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ABSTRACT: A comprehensive understanding of the full volatility
spectrum of organic oxidation products from the benzene series
precursors is important to quantify the air quality and climate
effects of secondary organic aerosol (SOA) and new particle
formation (NPF). However, current models fail to capture the full
volatility spectrum due to the absence of important reaction
pathways. Here, we develop a novel unified model framework, the
integrated two-dimensional volatility basis set (I2D-VBS), to
simulate the full volatility spectrum of products from benzene
series precursors by simultaneously representing first-generational
oxidation, multigenerational aging, autoxidation, dimerization,
nitrate formation, etc. The model successfully reproduces the volatility and O/C distributions of oxygenated organic molecules
(OOMs) as well as the concentrations and the O/C of SOA over wide-ranging experimental conditions. In typical urban
environments, autoxidation and multigenerational oxidation are the two main pathways for the formation of OOMs and SOA with
similar contributions, but autoxidation contributes more to low-volatility products. NOx can reduce about two-thirds of OOMs and
SOA, and most of the extremely low-volatility products compared to clean conditions, by suppressing dimerization and autoxidation.
The I2D-VBS facilitates a holistic understanding of full volatility product formation, which helps fill the large gap in the predictions
of organic NPF, particle growth, and SOA formation.
KEYWORDS: full volatility spectrum of organic compounds, integrated two-dimensional volatility basis set, oxygenated organic molecules,
secondary organic aerosol, benzene series precursors

1. INTRODUCTION
Aerosol particles play a key role in atmospheric pollution and
have profound effects on human health and climate.1 New
particle formation (NPF) is the main source of aerosol number
concentration, and newly formed particles will contribute to
cloud condensation nuclei (CCN) after growing above 50−
100 nm, affecting the global climate by influencing the albedo
and lifetime of clouds.2−4 Condensation of organics is a main
contributor to particle growth above 3 nm as well as secondary
organic aerosol (SOA) concentration in both clean or polluted
areas.5−8 Atmospheric organic compounds with different
volatilities affect different stages of NPF and particle growth.
Specifically, ultralow and extremely low-volatility organic
compounds (ULVOCs and ELVOCs) can drive pure-organic
nucleation and organic-H2SO4 nucleation, respectively, which
is reported to be the major particle formation mechanisms in
clean areas.9,10 ULVOCs and ELVOCs also drive the initial
growth of the newly formed particles. Low-volatility and
semivolatile organic compounds (LVOCs and SVOCs) mainly
drive the growth of larger particles and affect secondary

organic aerosol (SOA) mass concentration by gas-particle-
phase partitioning.11,12 Therefore, it is crucial to adequately
simulate the full volatility spectrum of organic compounds,
especially low-volatility compounds such as ULVOCs,
ELVOCs, and LVOCs, with an integrated model in order to
accurately quantify the environmental and climate effects of
particles.
The low-volatility organics can be produced by the oxidation

of volatile organic compound (VOC) precursors. The VOC
precursors, on one hand, undergo regular multigenerational
oxidation reactions induced by hydroxyl (OH), and, on the
other hand, the peroxyl radicals (RO2) from VOC precursors
undergo irregular radical reactions like autoxidation, dimeriza-
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tion, etc.13,14 Oxidation products with low volatility and a high
oxygen atom number are named oxygenated organic molecules
(OOMs), which are potential driving factors of NPF and SOA
formation. Earlier studies mainly focused on OOM formation
from monoterpene in relatively clean areas.15,16 In more
polluted city areas, although monoterpene still contributed to
OOM formation,8,17,18 benzene series precursors, as important
anthropogenic VOCs, have been recognized as a major
contributor to OOMs in urban areas.19,20 A few studies have
shown that the growth rate of the newly formed particle can be
largely explained by considering benzene series OOMs in some
cities.6,8 Furthermore, benzene series OOMs can contribute to
30−50% of SOA in several cities.8,19 Hence, a holistic
understanding of benzene series of OOMs in the full volatility
range is vital in urban areas.
OOMs from the benzene series have been investigated by

chamber experiments and theoretical calculations. The
measurements of chamber experiments suggested that a large
fraction of OOMs comprises products from bicyclic RO2,

21,22

which can undergo irregular radical reactions (autoxidation,
dimerization, etc.).23 Experimental results with relatively high
OH exposure also demonstrated the importance of multi-
generational oxidation induced by OH, including functional-
ization and fragmentation, on benzene series OOM for-
mation.24,25

Given the complexity of the benzene series oxidation
chemistry, multiple major reaction pathways, including multi-
generation oxidation and irregular radical reactions (autox-
idation, dimerization, etc.), must be considered simultaneously
to describe benzene series OOM formation precisely. Previous
chemical mechanism models for benzene series compounds,
such as SAPRC and carbon bond mechanism (CBM), can only
represent the first few generations of oxidation based on
empirical chamber fits.26,27 The Master Chemistry Mechanism
(MCM) model can simulate some of the multigenerational
oxidation reactions at the expense of high computational cost,
but many higher-generation oxidation reactions are still
missing and irregular radical reactions (such as autoxidation
and dimerization) involved in OOM formation have not been
introduced into the model.28 These models fail to simulate full
volatility oxidation products from the benzene series
compounds. The two-dimensional volatility basis set (2D-
VBS) has been developed to represent multigenerational
oxidation of various organic precursors.29−33 However, the
traditional 2D-VBS model cannot simulate low-volatility
products formed by irregular radical reactions. The radical
2D-VBS (R2D-VBS) was developed to simulate irregular
radical reactions of monoterpene leading to OOM forma-
tion,12,34 but multigenerational aging was not represented,
which means R2D-VBS cannot reasonably depict the

