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ABSTRACT: Elucidating the autoxidation of volatile organic
compounds (VOCs) is crucial to understanding the formation
mechanism of secondary organic aerosols, but it has been proven to
be challenging due to the complexity of reactions under
atmospheric conditions. Here, we report a comprehensive
theoretical study of atmospheric autoxidation in VOCs exemplified
by the atmospherically important methacrolein (MACR), a major
oxidation product of isoprene. The results indicate that the Cl-
adducts and H-abstraction products of MACR readily react with
O2 and undergo subsequent isomerizations via H-shift and
cyclization, forming a large variety of lowly and highly oxygenated
organic molecules. In particular, the first- and third-generation
oxidation products derived from the Cl-adducts and the methyl-H-
abstraction complexes are dominated in the atmospheric autoxidation, for which the fractional yields are remarkably affected by the
NO concentration. The present findings have important implications for a systematical understanding of the oxidation processes of
isoprene-derived compounds in the atmospheric environments.

1. INTRODUCTION
Secondary organic aerosol (SOA), mainly formed from the
atmospheric oxidation of volatile organic compounds (VOCs),
constitutes a large majority of atmospheric particles and has a
serious impact on the atmospheric climate, human health, and
traffic safety.1−3 Elucidating the stepwise formation mechanism
of SOA in the complicated atmospheric environments is
essential in understanding the initial steps of atmospheric
aerosol formation and providing effective guidance for
atmospheric haze control. Over the past few decades, extensive
efforts were made to explore the SOA formation mechanisms
from various VOCs, which provided great insights into the
atmospheric chemistry.4−7

The autoxidation of VOCs plays an important role in the
atmospheric chemistry,8,9 degradation of olefinic liquid,10 and
combustion chemistry.11 For instance, the autoxidation of
organic compounds remarkably contributes to the generation
and aging of atmospheric particulate matters.12 The chemistry
of atmospheric peroxy radical intermediates is also central to
the autoxidation process, where the successive H-shift and O2-
addition reactions convert the VOC-derived peroxy radicals
into highly oxygenated organic molecules (HOMs).8,12−14

This direct autoxidation pathway begins with the conversion
from the biogenic VOCs to very low-volatile organic vapors in
large quantities.15−17 The formation of hydroperoxy amides
also evidences the potential atmospheric H-shift and
autoxidation of amine-derived peroxy radicals.18 These vapors

exhibit significant mass yields in the gas phase and condense
on aerosol surfaces.
Isoprene is the largest source of non-methane VOCs, with

estimated emissions of 535 Tg year−1.19 Since isoprene
possesses structural peculiarity with two double bonds, its
oxidation by the radicals (i.e., OH, O3, and NO3) readily
occurs in the atmosphere, making significant contributions to
the sources of atmospheric organic particulate matters.4,20−26

Such isoprene oxidations generate a large variety of products,
which would affect the tropospheric oxidation capacity and
associated chemical cycles of atmospheric trace gases.27−29

As one of the major products of isoprene oxidation,4,30−32

methacrolein (MACR) and its oxidation are central to the
formation of SOA. MACR was proposed to be highly reactive
with Cl,33−36 O3,

37−39 OH,40−45 and NO3.
46,47 MACR

oxidation was found to be a necessary step in the SOA
formation from isoprene photooxidation,4,25 in which the
preservation of the four-carbon backbone in SOA would shed
light into the gas-phase mechanism of the SOA precursor.
Smog chamber experiments suggested that MACR could
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undergo photooxidation to form methacrylic acid epoxide,48

which is a major precursor for the isoprene-derived SOA tracer
under high levels of nitrogen oxide (NOx = NO + NO2), with
reminiscence of typical urban atmospheres.48 2-Methylglyceric
acid evolved from MACR was found to undergo esterification
to produce low-volatile oligoesters.31,49 A successive cycliza-
tion-driven autoxidation mechanism was proposed in the
reactions of allylic radicals generated from the H-abstraction of
isoprene.50 The Cl atoms are highly reactive and can
profoundly affect the atmospheric compositions, especially in
coastal urban areas.51 However, systematic study on the Cl-
initiated MACR reactions and subsequent autoxidation
processes remains elusive thus far.
In this work, we investigated the autoxidation mechanisms

