaction with HO2 radicals. In a chamber
experiment, the signal intensities of C7H10O7 and C7H10O9
were observed to be much higher than that of C7H10O5,
indicating that the autoxidation reaction of C7H9O5 radicals
takes priority over the termination reaction with HO2 radicals.
This suggests that, under the conditions of the chamber study,
the termination reaction of RO2 radicals with HO2 radicals
may be less important than the multistep autoxidation
reaction.20,33 However, contrary to the previous findings in
chamber experiments, during this study, the signal intensity of
C7H10O5 was significantly higher than that of the product
produced after further oxidation reactions (see Table S2). This
observation may be due to the remarkably lower concentration

of OH radicals, as well as the presence of NO, which acts as an
inhibitor to autoxidation reactions, in the actual atmospheric
environment compared to the experimental conditions (see
Table S8).22

The molecular characteristics of AOOMs were analyzed and
visualized by using a mass defect (MD) plot (Figure S5). Two
novel modifications of AOOMs were identified, marked with
arrows in Figure S5. One modification is manifested by the
addition of a "CH2" due to the coemissions of homologous
compounds and carbon chain fragmentation.34 The other
trajectory can be attributed to various emission sources and
atmospheric oxidation processes, adding an oxygen atom and
removing "CH2". To further characterize aliphatic OOMs and
aromatic OOMs, the distributions of carbon number (nC),
nitrogen number (nN), effective oxygen number (nOeff, nOeff =
nO − 2 × nN), and double bond equivalence (DBE) of both
of them were analyzed (Figure 2c,d). For AOOMs with 4 ≤
nC ≤ 10, C7 products were the most abundant, and a
decreasing trend can be seen along with an increasing nC.
Most AOOMs contained nOeff between 4 and 6, accounting
for 73−81% of the total AOOMs. Regarding nitrogen content,
all AOOMs contained 0 to 2 nitrogen atoms, with CHON-
AOOMs comprising the predominant fraction (50%).
Furthermore, AOOMs primarily consisted of 1 to 4 DBE
values, among which the ones with DBE = 3 contributed the
most (35%).
3.3. Nitrogen Content of AOOMs. The study revealed

that aliphatic OOMs contained a higher proportion of
nitrogen-containing compounds (91%) in comparison to
aromatic ones (49%) (Figure 2c,d). The higher nitrogen
content in aliphatic OOMs is supported by aliphatic VOCs
having a higher branching rate to nitrogenous compounds than
aromatic VOCs.29 However, the fraction of nitrogen-
containing compounds was higher than any known branching
ratio for the reaction between RO2 and NO, which forms
organonitrates.35−37 Both aliphatic OOMs (34%) and aromatic
OOMs (9%) comprised a considerable fraction of dinitrate
OOMs (Figure 2c,d). These findings unveil the influential role
of multistep bimolecular oxidation on AOOMs formation.
It is suggested that two pathways add N atoms to AOOMs:

RO2 radicals terminated by NO and oxidation initiated by NO3
radicals.38 To investigate the pathways for the incorporation of
N atoms into AOOMs during the daytime and nighttime, the
observation-based model (OBM, seeText S7) was employed to
simulate the oxidation processes of selected aliphatic VOCs
and aromatic VOCs by three oxidants (OH radicals, NO3
radicals, and O3). The loss rate of AVOCs (see Text S8) was
used as an indicator to show the proportion of AVOCs
oxidized by the three oxidants throughout the sampling period,
during daytime, and at nighttime, respectively (Figure S6).39