Figure 1. I2D-VBS framework for benzene series precursor oxidation and key parameters in the model. First-generational oxidation of benzene
series VOCs is treated explicitly in the first-generation oxidation module, producing first-generation oxidation products, including bicyclic radicals.
Radical reactions of bicyclic radicals are treated in the radical reaction module, with product volatility calculated based on SIMPOL. All products
are distributed in the C*−O/C space, and subsequent oxidation is treated via oxidation kernels in the multigenerational oxidation module.
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formation of benzene series OOMs.12,34 An integrated model
that simultaneously represents the above-mentioned reaction
pathways is urgently needed to reproduce the full volatility
spectrum of products from benzene series precursors.
In this study, we developed an integrated 2D-VBS (I2D-

VBS) model, simulating all major reaction pathways, including
first-generation oxidation, multigeneration aging, and irregular
radical reactions, within a unified framework. The parameter-
izations for benzene series compounds within I2D-VBS were
determined initially by the literature and subsequently
optimized by OOM and SOA experimental data. Compared
with other models, this model framework can help describe the
formation of oxidation products over the full volatility range
quantitatively from VOC precursors and facilitate synchronous
simulations of organic NPF, particle growth, and SOA
formation. Finally, a series of simulations under typical urban
conditions were conducted, and the effects of different
pathways and environment conditions on benzene series of
OOMs and SOA formation in the atmosphere are discussed.

2. METHODS
2.1. Development of the I2D-VBS Model Framework.

The I2D-VBS integrates multiple oxidation pathways and can
simulate oxidation products over the full volatility range from
benzene series compounds. It is comprised of three modules:
first-generational oxidation module, radical reaction module,
and multigenerational oxidation module. In Figure 1, the
frameworks of the three modules and their main parameters
are displayed.
2.1.1. First-Generational Oxidation Module. The first-

generational oxidation module explicitly simulates the first-
generation OH oxidation of benzene series precursors
explicitly. O3- and NO3-initiated first-generational oxidation
are not considered for their neglectable reaction rate constant
compared to OH.35,36 The first-generational oxidation rates
and products are mainly derived from the MCM model version
3.3.1,28 and the yields of bicyclic peroxy radical (BCP, f bcp) are
derived from chamber experimental results.37−40 We simulate
radical reactions of BCP explicitly in the radical reaction
module and define two kinds of RO2 for BCP: unautoxidizable
RO2 (noOxRO2) and autoxidizable RO2 (Ox0RO2). Yields of
Ox0RO2 are defined as fbcp_Ox and initially derived from
theoretical calculations.41 There are three first-generational
oxidation products of toluene other than bicyclic products in
MCM, epoxide, cresol, and benzaldehyde. Some studies reveal
that the fraction of the epoxide pathway is less than 0.01,22,41,42

so we get rid of this pathway in the first-generational oxidation
module compared to MCM. For cresol and benzaldehyde
pathways, we trace their first-generation stable molecule
products under low-NOx and high-NOx conditions based on
MCM.40 Considering cresol products have the potential to
form bicyclic-like RO2,

25 we adopt a higher f bcp initial value
within the possible ranges in Table S5 to represent this kind of
products, while initial values of fcresol and f benzaldehyde (yields of
cresol and benzaldehyde) are smaller within the possible
ranges.
2.1.2. Radical Reaction Module. In the radical reaction

module, subsequent radical reactions of noOxRO2 and
Ox0RO2 are simulated. The parameters in the radical reaction
module are initially derived from literature values (theoretical
calculation, lab experiments, etc.).23,41,43 We assume that
Ox0RO2 can undergo at most three generations of autoxidation
(Ox1RO2, Ox2RO2, Ox3RO2) because the oxygen numbers of

most RO2 and monomers detected in previous experi-
ments23,44 were no more than 10. All RO2 including noOxRO2
can react with another RO2, HO2, and NO or undergo self-
termination. The reaction rates of autoxidation are represented
as k1, k2, and k3 (collectively named kauto) (Table S5). Initial
values and the temperature dependence of k1 = exp(9.67 −
3920/T) are obtained from the theoretical calculation by
Wang et al., and k2 and k3 are estimated by a quasi-steady
approximation based on experimental data in the same work.23

We assume that k1, k2, and k3 have the same temperature
dependence. km,n (collectively named as kdimer), k(RO2 + HO2),
and k(RO2 + NO) are the reaction rates of RO2 with another
RO2, HO2, and NO, respectively (Table S5). km,n represents
the reaction rate between OxmRO2 and OxnRO2 (noOxRO2 are
also considered, m,n = 0,1,2,3) (Table S5). Cross-reactions
between RO2 produce dimers (ROOR) or alkoxy radicals
(RO). The fractions of dimer formation are expressed as fm,n
(collectively named as fdimer). The reaction between RO2 and
NO produces nitrate (RONO2) and RO, and the fraction of
RONO2 formation is f(RONO2). Initial values of k0,0 and f0,0
are obtained from kinetic experiments.43 Experiments showed
that the formation rates of high oxygen-containing dimers are
higher than those of low oxygen-containing dimers, which
means Ox1RO2, Ox2RO2, and Ox3RO2 are more likely to
dimerize compared with Ox0RO2.