and kinetics of the Cl-initiated MACR reactions and
subsequent autoxidations under atmospheric conditions using
a combined method of quantum chemical calculations and
kinetics modeling. The results indicate that the Cl-addition and
H-abstraction products of MACR readily react with O2 and
undergo isomerizations via H-shift and cyclization, forming a
series of lowly oxygenated organic molecules and HOMs with
potential contributions to the new particle formation. In
particular, the first- and third-generation oxidation products
derived from the Cl-adducts and the methyl-H-abstraction
complexes are dominated in the MACR autoxidation, for
which the fractional yields are remarkably affected by the NO
concentrations.

2. METHODS
The structural information of the initial carbon center radicals
was obtained from the previous study.36 The most stable
isomers of organic peroxy radicals (RO2) produced from the
oxidation of MCl, M1, and M2 were determined using the
Molclus program.52 The “gentor” tool in Molclus was used to
generate an initial population of isomers via systematic
structural scanning, namely, by regularly rotating the target
dihedral angle of the target molecular isomer. The resulting
initial isomer population was screened for the most stable RO2
geometry by energetics calculations and used for the
subsequent H-transfer, cyclization, and dissociation. The
detailed screening process is described in Figure S1 in the
Supporting Information.
Geometric optimization and frequency calculations of the

reactants, transition states (TS), intermediates (IMs), and
products involved in the subsequent autoxidation pathways
were performed using the Gaussian 09 program package53 at
the M06-2X/6-311+G(d,p) level of theory.54 The original
structures of TSs were manually constructed based on the
isomerization ways (H-shift, cyclization) of IMs in the
autoxidation process and optimized using the Berny algorithm.
Intrinsic reaction coordinate calculations were carried out for
all transition states to confirm that the transition states connect
the initial and final states. In the benchmark study, the single-
point energy calculations of intermediates and transition states
involved in the five isomerization processes of the peroxy
radicals produced from the O2-addition on M2 were performed
on top of the M06-2X/6-311+G(d,p) geometries at the
ωB97XD/aug-cc-pVTZ, M06-2X/6-311+G(3df,2pd), M06-
2X/aug-cc-pVTZ, CBS-QB3, and CCSD(T)/cc-pVTZ levels
(see Table S1 for the details). Optimally, the ωB97XD/aug-cc-
pVTZ method was selected for the single-point energy
calculations.55 The potential energy profiles were calculated

at ωB97XD/aug-cc-pVTZ//M06-2X/6-311+G(d,p) level of
theory, including the zero-point energy corrections.
The kinetics calculations of the unimolecular reactions were

performed using the Master Equation Solver for Multi-energy
Well Reactions (MESMER) program.56 The reaction rate
constants for each individual reaction step in the full system
were calculated using the Rice−Ramsperger−Kassel−Marcus
method. The harmonic frequencies and rotational constants
were obtained from the M06-2X/6-311+G(d,p) calculation
results, and the energy barriers were obtained from the results
at the ωB97XD/aug-cc-pVTZ level of theory. The energy
transfer was modeled using an exponential down model and
the average energy transferred of ΔEd = 200 cm−1 was used to
simulate the collision energy between intermediates and bath
gas molecule (N2). The epsilon (K) and sigma (Å) parameters
for a Lennard-Jones interaction potential for the intermediates
were estimated by an empirical method proposed by Gilbert
and Smith,57 as listed in Table S2. The kinetics modeling was
done at 298 K and 1 atm of pressure. The one-dimensional
asymmetric Eckart-barrier approximation was employed to
account for the tunneling correction of reactions in the main
autoxidation process involving H-shift.58 The yield was
obtained by the ratio, where the numerator was the rate
constant of each branch of the reaction path and the
denominator was the sum of the rate constant of each branch
of the reaction path in the same stage. The pseudo-first-order
reaction rate constant (RO2 with NO, HO2, and O2) and the
reaction rate constant calculated by MESMER were used to
calculate the yield, with the reference to the method in the
literature.50