The results indicate that NO3 radicals may dominate the
oxidation reactions of AVOCs during the nighttime periods.
However, considering the overall contribution throughout the
day, NO3 radicals account for only 5.9%. Referring to the
diurnal variations of AOOMs shown in Figure S2, it can be
observed that for aliphatic OOMs, the concentration of
CHON is much higher than that of CHO. For aromatic
OOMs, the concentration of CHON is slightly higher than
that of CHO. This finding also confirms the vital role of NO3
radicals during nighttime. During daytime, OH radicals play an
overwhelmingly dominant role, and the OOMs generated by
the oxidation of AVOCs by OH radicals are non-nitrogenous.
However, both types of AOOMs exhibit high peaks of CHON
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around noon, indicating that the termination reactions of RO2
radicals and NO dominate the addition of N atoms to AOOMs
during daytime.
Further, the impact of NOx on formation of AOOMs

containing zero, one, and two nitrogen atoms was investigated
(Figure S7). The results indicate that the impacts of the NOx
concentration on the two types of AOOMs are complex, likely
due to differences in the reaction mechanisms of the two
AVOCs. For aromatic OOMs, an increase in NOx
concentration leads to a decrease in the proportion of CHO-
OOMs and an increase in the proportion of CHON-OOMs,
whereas there is no evident change in the proportion of
CHON2-OOMs. Besides, an increase in the NOx concen-
tration results in a decrease in the proportion of CHON-
OOMs, an increase in the proportion of CHON2-OOMs, and
no salient change in the proportion of CHO-OOMs for
aliphatic OOMs. Overall, increasing the NOx concentration
changed the composition of AOOMs and promoted the
increase in the nitrogen content of AOOMs.
3.4. Oxidation Mechanisms of AOOMs. The OSceff is a

modified version of average carbon oxidation states (OSc),
with the formula OSceff = 2 × nOeff/nC − nH/nC used to
describe the oxidation degree of carbon atoms of AOOM
molecules.40 The overall OSceff value of AOOMs in this study
(−0.58) was lower than forested sites (0−0.50) but slightly
higher than Shanghai (−0.68).41,42 This discrepancy may be
attributed to the observed NOx level, which was higher than
that in the forested atmosphere but lower than that in highly
polluted megacities. NOx can terminate peroxy radicals (RO2),
outcompeting autoxidation propagation reactions and other
bimolecular reactions (RO2 + RO2, RO2 + HO2) and resulting
in a reduced degree of oxidation in the products.42 An
alternative explanation could be the varying dominant VOC
types in different research areas, resulting in differences in the

structures of dominant VOCs in different fields of study. The
structure of VOCs largely determines the fate of RO2 radicals,
which in turn influences the oxidation degree of AOOMs.29

The species with nOeff = 4 contributed most to the aliphatic
OOMs (55%). Recent research suggests that aliphatic
compounds are more susceptible to undergo autoxidation
than previously recognized.24 The number of oxygen atoms
involved in autoxidation (nOauto) was calculated via nOauto =
nOeff − nN − DBE, where the specific derivation details can be
found in Text S9. As shown in Figure S8, the nOauto mainly
ranges from 1 to 3, indicating that autoxidation occurred in
one to three steps. Figure 3a shows the photochemical
oxidation process of aliphatic compounds in the presence of
NOx using alkanes as an example. In this case, the termination
of RO2 occurs entirely via NO. Without carbon chain breakage,
the products of this process include CnH2nO (with one more
carbonyl group than the precursor) and CnH2n+1O3N (with
one more nitrate group than the precursor). The reoxidation
process of the products is a repetition of the basic oxidation
reaction scheme (Figure 3a).41 To investigate mechanisms that
differ from this basic scheme, reference chemical formulas from
first- to third-generation products generated from alkanes are
listed in Figure 3b. Specifically, this comparison was conducted
between aliphatic OOMs having the same number of carbon,
nitrogen, and hydrogen atoms as the reference compounds but
different numbers of oxygen atoms. The majority of observed
aliphatic OOMs were third-generation products followed by
second-generation products (Figure 3c). Only a small
percentage of first-generation products were observed. Most
of the second-generation products underwent two autoxidation
reactions, whereas the majority of the third-generation
products underwent only one. Above all, these results
underscore the discernible prevalence of multigeneration OH
radical reactions and autoxidation reactions of aliphatic OOMs.