43 Therefore, other kdimer and
fdimer are assumed to be relatively larger than k0,0 and f 0,0. The
initial values of k(RO2 + HO2) and k(RO2 + NO) are derived
from kinetic results and former modeling research.12,45 The
value of f(RONO2) has large uncertainties in various
studies22,45−49 and can vary from 0 to 0.3, so its initial value
is assumed to be 0.15.47 Stable molecules from radical
reactions (i.e., ROOH, ROOR, and RONO2) are distributed
into the two-dimensional (2D) space defined by log C*
(calculated by the SIMPOL model) and O/C. RO radicals
undergo functionalization and fragmentation and are also
distributed into the 2D space. These products are categorized
into three kinds: ROOH and stabilized RO products are
monomer (also named non-nitrogenous monomer), ROOR is
dimer, and RONO2 is nitrate. According to experimental
results, the autoxidation rate of polysubstituted benzene series
compounds may be larger than monosubstituted benzene
series compounds by 1 order of magnitude,23,44,47 so all of RO2
(noOxRO2 and OxmRO2, m = 0,1,2,3) are separated into two
kinds in the model and collectively defined as ARO2 and
BRO2, representing RO2 from mono- and polysubstituted
benzene series compounds, respectively. The autoxidation and
dimerization parameters (kauto, kdimer, and fdimer) of ARO2 and
BRO2 are different. Details of radical reactions, their products,
initial values of radical reaction parameters, and methods to
distribute these products into the 2D space are described in
Section S1 and Table S3. We also conduct a sensitivity
simulation to demonstrate that the first-generational oxidation
module and radical reaction module are necessary for
reproducing full volatility product yields, especially low-
volatility products (see Section S2).

2.1.3. Multigenerational Oxidation Module. In the multi-
generational oxidation module, products distributed into the
2D space undergo gas- and particle-phase multigenerational
oxidation. The parameters in the multigenerational oxidation
module are initially obtained from previous studies.31,32,50

Vapor- and particle-phase aging rates are relevant to vapor- or
particle-phase organics and OH concentrations, and their rate
constants are kbasis and khet (initial values are 2.5 and 3 × 10−11
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cm3 molecule−1 s−1, respectively). For functionalization, we
assume that each step will reduce the log C* by 1−7 orders of
magnitude and add 1−3 oxygen atoms, consistent with the
average addition of one −OH or one �O group per
functionalization step. For fragmentation, we assume that
carbon bonds in molecules break randomly and that radicals
from broken molecules will undergo functionalization to form
stable molecules. These assumptions on product distributions
in the 2D space are represented by matrices named “kernels”
(Tfunc and Tfrag in Tables S1 and S2). The fraction of
fragmentation is (O:C)n_frag (see n_frag in Table S5). When
NOx exists, multigenerational oxidation products can be nitrate
or non-nitrogenous products. The branching ratio of nitrate
products of multigenerational oxidation (β in Table S5) is
calculated by the ratio of NOx and precursor concentration.
Gas-particle partitioning and wall loss are also considered. The
initial values of kbasis, khet, and n_frag are derived from our
previous studies.30,32

A specific mathematical overview of I2D-VBS and methods
for determining the initial values of model parameters is
displayed in Section S1. Although the initial parameters are
determined from the literature, they can be adjusted within a
reasonable range. This is because only a few parameters are
measured directly by kinetic experiments, such as the
dimerization rate of Ox0RO2, while other parameters are
either derived from theoretical calculations or deduced from
similar experiments or theoretical calculation results. Fur-
thermore, some measured parameters have large differences
between various studies. For example, the dimer formation rate
of Ox0RO2 in various studies can vary from ∼10−12 to ∼10−10

cm3 molecule−1 s−1.28,43 In addition, parameters in the model
represent the average characteristics (reaction rate, branching
ratio, etc.) of a group of reactions and not the characteristics of
a specific reaction. Consequently, it is justified to optimize the
values of the parameters within a reasonable range
(determined from previous studies; see Table S5) by
simulating laboratory experiments so that the simulation
results match well with OOM and SOA measurements.
Because there are many parameters in the three modules,
synchronous optimization of all parameters is difficult. Hence,
we use a stepwise strategy that successively optimizes
parameters in different modules with different experiments.
The detailed optimization steps are shown in Section 3.2.
2.2. Simulations of Laboratory Experiments Measur-

ing OOMs and SOA from Benzene Series Oxidation.
2.2.1. Laboratory Experiments Used in This Work. To
optimize parameters in the model, we simulate laboratory
experiments measuring OOMs and SOA. Chemical ionization
mass spectrometers (CIMS) can measure OOMs at the
molecular level, which provides detailed information about
volatility, oxidation state, and crucial molecular components of
the OOMs. Experiments measuring OOMs used in this work
were conducted by Molteni et al.44 and Cheng et al.24