3. RESULTS AND DISCUSSION
The reaction of MACR with Cl yields initial adducts (labeled
as MCl), in which the Cl atom is bound to the C(1) atom and
the radical is located on the C(2) site (Scheme 1). The Cl

atom can directly abstract the hydrogen atom from the
aldehyde or the methyl group, forming the aldehyde-H-
abstraction complex (M1) and the methyl-H-abstraction
complex (M2) (Scheme 1), respectively. The mechanism for
the abstraction from MACR has been recently discussed.36

The reaction of Mx (x = Cl, 1, and 2) with the first, second,
and third O2 molecule produces the first-, second-, and third-
generation oxidation intermediates, which are labeled as Mx-
IMa, Mx-IMb, and Mx-IMc, respectively. The following sections
describe the successive autoxidation reactions of MCl, M1, and
M2.
3.1. Potential Energy Profiles for Successive Autox-

idation of MCl. The potential energy profiles of the MCl + O2
reaction are shown in Figure 1. The addition of O2 onto the
C(2) site forms a peroxy radical (labeled MCl-IMa), which is
predicted to be exothermic (14.0 kcal mol−1). MCl-IMa
undergoes isomerization to form three types of C-center

Scheme 1. Structures of MCl, M1, and M2
a

aThe positions of the C atoms are labeled for the convenience of
discussion.
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radicals (MCl-IMa‑1, MCl-IMa‑2, and MCl-IMa‑3) via H-transfer
from different groups. The barrier of transition state MCl-TSa‑1
(19.6 kcal mol−1) is much lower than those of MCl-TSa‑2 (32.2
kcal mol−1) and MCl-TSa‑3 (36.9 kcal mol−1), suggesting that
the formation of MCl-IMa‑1 via H-transfer from the aldehyde
group is more favorable. Upon C−O bond cleavage, the
dissociation of MCl-IMa‑1 produces MCl-IMa‑1‑1 (C4H5OCl)
and HO2 with a barrier of 20.6 kcal mol−1. The isomerization
products of MCl-IMa‑1‑2,3 and MCl-IMa‑1‑2,3 are difficult to be
formed via 1,3 H-shift because of high ring tension. The
reaction rate constant of a typical C-centered radical with O2 is
∼3.2 × 107 s−1,59 which is considerably faster than the
predicted dissociation rate constant of the MCl-IMa‑1 → MCl-
IMa‑1‑1 + HO2 reaction (1.7 × 10−2 s−1). It thus appears that
MCl-IMa‑1 might proceed to react with O2 rather than its
dissociation.
As shown in Figure 2, the MCl-IMa‑1 + O2 → MCl-IMb

reaction is calculated to be exothermic by 29.0 kcal mol−1, with

the formation of a peroxy radical. MCl-IMb transforms to C-
centered radicals (MCl-IMb‑1 and MCl-IMb‑2) by 1,5 H-shift
with energy barriers of 17.4 and 21.3 kcal mol−1, respectively,
forming C�O(OOH) groups. The endothermic energy of the
MCl-IMb → MCl-IMb‑1 reaction (6.5 kcal mol−1) is smaller than
that of the MCl-IMb → MCl-IMb‑2 reaction (13.4 kcal mol−1),
indicating that the H-abstraction from the CH2Cl unit is more
favorable than that from the CH3 group. Three possible
pathways were explored for the subsequent unimolecular
reaction of MCl-IMb‑1. Releasing HO2 via C−O bond cleavage
is predicted to be exothermic by 5.2 kcal mol−1 with a smallest
barrier of 15.6 kcal mol−1. The population of this dissociation
product MCl-IMb‑1‑1 could be small because the C-center
radical MCl-IMb‑1 might prefer to react with O2 in the
atmosphere because of its fast reaction rate.59 The potential
energy profiles of the subsequent reaction for MCl-IMb‑1 with
O2 are shown in Figure 3. The MCl-IMc‑1 peroxy radical is
generated by 1,5 H-shift, which is predicted to be endothermic

Figure 1. Potential energy profiles of the favorable isomerization pathways for MCl-IMa formed from the reaction of MCl with O2 calculated at the
ωB97XD/aug-cc-pVTZ//M06-2X/6-311+G(d,p) level of theory. MCl-IMa‑n is transformed from MCl-IMa, and MCl-IMa‑n‑m is the product generated
from the isomerization or dissociation channel of MCl-IMa‑n, where n = 1−3 and m = 1−3. The total energy of the reactants MCl + O2 is set as zero
(reference state).