Figure 3. (a) Simplified oxidation mechanism for alkanes attacked by primary OH radicals under NOx-controlled conditions. Black fonts represent
precursors, green fonts represent intermediate radicals, and red fonts represent primary OH radical oxidation products. (b) Molecular formula
changes for the first- to third-generation products of alkanes based on the basic reaction scheme in panel a. The brown fonts represent secondary
OH radical oxidation products, and the purple fonts represent third OH radical oxidation products. (c) Fraction of the potential alkane-derived
compounds in aliphatic OOMs. The compounds listed in panel c are grouped according to the molecular formulas in panel b. The bars are colored
with nOauto.
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Species dominated aromatic OOMs with nOeff values of 4−6
(57%), which contained more effective oxygen atoms than
aliphatic OOMs. The primary OH radical addition of
monomeric aromatic compounds (CxHy) in the presence of
NOx may generate termination products with a total number
of hydrogen and nitrogen atoms equal to y or y + 2 (Figure
S9).22 Secondary OH radical attacks occurred through either
OH radical addition or H-abstraction reaction, and the
products of secondary OH radical attacks are listed in Table
S9. It was observed that products with total hydrogen and
nitrogen atoms less than y or greater than y + 2 were produced
only when a secondary OH radical attack occurred. For
example, C7H6O4 was formed from toluene via two OH radical
reactions, where the secondary OH radical attack involves H-
abstraction. C7H12O4 was also the product of toluene
undergoing two OH radical additions, where the secondary
OH radical attack involves OH-addition.19,20 Products with
total hydrogen and nitrogen atoms less than y or greater than y
+ 2 contributed substantially to this study (Table S2),
highlighting the importance of multigeneration OH radical
reactions in the formation of aromatic OOMs.
3.5. Potential Sources of Aromatic OOMs. High NOx

chamber experiments on benzene and toluene oxidation by
OH radicals indicated that over 90% of the products
maintained the same carbon number as their precursors.22

These findings suggest that there is almost no carbon chain
fragmentation during the oxidation of aromatic VOCs to form
aromatic OOMs as detected by Nitrate-CI-APi-TOF. How-

ever, there is limited evidence on the oxidation of aliphatic
VOCs to OOMs in the laboratory experiment; it is challenging
to infer the precursors of aliphatic OOMs. Therefore, this
section focuses solely on the discussion of aromatic OOMs.
Figure 4 summarizes the diurnal variations in the

concentrations of selected aromatic OOMs, corresponding
VOCs, UV intensity, and estimated OH radical concentration
(see Text S10 for the calculation method). Concentrations of
aromatic VOCs peaked at 6:00 am and decreased throughout
the day, whereas aromatic OOMs gradually increased from
6:00 am and reached a maximum at 2:00 pm before decreasing
after sunset. The OH radical concentration increased along
with UV intensity in the morning, which led to an increase in
AOOM concentration. During nighttime hours, the emission
rate of aromatic VOCs exceeded the atmospheric oxidation
rate. Combined with a shallow and stable boundary layer, this
resulted in an accumulation of VOC concentrations. However,
despite the high concentrations of precursors, the concen-
tration of AOOMs at night was an order of magnitude lower
than during the day due to the lack of photolytic driving forces.
Figure S10 presents potential mechanisms for forming

representative aromatic OOMs with varying carbon numbers,
which are shown in Figure 4. These mechanisms are based on
the latest understanding of aromatic oxidation.19,20,22,23,43

When monomeric aromatic compounds react with OH radicals
and O2, they form CxHyO2z+1 radicals (6 ≤ x ≤ 8, y = 2x − 6, z
≥ 0), which undergo further autoxidation reactions or chain
propagation, eventually leading to the formation of closed-shell

Figure 4. Diurnal variation of selected aromatic OOMs, corresponding precursor VOCs, UV intensity, and OH radical concentration. The selected
OOMs are the two most abundant in aromatic OOMs with different carbon numbers: panel a includes C6H8O5 and C6H8O6, panel b includes
C7H10O5 and C6H9O7N, and panel c includes C8H12O5 and C8H12O10N2. There is only one precursor VOC for C6 and C7 aromatic OOMs, i.e.,
benzene and toluene, respectively. The precursors for C8 aromatic OOMs include ethylbenzene, oxylene, p/m-xylene, and styrene.
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OOMs. C6H8O5, C7H10O5, and C8H12O5 are plausible bicyclic
organic hydroperoxides, which could be the termination
products of the CxHyO5 radical with the HO2 radicals.