Experiments conducted by Molteni et al. cover various
benzene series precursors, including toluene, ethylbenzene,
mesitylene, and xylene, with a relatively low OH exposure (4.5
× 109 cm−3·s, equivalent to 0.8 h if assuming the average
ambient OH concentration is 1.5 × 106 cm−3)51 and without
NOx. Cheng et al. reported experiments on toluene, with a
higher OH exposure (∼2.2 × 1011 cm−3·s, equivalent to 1.70
days) than Molteni et al. over a range of NOx concentrations
(0 or 200 ppb, denoted as low NOx and high NOx). The
effects of wall losses and OOM condensation on the particle

phase have been considered in the studies of Molteni et al. and
Cheng et al.,24,44 following the methods described in Section
S3. Experiments measuring the SOA used in this work include
those conducted in the oxidation flow reactor (OFR) and
environmental chamber. We conducted a series of OFR
experiments with low (55.3 ppb) and high (268.2 ppb) toluene
concentrations without NOx, and the OH exposure range is
0.2−8.8 × 1011 #/cm3·s (equivalent to 0.2−6.8 days). More
experimental details are shown in Section S4. Another OFR
experiment of toluene without NOx conducted by Liu et al. is
also simulated in this work, with an initial toluene
concentration of 138 ppb and an OH exposure range of
0.5−5.2 × 1011 cm−3·s (equivalent to 0.4−4.0 days).52

Chamber experiments of toluene are conducted by Ruiz et
al.,53 with high-NOx concentration (about 1000 ppb) and an
equivalent aging time of 1.85 days (real reaction time of 7 h).
Particle wall losses have been corrected in the experiments
measuring SOA, and vapor wall losses are simulated by formula
in Section S1, and the wall loss rates are estimated following
previous studies.54,55 The experiments cover a wide range of
precursor concentrations (50−800 ppb), OH exposure (4 ×
108−8 × 1011 cm−3·s), and NOx concentrations (0−1000
ppb).

2.2.2. Comparison Method between Simulations and
Measurements. We mainly compare simulated and measured
OOM carbon yields in volatility and O/C dimensions. The
measurements of OOMs only provide molecular formula and
concentrations but cannot provide the volatility directly, so the
volatility of observed products is usually estimated by
molecular formula. We propose a volatility estimation method
by combining empirical formulas of other studies21,25,29 and
linear fitting using SIMPOL. Specific details of volatility
estimation are shown in Section S5. Normalized mean biases
(NMBs) of the OOM carbon yields, SOA concentration/
yields, and the O/C ratios are calculated to quantify the
simulation biases. The specific calculation method of NMB is
shown in Section S6. For the NMB calculation of OOM
carbon yields of the carbons of the OOMs, we take the
sensitivity of the detection instruments into consideration.
Ideally, we would compare all products, but some products
with lower oxygen numbers and higher volatility can only be
partly detected by NO3

−-CIMS, which are not compared with
simulated yields directly. We only include OOM carbon yields
of the easily detected products of the OOMs in a specific
volatility and the O/C range (log C* ≤ −1, O/C ≥ 0.6 for the
non-nitrogenous monomer and nitrate and log C* ≤ −2, O/C
≥ 0.3 for the dimer) when calculating NMB. We classify the
products as unautoxidized (Ox0) products, first-generation
autoxidized (Ox1) products, second-generation autoxidized
(Ox2) products, and third-autoxidized (Ox3) products by
autoxidation generations and distinguish the easily and partly
detected products among them. The differentiation of easily
and partly detected products is shown in Section S6. According
to previous studies, the uncertainty ranges of OOM
concentrations detected by NO3

−-CIMS can be −50−100%;
hence, we regard −0.5−1 as an acceptable range for NMB.56,57

Since the high-volatility products are only partly detected by
NO3

−-CIMS, we also allow simulated carbon yields of
products with higher volatility to be higher than measurements
so that the simulated low-volatility products match measured
data. For example, assuming two cases with similar NMB, if
total yields of simulated oxidation products are higher than
measured yields, but yields of low volatility can match
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measured data in one case, and total yields of simulated
oxidation products can match measurement, but yields in low
volatility are lower than measured data in another case, we
regard the former case as more acceptable. For the experiments
of Molteni et al.,44 we also distinguish generations of
autoxidation of measured products and compare them with
simulated autoxidized products, and the details are shown in
Section S7. For experiments measuring SOA, the NMBs of
SOA concentrations/yields and O/C are expected to be much
lower than those of the OOMs.

3. RESULTS AND DISCUSSION
3.1. Laboratory Experiment Simulations Using the

Initial I2D-VBS Parameterizations. We simulate experi-
ments measuring the OOMs and SOA with initial parameters
determined from the kinetic literature (theoretical calculation,
lab experiments, etc.; see Section 2.1). OOMs and SOA
simulations are shown in Figures S1 and S2, and the NMBs of
OOM carbon yields of the OOMs, SOA yields, and O:C are
shown in Table S6. For experiments of Molteni et al.,44 NMB
values of monomers and dimers range from −0.58 to −0.91 for
the precursors considered. For low-NOx experiments of Cheng
et al.,24 the NMB of monomers is −0.40 and that of dimers is
−0.47, with NMB absolute values lower than those of Molteni
et al.44 In high-NOx experiments of Cheng et al.,24 the
simulated yields of nitrates are reasonable (NMB = −0.27), but
non-nitrogenous monomers are highly underestimated (NMB
= −0.97). In summary, the initial parameters generally
underestimate OOM formation. Simulated SOA mass yields
are higher (NMB > 1.9) and O/C is lower (NMB ← 0.3) than
measured values in low-NOx OFR experiments conducted in
this work and by Liu et al.,52 while simulated SOA and O/C in
high-NOx experiments by Ruiz et al.53 agree with experimental
data well (absolute NMB < 0.10). The results reveal that the
model can capture SOA formation in high-NOx conditions but
have a non-negligible bias in low-NOx conditions.
The initial parameters may underestimate the level of OOM