Figure 2. Potential energy profiles of the favorable isomerization pathways for MCl-IMb formed from the reaction MCl-IMa‑1 with O2 calculated at
the ωB97XD/aug-cc-pVTZ//M06-2X/6-311+G(d,p) level of theory. The total energy of the reactants MCl-IMa‑1 + O2 is set as zero (reference
state).
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by 15.8 kcal mol−1 with a barrier of 22.3 kcal mol−1. In contrast
to the unimolecular isomerization of a given RO2, its
bimolecular reaction with NO/HO2 is generally considered
to be the main competitive pathway. Therefore, the
autoxidation of MCl might be mainly terminated by the
reaction of MCl-IMc‑1 with NO/HO2.
3.2. Potential Energy Profiles for Successive Autox-

idation of M1 and M2. The potential energy profiles for the
reaction of M1 with O2 are shown in Figure S2. The reaction of
M1 with O2 to form M1-IMa is calculated to be highly
exothermic by 29.8 kcal mol−1, which is more thermodynami-
cally favorable than that of MCl with O2 (14.0 kcal mol−1). This
could be rationalized by the fact that M1 possesses an aldehyde
radical, whereas MCl does not. The subsequent isomerization
of M1-IMa might proceed by either cyclization via the attack of
the terminal O atom by the unsaturated C atoms [C(1) and
C(2)] or H-shift via the attack of the terminal O atom of M1-
IMa by the high-activity H atoms of CH2 and CH3. M1-IMa‑1 is
formed by cyclization with a smallest barrier of 16.7 kcal mol−1,
resulting in a four-membered ring. The following allylic radical
M1-IMa‑2 is generated by 1,5 H-shift, which is exothermic by
15.8 kcal mol−1 with a barrier of 18.0 kcal mol−1. The
formation of M1-IMa‑3 and M1-IMa‑4 needs to overcome a
higher barrier of 20.8 and 24.2 kcal mol−1, respectively. With
the courtesy of relatively low isomerization barrier, M1-IMa‑1
was selected as the candidate for the subsequent oxidations.
The reaction of M1-IMa‑1 with O2 is predicted to be
exothermic by 26.1 kcal mol−1 with a negligible barrier (Figure
S2b), which is more favorable than its dissociation with a
barrier of 21.0 kcal mol−1 (Figure S2a). The subsequent H-
abstraction of M1-IMb (1,5 H-shift) needs to overcome a large
barrier of 26.3 kcal mol−1, suggesting a lower activity of H
atom in the CH3 group of M1-IMb‑1. Consequently, M1-IMb‑1
would be the terminal intermediate of the autoxidation of M1,
and its bimolecular reaction with NO/HO2 will be discussed
later (vide infra).
The potential energy profiles for the reaction of M2 with O2

and the subsequent isomerization are shown in Figure S3. The
M2 + O2 → M2-IMa reaction is calculated to be exothermic by
15.9 kcal mol−1. Due to the presence of the unsaturated C