18,21

C6H8O6 may be an alcohol product generated by the direct
reaction of the C6H7O7 radical with the other RO2 radicals
(Figure S10a). Additionally, the formation of C7H10O5 and
C7H9O7N could potentially occur via the termination reaction
of the C7H9O6 radical (Figure S10b). However, autoxidation
reactions alone cannot generate organic radicals containing an
even number of oxygen atoms by the OH-addition oxidation
pathway. The pathway of C7H9O6 radical generation may
involve the following steps:

· + ·C H O NO C H O7 9 5 7 9 4

· + ·C H O O C H O7 9 4 2 7 9 6

Furthermore, the C7H9O6 radical has the potential to either
react with another RO2 radical, leading to the formation of
C7H10O5, or be terminated by NO to generate C7H9O7N. The
formation of the most abundant dinitrates of C8H12O10N2
necessitates an OH radical attack on a nitrated compound
known as C8H11O6N, along with the termination of the RO2
radical chain with NO (Figure S10c).21 The precursor for the

reaction described above, C8H11NO6, could be derived from a
termination reaction of the C8H11O5 radical with NO.
A positive matrix factorization analysis (see details in Text

S11) on the VOC data set identified five sources: solvents,
industry, oil and gas volatilization, motor vehicle exhaust, and
combustion (Figure S11). The contribution proportions of the
five sources to aromatic VOCs are summarized in Table S10.
C7 aromatic VOCs and C7 aromatic OOMs, having the
highest concentrations, were of particular interest. The solvent
sources contributed 80% of toluene, consistent with the
previous VOC research conducted in Xiamen City.44,45 Figure
S12 identifies the prominent VOC-emitting enterprises, mainly
related to the production of paints and plastics (Table S11).
This underscores the significant contribution of solvent-related
industries in Xiamen City to the precursors of AOOMs,
particularly those regarding C7 aromatics.
3.6. Contribution of AOOMs to OA. Figure S13 provides

an overview of the volatility characteristics associated with
AOOMs based on the average temperature (32 °C) during the
sampling period. Semivolatile organic compounds (SVOCs)
had a higher contribution to aliphatic OOMs (64%), whereas
low-volatility organic compounds (LVOCs) contributed the
most to aromatic OOMs (62%).32 LVOCs and extremely low

Figure 5. (a) The proportions of ELVOCs, LVOCs, and SVOCs to the total mass flux of AOOMs for different PM1 levels. Note that the
contribution of IVOCs is too small (lower than 1%) and not drawn in the figure. (b) The contribution of total AOOM mass flux to OA mass
growth rate during the daytime, night, and the entire day (box line diagram). The bar chart indicates the percentage contribution of aliphatic
(green) and aromatic (blue) AOOMs to the total AOOMs mass flux. (c) The mass flux of AOOMs decreases with increasing temperature. (d) The
mass flux of AOOMs increases with increasing particle number concentration. The value of the x-axis coordinate is a multiple of the average particle
number concentration compared to the present study, which is 0.5, 1, 2, 10, 20, 30, 40, and 50, respectively.
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volatility organic compounds (ELVOCs), which are represen-
tative of condensable vapors, make substantial contributions to
particulate matter.46 In particular, LVOCs and ELVOCs
accounted for 36% and a striking 76% of aliphatic and
aromatic OOMs, respectively. This result suggests that
aromatic OOMs may play a dominant role in contributing to
OA growth. Another piece of evidence is that 9 out of the top
10 condensable vapors with the highest concentrations were
aromatic OOMs, as shown in Figure S14.
This assertion is further substantiated by the contributions