formation because either autoxidation or multigenerational
oxidation is underestimated; this should be identified. Molteni
et al.44 and Cheng et al.24 attribute major products detected in
their experiments to ring-retaining products because their C
numbers are close to the C number of precursors and H and O
numbers are similar to bicyclic products, which means these
products probably retain the bicyclic structure. From the H
and O numbers of these products, we can determine their main
formation pathways. In the experiments of Molteni et al.,44 the
mass spectrum showed a sequence of ring-retaining product
peaks separated by a mass corresponding to two oxygen atoms,
which may be attributed to O2 addition caused by
autoxidation.44 Additionally, the low OH exposure and short
reaction time in the experiments of Molteni et al.44 result in
weak multigenerational aging, which corroborates that the O2
addition during OOM formation is probably attributed to
autoxidation. In the experiments of Cheng et al.,24 OOM
species with 1 or 2 oxygen number difference can be detected,
which may involve multiple pathways (autoxidation and
multigeneration oxidation).24 The H number in the measured
molecules can help identify multigenerational oxidation
products. If the H number of a ring-retaining molecule is
less than the H number of the precursor (y) or larger than y +
2, the molecule is regarded as having undergone H abstraction
or OH addition (the first step of oxidation by OH),
respectively.24 Concentrations of these products are indeed

found to be correlated with the OH concentration. However,
the remaining ring-retaining products (y ≤ H number ≤ y + 2),
which are much more abundant, show little correlation with
OH, indicating that these products are probably not all
multigenerational products (Figure 3 in Cheng et al.24). From
the molecular observation results, it seems that autoxidation is
significant in these two experiments. We also turned off
autoxidation pathways in our simulations using initial
parameters to confirm the importance of autoxidation, whose
results are shown in Figure S3. Obviously, simulating only
multigenerational oxidation products cannot reproduce the
formation of OOMs, especially the low-volatility products.
Thus, most of the OOMs in the experiments of Molteni et al.44

and part of the OOMs in the experiments of Cheng et al.24

should be explained by autoxidation. Based on the analysis of
molecular observations and sensitivity simulations, kauto in the
initial parameters is likely underestimated. For dimerization,
less autoxidized RO2 due to the previously discussed poor
representation of autoxidation and underestimation of kdimer
and fdimer by initial parameters are all possible reasons for dimer
underestimation, so we will further diagnose the biases after
kauto is adjusted in the next section.

3.2. Optimized I2D-VBS Parameterization and Up-
dated Simulation Results. The simulation results of the
initial parameterization have systematic bias compared with
measured results, and parameters should be optimized to
achieve better model-measurement agreement according to
Section 2.1. We adopt a stepwise optimization method to
optimize model parameters, ensuring efficiency and clarity.
This method significantly reduces the complexity of parameter
optimization and facilitates an understanding of how each free
parameter impacts the SOA simulations. While there are
multiparameter optimization frameworks available to simulta-
neously tune multiple parameters,58,59 offering more compre-
hensive optimization outcomes, due to the specific character-
istics and complexity of our model, as well as the existing
knowledge we have gained from the simulation results
corresponding to the initial parameters in Section 3.1, a
more efficient stepwise optimization approach might already
be sufficient here. In the experiments of Molteni et al.,44 most
of the oxygenated products detected by nitrate-CIMS should
be explained by autoxidation and dimerization. So, experiments
of Molteni et al.44 are used to constrain kauto, kdimer, and fdimer in
the first step. From Section 3.1, kauto should be higher than the
initial parameters. After we increase kauto by 8−30 times (8 for
monosubstituted benzene series species and 30 for polysub-
stituted species, both within the reasonable range determined
from the literature) and guarantee that the non-nitrogenous
monomer can match measured data, dimer yields are 2−4
times those of measurements (2−10 times for dimers in
specific volatility ranges). Hence, we lower kdimer by 2−10
times and fdimer by 2 times (except for f 0,0) according to
measured dimer concentrations. Ox0ROOR is only partly
detected by NO3

−-CIMS, so f 0,0 cannot be determined by
measured OOM yields. However, the formation of Ox0ROOR
largely increases the concentration and decreases the O/C of
SOA; hence, f 0,0 can be determined by experiments measuring
SOA. After adjusting kauto, kdimer, and fdimer except for f 0,0, we
simulate experiments measuring OOMs by Cheng et al.24 and
those measuring SOA to optimize parameters in the multi-
generational module and f 0,0. For the parameters in multi-
generational oxidation module, the optimization is based on
the influence of parameters in this module on SOA
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concentrations and O/C, which has been discussed in previous
studies.31,32,50 After the two-step optimization, we resimulate
all experiments with optimized parameters to confirm their
suitability. The optimized parameters are shown in Table S5,
and the important parameters in Figure 1 are shown in Table
1.