atom, M2-IMa might be isomerized to M2-IMa‑n (n = 1−5) via
H-abstraction and/or cyclization. Based on the high activity of
the H atom in the CHO group, the formation of M2-IMa‑1 via
the 1,5 H-shift is the most favorable pathway with an energy
barrier by 17.8 kcal mol−1. Analogous to MCl-IMa‑1 and M1, the
dissociation and isomerization of M2-IMa‑1 are difficult to
compete with its rapid reaction with O2. As shown in Figure
S4, the addition of O2 onto the C�O group of M2-IMa‑1 is
calculated to be exothermic by 32.3 kcal mol−1. Subsequent
transformations of M2-IMb have four possible pathways to
form M2-IMb‑n (n = 1−4) by H-abstraction and/or cyclization.
Among these isomerization processes, the unsaturated M2-
IMb‑1 is formed by H-abstraction from the CH2 group, which is
exothermic by 3.7 kcal mol−1 with a smallest barrier of 16.3
kcal mol−1. M2-IMb‑2 is generated by cyclization (with a four-
membered ring), which is endothermic by 4.6 kcal mol−1 with
a barrier of 17.6 kcal mol−1. Based on the criterion of energy
barrier, M2-IMb‑1 was selected as the first candidate to study
the next step of oxidation. As shown in Figure S4, both the
dissociation and isomerization of M2-IMb‑1 are all kinetically
difficult. Following the preferential reaction of the C-centered
radical with O2, the M2-IMb‑1 + O2 → M2-IMc1 reaction is
predicted to be exothermic by 19.9 kcal mol−1 (Figure S5).
The subsequent isomerization of M2-IMc1 is predicted to be
unfavorable because of the presence of the high energy barrier.
Since the barrier height of M2-TSb‑2 is close to that of M2-TSb‑1
(Figure S4), M2-IMb‑2 was then considered as the second
candidate to explore the subsequent reactions.
As illustrated in Figure S6, the reaction of M2-IMb‑2 with O2

is calculated to be exothermic by 25.1 kcal mol−1, forming M2-
IMc2. Due to the high ring tension for the 1,3 H-shift between
the terminal O atom of the peroxy radical and the connected
CH2 group in M2-IMc2, there is only one feasible pathway for
the H-shift. Accordingly, M2-IMc2 undergoes 1,5 H-shift
isomerization to produce M2-IMc2‑1, which is slightly
endothermic with a barrier of 19.5 kcal mol−1. Due to the
instability of M2-IMc2‑1, there are two facile dissociation
pathways. First, since the OOH group is connected with the
alkyl radical, the O−O bond can be readily fractured, and M2-
IMc2‑1 dissociates into M2-IMc2‑1‑1 and OH via a barrier-free

Figure 3. Potential energy profiles of the favorable isomerization pathways for MCl-IMc formed from the reaction MCl-IMb‑1 with O2 at the
ωB97XD/aug-cc-pVTZ//M06-2X/6-311+G(d,p) level. The total energy of the reactants M2-IMb‑1 + O2 is set as zero (reference state).
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Figure 4. Main pathways for the atmospheric reactions of alkyl radical MCl. The red dashed box represents the most favorable intermediate in the
aforementioned isomerization processes. The alkoxy radicals within the gray dashed box refer to the products in the bimolecular reactions of RO2 +
NO and RO2 + HO2. The most favorable autoxidation process is indicated by the red arrow. The reaction rate constant (s−1) is indicated below the
arrow. The products with fractional yields (%) less than 1% are not indicated.

Figure 5. Main pathways for the atmospheric oxidations of M1. The red dashed box represents the most favorable intermediate in the
aforementioned isomerization processes. The alkoxy radicals within the gray dashed box refer to the products in the bimolecular reactions of RO2 +
NO and RO2 + HO2. The most favorable autoxidation process is indicated by the red arrow. The reaction rate constant (s−1) is indicated below the
arrow. The products with fractional yields (%) less than 1% are not indicated.
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transition state. On the other hand, the M2-IMc‑1 → M2-IMc‑1‑2
+ CO2 reaction is highly exothermic by 99.2 kcal mol−1 with a
small barrier of 7.9 kcal mol−1. M2-IMc‑1‑2 releases OH to
produce M2-IMc‑1‑2‑1, which is predicted to be both
thermodynamically exothermic and kinetically facile with a
small barrier of 8.6 kcal mol−1.
The aforementioned results address the favorable autox-

idation pathways for MCl, M1, and M2. The best candidates of
RO2 radical chain reactions for each oxidation step were
selected to analyze the thermodynamics and kinetics. The
atmospheric reactions of RO2 with NO and HO2 will be
discussed in the next section.
3.3. Kinetics of Main Reaction Pathways for MCl, M1,

and M2 in Different Conditions. In general, the radical
chain reaction is terminated by the bimolecular reaction of
RO2 with NO and HO2 under atmospheric conditions. The
reaction of RO2 with NO is proposed to form both alkoxy
radicals plus NO2 and organic nitrates. The reaction of RO2
with HO2 generates hydroperoxides.60−62 The concentration
of NO and HO2 ([NO] and [HO2]) would be the key factor in