of two types of AOOMs to the OA mass growth rate in
particles with an aerodynamic diameter equal to or less than 1
μm (PM1), calculated based on the ARCA Box model. Figure
5a provides evidence that, out of all measured AOOMs, the
largest contribution to the OA mass growth rate was from
LVOCs and ELVOCs. Our simulation also revealed that
SVOCs, despite their typically minimal impact on aerosol
growth, contributed approximately 14% to the mass growth
rate of OA. The mass flux of AOOMs contributed remarkably
to the OA mass growth rate, with more than 35% attributed to
AOOMs as a whole, around 26% attributed to aromatic
AOOMs, and 9% attributed to aliphatic AOOMs (Figure 5b).
These results suggest that the gas−particle partitioning of
AOOMs generated from AVOCs can explain a considerable
portion of the OA growth observed in this study, with aromatic
VOCs playing a dominant role as precursors. The higher
AOOMs mass flux during the day compared to at night is likely
due to the higher AOOMs concentrations at the daytime.
During the night, the contribution of aliphatic OOMs to total
AOOMs mass flux was slightly elevated. This is due to the
larger reaction rate constants of aliphatic VOCs and NO3
radicals compared to aromatic VOCs, resulting in a higher
concentration of aliphatic OOMs at night.
Because only the gas−particle partitioning of AOOMs was

considered in this study, the measured OA mass growth rate
needs to be fully explained in the future. The additional OA
growth may arise from a combination of aqueous condensed-
phase chemistry and the equilibrium partitioning of unmeas-
ured L/SVOCs. In addition, the contribution of biogenic
OOMs to the OA growth may not be negligible. The results
showed that isoprene OOMs and monoterpene OOMs
contributed up to 7 and 12% to the OA mass growth rate,
respectively, as discussed in detail in Text S12. Table S12
highlights the top six species that contributed the most to the
total AOOMs mass flux, namely, C8H11O7N, C8H12O5,
C7H10O5, C8H12O10N2, C8H11O8N, and C7H8O5, all of
which belong to aromatic OOMs. This suggests that the
majority of mass fluxes were driven by products associated with
aromatic precursors, particularly C7 and C8 aromatic VOCs.
In addition, sensitivity tests were conducted using the ARCA

Box to investigate the impact of the temperature and particle
number concentration on the mass flux of AOOMs. The
results showed that as the temperature decreased from +42 to
+12 °C, the total mass flux of AOOMs increased by 54%
(Figure 5c). This indicates that the mass flux at lower
temperatures is higher due to the reduced volatilities of the
AOOMs at lower temperatures. The observed temperature
effect suggests a potentially more crucial role for AOOMs in
colder regions in essential processes, such as the growth of
newly formed particles. In addition to temperature, an
exponential empirical relationship was observed between
mass flux and condensation sink (CS) in Figure S15, implying
that the concentration of atmospheric aerosols remarkably

influenced the mass flux of AOOMs. The impact of particle
size distributions on the mass flux of AOOMs has been
evaluated, which showed that increasing the particle number
concentration in each size bin by 10 or 50 times led to an 8-
and a 25-fold increase in mass flux (Figure 5d), respectively.
These results have confirmed a positive feedback loop between
the condensation of AOOMs and particulate matter pollution:
the condensation of AOOMs promotes the accumulation of
particulate pollution, and the increase in particulate number
concentration and size in turn facilitates the condensation of
AOOMs.9,32

China has made substantial improvements in mitigating fine
particulate matter pollution. However, the control of fine
particulate matter has mainly achieved good results in
inorganic components, such as sulfate, nitrate, and ammonium.
The lack of understanding of the molecular-level formation
mechanism of OA has limited scientific control of organic
components in fine particulate matter. This study partially
explains the OA mass growth rate observed in field
observations and quantifies the contribution of AOOMs to
the OA growth. The findings can contribute to advancing the
scientific understanding of the critical gaps among VOCs,
organic vapors, and OA in coastal urban areas, which is
essential for implementing effective particulate matter control
measures.
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