The simulation and observation of OOM carbon yields by
volatility bins based on optimized parameters are shown in
Figure 2. For the experiments of Molteni et al.,44 simulated
yields of low-volatility (log C* ≤ −1 for non-nitrogenous
monomers and nitrates and log C* ≤ −2 for dimers) agree
reasonably well with measurements (NMB values are within
−0.5−1, with most of NMB values within −0.3−0.6). For the

low-NOx experiments of Cheng et al.,24 the NMB values are
within ±0.3 and the fractions of autoxidized products are
higher than those simulated using the initial parameters (from
lower than 1 to ∼10%), which shows good consistency with
the analysis of Cheng et al.24 For high-NOx experiments, the
trend of decreasing nitrate concentration with decreasing
volatility can be reproduced fairly well. For non-nitrogenous
monomers, simulated yields of autoxidized products are lower
than measured OOM yields, but if Ox0 monomers are added,
the simulated yields are higher than observed. Considering Ox0
non-nitrogenous monomers (mainly formed by RO from RO2
+ NO reactions) are only partly detected by NO3

−-CIMS, the
simulation yields of non-nitrogenous monomers are deemed
acceptable.
We also compared the simulated O/C of OOMs with

experiments, and the results are shown in Figure S4. Here,
NMBs are still calculated based on non-nitrogenous monomers
and nitrates with log C* ≤ −1 and dimer with log C* ≤ −2, so
the NMB values of each experiment are the same as those
reported above. In the experiments of Molteni et al.44 and
Cheng et al.,24 our model generally reproduces the observed
trend that OOM yields first increase and then decrease with
the increase of O/C. However, there are still biases on
volatility and O/C distributions of OOMs between simulations
and measurements for some individual experiments due to the
uncertainty of distribution kernels of radical reaction products,
which have been discussed in Section S8. This kind of bias is
acceptable under low OH concentration and can be ignored
under high OH conditions. We also compare the yields of
monomers and dimers with different generations of autox-
idation, and the simulated yields can agree with measured
yields within acceptable biases (details are shown in Section S7
and Figure S5).
Experiments measuring SOA are also simulated by the

optimized parameters. Simulation results of chamber experi-
ments by Hildebrandt Ruiz et al.53 and OFR experiments
conducted in this work with low toluene concentration (whose
precursor concentrations are closer to ambient conditions than
the high-toluene OFR experiments) are shown in Figure S6.
The NMB values of the O/C and SOA concentrations of the
two experiments are within ±0.10, showing the model’s ability
to simulate the SOA formation and oxidation state under
different oxidant exposures. Compared to simulations using the
initial parameters, the optimized parameters can better
reproduce the trends that SOA yields first increase and then
decrease while O/C keeps increasing with the increase of OH
exposure in both low- and high-NOx conditions. Simulation
results of other experiments measuring SOA are also shown in
Figure S6. For high-toluene OFR experiments conducted in
this work, simulated SOA concentrations are higher than
observed at long oxidation equivalent time (NMB = 0.12),
while the NMB of the O/C is small (0.03). The overestimation
of SOA concentration is probably because the strong UV
exposure (as indicated by a high O3 concentration of >30 ppm
in the reactor) might induce fierce SOA photolysis, which is
not considered in the model.60,61 For the experiments of Liu et
al.,52 the O/C is overestimated (NMB = 0.48), and the NMB
of SOA is 0.03, but the variation of O/C and SOA yields with
OH exposure agrees with the measurements. Overall, the
model captures the distribution of OOM products in terms of
volatility and O/C reasonably well under various experimental
conditions, while concentration, oxidation state, and time
variation of SOA can also be reproduced reasonably, which

Table 1. Optimized Values of Important Parameters in I2D-
VBS Model

parameters optimized value

branching ratio of
1st-generation products

f bcp 0.67 (toluene)
0.67 (ethylbenzene)
0.73 (mesitylene)
0.73 (xylene)

f bcp_Ox 0.07 (toluene)
0.12 (ethylbenzene)
0.20 (mesitylene)
0.18 (xylene)

fcresol 0.26 (toluene)
0.26 (ethylbenzene)
0.20 (mesitylene)
0.20 (xylene)

f benzaldehyde 0.07 (toluene)
0.07 (ethylbenzene)
0.07 (mesitylene)
0.07 (xylene)

autoxidation rate (s−1) k1 exp(9.67 − 3920/T) × 8
(ARO2)

exp(9.67 − 3920/T) × 30
(BRO2)

k2 k1/0.42/4 (ARO2)
k1/0.42/10 (BRO2)

k3 k2/1.3 (ARO2)
k2/1.3/2 (BRO2)

dimerization rate
=k k k( )m n mm nn, , units:

cm3 molecule−1 s−1

k00
2.8/4 × 10−10 (ARO2)
2.8/2 × 10−10 (BRO2)

k11 4.9/8 × 10−10 (ARO2)
4.9/2 × 10−10 (BRO2)

k22 8.7/2 × 10−10 (ARO2)
8.7/5 × 10−10 (BRO2)

k33 8.7/2 × 10−10 (ARO2)
8.7/10 × 10−10 (BRO2)

dimerization fraction (where
n = 1,2,3)

f 0,0 0.015 (ARO2)
0.015 (BRO2)

f 0,n 0.5 (ARO2)
0.25 (BRO2)

f n,n 0.5 (ARO2)
0.25 (BRO2)

k(RO2 + HO2) (cm3 molecule−1 s−1) 1 × 10−11

k(RO2 + NO) (cm3 molecule−1 s−1) 1 × 10−11

f(RONO2) 0.15
k(RO2 → RO) (s−1) 1015 × exp(−13,000/T)
kbasis (cm3 molecule−1 s−1) 2.5 × 10−11

khet (cm3 molecule−1 s−1) 3 × 10−12

n_frag 0.3
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demonstrates the ability of the model to simulate and quantify
the formation of products over the full volatility simulta-
neously.
To guarantee the accuracy of optimized parameters, we also