affecting the reaction rates. Under clean atmospheric
conditions (i.e., forest), the average concentration of NO
and HO2 is ∼50 ppt.63,64 Under polluted conditions, the
average concentration of NO increases to ∼5 ppb, whereas
that of HO2 is virtually unchanged (∼50 ppt).63,64 The typical
reaction rate constant of RO2 with NO and HO2 is kROd2+NO =
9.0 × 10−12 cm3 molecule−1 s−1 and kROd2+HOd2

= 1.7 × 10−11 cm3

molecule−1 s−1,65,66 respectively. The pseudo-first-order rate of
RO2 with NO and HO2 under clean atmospheric conditions
was determined to be 1.4 × 10−2 and 1.7 × 10−2 s−1,
respectively.27,63,64 In this work, the products generated from
the reactions of Mx-IMy (x = Cl, 1, 2; y = a, b, c) with NO and
HO2 are marked as Mx-IMy-NO and Mx-IMy-HO2. For the
kinetic issues of most favorable reaction pathways, the
unimolecular reaction rate constants were calculated using
the MESMER program. The dependence of [NO] was studied
for the products with yields larger than 1%.
The main atmospheric oxidation pathways of MCl are

proposed in Figure 4. It can be inferred from the analysis in

Figure 6. Main pathways for the atmospheric reactions of alkyl radical M2. The red dashed box represents the most favorable intermediate in the
aforementioned isomerization processes. The blue dashed box represents the second favorable intermediate. The alkoxy radicals within the gray
dashed box refer to the products in the bimolecular reactions of RO2 + NO and RO2 + HO2. The most favorable autoxidation process is indicated
by the red arrow. The reaction rate constant (s−1) is indicated below the arrow. The products with fractional yields (%) less than 1% are not
indicated.
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Section 3.1 that the most favorable autoxidation pathway of
MCl is MCl → MCl-IMa → MCl-IMa‑1 → MCl-IMb‑1. The
reaction of the first-generation oxidation intermediate MCl-IMa
with NO and HO2 produces MCl-IMa-NO (C4H6NClO4,
organonitrate) and MCl-IMa-HO2 (C4H7ClO3, 3-chloro-2-
hydroperoxy-2-methylpropanal) with low fractional yields.
The reaction of the second-generation oxidation intermediate
MCl-IMb with NO and HO2 forms MCl-IMb-NO (C4H6ClNO6,
organic nitric anhydride) and MCl-IMb-HO2 (C4H7ClO5,
peroxycarboxylic acid), also with relatively low fractional
yields. MCl-IMb-NO consists of six O atoms and one OOH
group promoting the H-shift isomerization for RO2, featuring
the characteristics of HOMs. The reaction of the third-
generation oxidation intermediate MCl-IMc with NO and HO2
generates MCl-IMc-NO (C4H6ClNO8, organonitrate) and MCl-
IMc-HO2 (C4H7ClO7, peroxycarboxylic acid) with high
fractional yields of 45.1 and 53.4%, respectively. There are
two OOH groups in MCl-IMc-NO and MCl-IMc-HO2 and the
number of O atoms is more than seven, confirming their
identity as HOMs.
Figure 5 shows the possible atmospheric oxidation pathways

of M1. The reaction of the first-generation oxidation
intermediate M1-IMa with NO and HO2 forms M1-IMa-NO
and M1-IMa-HO2 with small fractional yields of 1.7 and 2.0%,
respectively. It is worth mentioning that M1-IMa-HO2
(C4H6O3) possesses the same molecular weight as C5H10O2
(m/z = 102) that was observed in the previous experi-
ments.67,68 Therefore, M1-IMa-HO2 might contribute to the
m/z = 102 species in the isoprene oxidation reaction. As the
reaction rate for the isomerization of M1-IMa (∼0.83 s−1) is
slightly larger than that its reaction with NO (1.4 × 10−2 s−1)
and HO2 (1.7 × 10−2 s−1), the fractional yield of the products
M1-IMb-NO (C4H5NO6, organonitrate) and M1-IMb-HO2
(C4H6O5, hydroperoxide) reaches up to 44.2 and 52.2%,
respectively. These final products do not belong to the HOMs
due to the lack of sufficient oxygen atoms. Consequently, it
would be hard for M1 to undergo multiple autoxidation steps
to generate HOMs.
The main atmospheric oxidation pathways of M2 are