design several sensitivity cases for main parameters in the three
modules, including f bcp in the first-generation oxidation
module, kauto, kdimer, fdimer, and f(RONO2) in the radical
reaction module, and kbasis and n_frag in the multigenerational
oxidation module. The details are listed in Section S9. The
sensitivity analysis demonstrates that the optimized parameters
can better match lab experiments compared to the sensitivity
cases and that the assumptions of the model are reasonable.
Owing to available measurements of OOMs and SOA, all of
the parameters can be confined to relatively smaller ranges
than those in literature ranges. Although the parameters in the
three modules are demonstrated as the most reasonable
scheme by sensitivity analysis, some parameters need further
verification in future studies due to the lack of experimental
data or the uncertainty in existing experiments. According to
the sensitivity analysis, kauto has comparatively large impacts on
OOM yields and its values span a wide range in the literature;
thus, direct measurements of kauto in future studies would be
valuable for the verification and further optimization of the

parameters used in the model. In addition, f(RONO2) values
of different RO2 should be different, but due to the lack of
experimental results, we assume a uniform f(RONO2) for all
RO2, which would bring uncertainty to the OOMs and SOA
simulation in high-NOx conditions. Moreover, the current
I2D-VBS model has not considered some reaction pathways
explicitly, including the autoxidation of nonbicyclic RO2 from
isomerization of bicyclic RO radicals,22,48,49 due to the lack of
measurements of their kinetic parameters, which also requires
further exploration in future studies.

3.3. Simulation of OOMs and SOA Formation under
Typical Urban Conditions. We design simulations under
typical urban conditions to investigate the full volatility
spectrum of products from benzene series precursors in the
atmosphere and to evaluate contributions of different pathways
and the effects of atmospheric conditions. Because benzene
series precursors are a major source of SOA and OOMs in
urban areas,6,19 we simulate the conditions of a typical polluted
city, Beijing. The concentrations of precursors (8.5 ppb in
total), OH (1.5 × 106 #/cm3), and NOx (10 ppb), as well as
the temperature (300 K) and reaction time (6 h) of the base
case, are determined from previous studies.62,63 We also design
sensitivity cases to discuss the effect of different reaction

Figure 2. Comparison of simulated carbon yields of benzene series oxidation products with measured yields of OOMs in the (a) toluene, (b)
ethylbenzene, (c) trimethylbenzene, and (d) xylene experiments conducted by Molteni et al.44 in low-NOx condition and the toluene experiments
by Cheng et al.24 in (e) low and (f) high-NOx conditions. Both simulated and measured yields are bound by volatility. Simulated yields of the low-
volatility products can match observed values, while we allow simulated yields of high-volatility products to be higher than observed considering the
lower sensitivity of NO3

−-CIMS to these products.
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pathways (dimerization, autoxidation, and multigenerational
oxidation), NOx (0 and 3 ppb), OH (5 × 105 and 5 × 106
#/cm3), precursor concentration (4.25 and 17 ppb in total),
and temperature (270 and 310 K). The details of the sensitivity
cases are shown in Section S10. The OOM and SOA
concentrations of the base case and the sensitivity cases
regarding the effects of reaction pathways and NOx
concentrations are shown in Figure 3a,c, and volatility
distributions of OOMs of each case are shown in Figure
S20. We also discuss the contribution of different reaction
pathways to organic products with different volatilities, and the
results are shown in Figure 3b.
In the base case, the concentrations of non-nitrogenous

monomers and nitrates both have a significant contribution to
the total concentration of the OOMs, while dimer concen-
tration is neglectable. The volatility distribution of the OOMs
shows that concentrations of non-nitrogenous monomers and
nitrates decrease with decreasing volatility, while the dimer
concentrations are higher in lower volatility bins. For products
in −4 ≤ log C* ≤ 0 bins (LVOCs), the main contributors are
unautoxidized non-nitrogenous monomers and organic ni-
trates. For products in −8 ≤ log C* ≤ −5 bins (ELVOCs), the
main components are autoxidized non-nitrogenous monomers
and nitrates. However, for products in log C* ≤ −9 bins

(ULVOCs), autoxidized dimers are the main contributors. In
the first series of sensitivity cases (“no_dimer”, “no_auto_-
dimer”, and “no_aging_auto_dimer”), we evaluate the
contributions of dimerization, autoxidation, and aging by
sequentially turning off a reaction pathway based on the
previous scenario. The contributions to products in the full
volatility ranges from one pathway are the difference between
two sensitivity cases with or without this pathway. For
example, the dimer contributions are the difference between
the “no_dimer” and base cases. The total OOM and SOA
concentrations in the “no_dimer” scenario are almost the same
as the base case, as the dimer concentration is low in the base
case, though ULVOCs decrease substantially in the “no_-
dimer” scenario. In the “no_auto_dimer” case, the concen-
trations of the OOMs and SOAs decrease by about 61 and
66% relative to the base case and the concentrations of
ELVOCs decrease by about 70%, while those of the LVOCs
decrease by about 60%. In the “no_aging_auto_dimer” case,
the OOM concentration is about 4% of the base case and there
is no SOA generated; therefore, multigenerational aging can
contribute to 20% of ELVOC formation and 40% of LVOC
formation. Based on the results, autoxidation and multigenera-
tional aging contribute approximately 61 and 35% of the
concentration of the OOMs and 66 and 34% of the SOA

Figure 3. (a) OOM simulation concentrations in the base case as well as sensitivity cases that eliminate different reaction pathways or perturb NOx
concentrations, (b) the contributions of different reaction pathways to oxidation products with different volatilities, and (c) the same as panel (a)
but for SOA concentrations.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c07128
Environ. Sci. Technol. 2024, 58, 8380−8392