suggested in Figure 6. The most favorably successive
autoxidation pathway is M2 (C4H5O) → M2-IMa‑1 (C4H5O3)
→ M2-IMb‑2 (C4H5O5) → M2-IMc2‑1 (C4H5O7). The radical
chain reaction of M2 is terminated by the rapid dissociation of
M2-IMc2‑1. Under 50 ppt NO and 40 ppt HO2 conditions, the
reaction of the first-generation oxidation intermediate M2-IMa
with NO and HO2 forms M2-IMa-NO and M2-IMa-HO2 with
low fractional yields. The fractional yields of the second-
generation oxidation products (M2-IMb-NO and M2-IMb-
HO2) are also less than 1%. With the addition of O2 to M2-
IMa‑1, there are two branches driven by H-shift and cyclization
with the formation of M2-IMb‑1 and M2-IMb‑2, by which the
addition of the third O2 molecule proceeds. The radical chain
reaction of M2-IMb‑1 with O2 produces unsaturated M2-IMc1-
NO (C4H5NO8, organonitrate) and M2-IMc1-HO2 (C4H6O7,
peroxycarboxylic acid), which exhibit the characteristics of
HOMs and a large fractional yield, suggesting a dominant role
in the autoxidation of M2. The intermediate M2-IMc2‑1
generated from the unimolecular reaction of M2-IMb‑2
undergoes successive dissociation reactions and finally
generates a series of fragments. For the dissociation of M2-
IMc2‑1, the reaction rate constant in channel (1) (4.5 × 108
s−1) is much large than that in channel (2) (2.7 × 106 s−1),
implying that C3H4O4 (3-hydroperoxy-2-oxopropanal) gen-

erated from the latter is not a dominated product. These
results suggest that the assignment of C3H4O4 (malonic acid)
in the previous studies of isoprene oxidation might be
reconsidered.50

In the whole autoxidation process, the oxidation of alkoxy
radicals is also a competitive reaction pathway. For the alkoxy
radicals of the bimolecular reactions of MCl and M2-derived
peroxy radical with NO/HO2 in the first- and second-
generation oxidations, the yield is relatively low, whereas that
of alkoxy radicals generated from the third-generation
oxidation accounts for a large proportion. With the
structure−activity relationships69,70 and the lower number of
oxygen atoms of alkoxy radicals in the first- and second-
generation oxidations, the possibility of the alkoxy radical to
produce HOM through multistep autoxidation is lower. Only
those alkoxy radicals with higher number of oxygen atoms have
the potential for the production of HOMs. The alkoxy radicals
generated from the oxidation of M1 possess a similar situation.
Thus, further oxidation reaction of alkoxy radicals will not be
discussed explicitly in the whole autoxidation process. With the
conditions varying from clean to polluted atmospheric
environments, the change of [NO] is much larger than that
of [HO2].

63,64 The above results indicate the MCl- and M2-
derived products exhibit the potential formation of HOMs
instead of the M1-derived products. Accordingly, the depend-
ence of [NO] on the fractional yields of the main products for
MCl and M2 was studied, and the results are shown in Figure 7.

For MCl (Figure 7a), a remarkable effect of [NO] on the
fractional yield is observed for the first-generation oxidation
products, MCl-IMa-NO and MCl-IMa-HO2. For instance, as
[NO] increases from 0.05 to 5 ppb (from clean to polluted
atmosphere), the yield of MCl-IMa-NO increases from 0.6 to
36.8%, whereas that of MCl-IMa-HO2 decreases from 0.7 to
0.4%. For the highly oxygenated products, the yields of MCl-
IMc-NO and MCl-IMc-HO2 increase obviously when [NO]
increases from 0.05 to 0.5 ppb, and then it drops down. This
indicates that the high [NO] is the main obstacle that affects
the autoxidation of MCl to form HOMs, which might be
attributed to the suppression of the H-shift isomerization by

Figure 7. Simulated fractional yields of the main products from the
autoxidation pathways of MCl and M2 as a function of [NO] (ppb).
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the rapid reaction of RO2 and NO. A similar effect of [NO] on
the fractional yields of main products is also obtained for the
autoxidation of M2, as shown in Figure 7b. With the increase of
[NO] from 0.05 to 5 ppb, the yield of M2-IMa-NO increases
from 0.3 to 20.9%, whereas that of M2-IMa-HO2 decreases
from 0.3 to 0.2%. It is worth noting that the yield of M2-IMc1-
NO increases from 45.5 to 89.3% with the increase of [NO] to
1 ppb. It implies that the slight increase of [NO] under forest
atmospheric conditions promotes the generation of highly
oxygenated products M2-IMc1,2-NO (C4H5NO8). The yields of
M2-IMc1-HO2 (C4H6O7) decrease gradually due to the rapid
growth of M2-IMa-NO. Overall, the first- and third-generation
oxidation intermediates MCl-IMa-NO (C4H6NClO4), M2-IMa-
NO (C4H5NO4), MCl-IMc-NO (C4H6NClO8), and M2-IMc1-
NO (C4H5NO8) are the dominant products under high NO
concentrations.

4. ATMOSPHERIC IMPLICATION AND CONCLUSIONS
This work addresses the possible autoxidation pathways for the
Cl-addition and H-abstraction products of MACR, where both
H-shift and cyclization occur during the isomerization of RO2
generated from MCl, M1, and M2. The final products mainly
include organonitrates, aldehydes, hydroperoxides, peroxycar-
boxylic acids, and organic nitric anhydrides. This study also
proposes the ability of this C4 aldehyde to generate HOMs,
providing a plausible reference for assessing the possible
structures of C4 highly oxidized products. MCl and M2 undergo
consecutive H-shifts to generate highly oxidized products. The
cyclization-driven isomerization of M2 only contributes to a
small part of highly oxidized products. At 297 K and 760 Torr,
the branching ratio of MCl, M1, and M2 is about 86, 12, and
2%, respectively.36 Based on a higher fractional yield of MCl
than those of M1 and M2, the terminal autoxidation products
would be dominated by MCl-derived complexes. As pointed
out previously,71 the Cl-addition products are also dominant in
the reaction of isoprene and Cl; one of two addition products
could not undergo multistep oxidation to generate HOMs, and
the main products are MACR, methyl vinyl ketone, and 1-
chloro-3-methyl-3-buten-2-one, which simultaneously increase
the initial concentration of MACR involved in the reaction.
Another addition product undergoes O2-addition reactions
twice and finally generates C5H8NClO5, but its degree of
oxidation is not high enough based on the definition of
HOMs.71 For the H-abstraction product of isoprene, the O/C
value of HOMs driven by cyclization is 1.4.50 However, the
values of O/C for terminal autoxidation products derived from
MCl and M2 reach up to 2, suggesting that these highly oxidized
products with more oxygen atoms might make a larger
contribution to the early growth of nanoparticles than the C5
highly oxidized products stemmed from isoprene.
The HOMs proposed in this work would contribute to the

condensational growth at all sizes, ranging from the newly
formed particles (nanocondensation nuclei, ∼1 nm) to cloud
condensation nuclei (∼100 nm).15 The yield of highly oxidized
products studied here is considerably affected by [NO]. Under
low [NO] conditions, the MCl- and M2-derived complexes
could generate highly oxidized products, which might have an
impact on the early growth of nanoparticles in coastal forest
areas. Under high [NO] conditions, the lowly oxidized
products are readily formed instead of the highly oxidized
products, which is consistent with the previous results that NO
with high concentration consumes more RO2.

23 These findings
provide crucial information for a systematical understanding of

the autoxidative potentials of MACR and expand a large variety
of final products from isoprene. It is hoped that the present
results will stimulate further study of various oxidation
reactions of VOC-derived compounds in the atmospheric
environments.
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