8387

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07128/suppl_file/es3c07128_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07128/suppl_file/es3c07128_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07128/suppl_file/es3c07128_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07128?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration, respectively, which means these processes are
the two main contributors to the concentration of the OOM
and SOA concentrations. The contributions to ELVOCs and
LVOCs of autoxidation are higher than those of multigenera-
tional oxidation, which means autoxidation contributes more
to low-volatility products.
The second series of sensitivity cases are the same as the

base case except that NOx concentrations are set to 0 and 3
ppb (cf. 10 ppb in the base case), where 0 ppb represents a
case without any NOx effect and 3 ppb represents a less-
polluted case on clean days or under NOx emission reduction
in the future. The fraction of low-volatility products will
increase when NOx decreases, which induces an increase in the
concentrations of the OOM and SOA concentrations. If the
NOx concentration decreases to 3 ppb, the concentrations of
the OOMs and SOAs increase by about 60% relative to the
base case. The increased OOMs are mainly autoxidized non-
nitrogenous monomers and nitrates, while unautoxidized non-
nitrogenous monomer and nitrate concentrations change
slightly. The volatility distribution is similar to the base case,
but the fractions of ELVOCs and ULVOCs increase due to the
increase of autoxidized products. If the NOx effect is
eliminated, then the concentrations of the OOMs and SOAs
increase by about 200% compared to the base case, which is
caused by increased concentrations of autoxidized non-
nitrogenous monomers (mostly in the LVOC and ELVOC
ranges) and autoxidized dimers (mostly in the ULVOC range).
In this case, the fraction of low-volatility products greatly
increases and ULVOCs can take up nearly half of total OOMs.
The results of these two cases indicate that NOx inhibits the
generation of autoxidized products with low volatility. When
NOx emissions are abated, low-volatility OOMs, especially
ULVOCs, could increase significantly.
In the third and fourth series of sensitivity cases, only OH

and precursor concentrations are changed. Here, OOM and
SOA concentrations vary almost linearly with OH and
precursors (Figures S21 and S22). Product concentrations in
the full volatility range also vary linearly with OH and
precursors, but the compositions of OOMs are different under
different OH concentrations. In the high OH case, the
fractions of ULVOCs and ELVOCs to total OOMs are lower
than the base case and low OH case, which may be caused by
more unautoxidized products due to stronger multigenera-
tional oxidation. Finally, in sensitivity cases where the
temperature is changed (Figures S21 and S22), the
concentration of the OOMs can vary by −25 and +20% at
lower and higher temperatures, respectively, but the SOA
concentration can vary by 100 and −20%. The low-volatility
products decrease largely with decreased temperature. OOM
formation, especially the formation of low-volatility products, is
weaker at the lower temperature due to a lower autoxidation
rate, but SOA concentrations increase with the decrease in
temperature due to the influence of the gas-particle
equilibrium. The OOMs and SOA changes can be explained
similarly in the high-temperature case. We also discuss
different temperature dependences of autoxidation at low
and high temperatures, but the OOM and SOA concentrations
and OOM volatility distribution only slightly change when
temperature dependence changes.

4. ATMOSPHERIC IMPLICATIONS
In this study, we develop a novel model framework, I2D-VBS,
for simulating the full volatility spectrum of products from the

benzene series of precursors. I2D-VBS traces molecular
products and radicals and unifies multigenerational oxidation
and irregular radical reaction in one framework. The model has
been proven capable of simultaneously reproducing OOMs
and SOA formation in experiments conducted using different
precursor types (toluene, ethylbenzene, mesitylene, and
xylene) under a wide range of precursor concentrations
(50−800 ppb), OH exposure (4 × 108−8 × 1011 cm−3·s),
and NOx concentrations (0−1000 ppb). The model also
successfully reproduces the volatility and the O/C distributions
of the OOMs in these experiments to the best of our
knowledge for the first time, which sponsors the accuracy of
the model in simulating the products over the full volatility
range and enables a quantitative and holistic understanding of
the formation mechanisms of these products. The simulated
products over the full volatility range in I2D-VBS will help
synchronize the formation of the OOMs and SOA and fill a
large gap in the SOA formation, which is important for
clarifying the formation processes and sources of SOA. Further,
simulating the full volatility range of products, especially
ELVOCs and LVOCs, can help simulate particle growth driven
by organic condensation, which was significantly biased in
previous models or observation-based calculations despite
being important for accurately simulating CCN.
Moreover, the computational cost of I2D-VBS is deemed

acceptable for three-dimensional (3D) simulation since it only
introduces 10 new organic radical species compared to the
traditional 2D-VBS, which has already been used in many 3D
modeling studies.50,64 For other precursors like monoterpenes
and alkanes, we can also adjust parameters in the first-
generational oxidation, radical reaction, and multigenerational
oxidation modules by simulating experiments measuring
OOMs and SOA to extend the model (see Section S11).
The modest computational cost and extendibility guarantee
the applicability of I2D-VBS to 3D chemical transport models
(CTMs), and the accurate simulation of experiments
measuring OOMs and SOA helps ensure the accuracy of
atmospheric simulations. Hence, 3D CTMs with an I2D-VBS
module can be used for predicting complex organic NPF,
particle growth, cloud activation, and SOA formation processes
worldwide, especially under the combined influence of climate
change and emission reduction in the future.
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