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• The ozonolysis of AcAc is more signifi-
cant than the AcAc+NO3 reaction.

• O3-addition to AcAc, as thepredominant
pathway, produces SOA precursors.

• The nighttime chemistry of AcAc is of
importance to SOA formation.

• Oxidation of AcAc successively contrib-
utes to SOA formation in polluted areas.
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Recently, a high concentration of acetylacetone (AcAc) has been measured in China, and its day-time chemistry
with •OHreaction has been evaluated. The phenomenonhas profound implications in air pollution, humanhealth
and climate change. To systematically understand the atmospheric chemistry of AcAc and its role in the atmo-
sphere, the night-time chemistry of AcAc with O3 and NO3 radical were investigated in this work in detail
using density functional theory. The results show that for O3- and NO3-initiated atmospheric oxidation reactions
of AcAc, the barrier energies of O3/NO3-addition are found to bemuch lower than those of H-abstraction, suggest-
ing that O3/NO3-addition to AcAc is a major contributing pathway in the atmospheric chemical transformation
reactions. The total degradation rate constants were calculated to be 2.36 × 10−17 and 1.92 × 10−17 cm3

molecule−1 s−1 for the O3- and NO3-initiated oxidation of AcAc at 298 K, respectively. The half-life of AcAc
+O3 in some polluted areas (such as, Pearl River Delta and Yangtze River Delta) is close to 3 h under typical tro-
pospheric conditions. Due to its short half-life, the ozonolysis of AcAc plays a more significant role in the night-
time hours, leading to fast transformations to form primary ozonides (POZs). A prompt, thermal decomposition
of POZs occurred to yield methylglyoxal, acetic acid and Criegee intermediates, which mainly contributed to the
formation of secondary organic aerosol (SOA). Subsequently, using the high-resolution time-of-flight chemical
ionization mass spectrometer (HR-ToF-CIMS), a non-negligible concentration of AcAc was measured in the
field observation during the night-time in Nanjing, China. The obtained results reveal that the atmospheric oxi-
dation of AcAc can successively contribute to the formation of SOAunder polluted environments regardless of the
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time (day-time or night-time). This is due to its high reactivity to tropospheric oxidant species (such as, O3 and
NO3 radicals at night-time).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, fieldmeasurements have revealed a high concentra-
tion of acetylacetone (AcAc) in twomega-cities (Beijing andNanjing) in
China (Ji et al., 2018). The measured concentration of AcAc varies from
several hundred parts per trillions to several parts per billions, and
such high concentrations clearly indicate a critical role of AcAc in the at-
mospheric chemistry (Ji et al., 2018). Furthermore, AcAc is a common
diketone (also known as 2,4-pentanedione), and is used in industrial ap-
plications due to its high reactivity. Therefore, AcAc is an important sub-
strate, and has been widely used in various industrial applications. For
example, it is used as a bidentate ligand, a chelating agent, or a reagent
for the preparation of chelating compounds for a wide range of transi-
tion metals (Tsujimoto et al., 2001; Hollmann et al., 2008; Raykar and
Singh, 2010; Ho et al., 2015; Warneke et al., 2015).

In a previous theoretical work, it was reported that a high yield (more
than 66%) of SOA precursors was obtained from •OH-initiated oxidation
intermediates of AcAc during day-time, and included methylglyoxal
(MG), acetic acid (AA) and peroxyacethyl nitrate (PAN) (Ji et al., 2018).
These products were also identified and confirmed by an earlier experi-
mental study using a relative kinetic method (Zhou et al., 2008).
Among these products, the oligomerization of smallα-dicarbonyls repre-
sents a major source of SOA on urban, regional, and global scales (Tan
et al., 2009; Zarzana et al., 2012; Marrero-Ortiz et al., 2019). Additionally,
organic acids and MG also play important roles in the formation and
growth of novel nanoparticles (Zhang et al., 2004b; Tan et al., 2012;
Zhang et al., 2015; Ji et al., 2017; Sareen et al., 2017). All the evidence in-
dicated that the •OH-initiated reaction of AcAc contributes to the forma-
tion of tropospheric SOA and O3 (Shrivastava et al., 2017). Particularly,
SOA formed in the atmosphere by the oxidation of organic gases repre-
sents a major fraction of global submicron-sized atmospheric organic
aerosols. However, the mechanism of atmospheric oxidation of ketone
is still not completely understood by a variety of oxidant species, includ-
ing resulted O3 and NO3, as well as halogen radicals (Aschmann et al.,
1996; Finlayson-Pitts and Pitts, 1997; Mellouki et al., 2015). In particular,
O3 andNO3 radicals are critical reactive oxidant species during night-time
hours to initiate the atmospheric chemistry of volatile organic com-
pounds (VOCs) (Mellouki et al., 2003). Hence, to systematically assess
the role of AcAc in the formation of SOA, the mechanism of the atmo-
spheric chemical transformation of AcAc involving ozone and nitrate rad-
icals needs to be understood. Although a few studies have already
focused on the atmospheric chemistry of AcAc involving ozone and ni-
trate radicals, the results on themechanism and the kinetics are still con-
troversial. For example, the rate constant of AcAc with O3 has been
estimated to be (1.03 ± 0.31) × 10−18 cm3 molecule−1 s−1 at 298 K
with the chamber experiments (Zhou et al., 2008), which is twice of the
rate constant (5.23± 0.18) × 10−19 cm3molecule−1 s−1 determined ex-
perimentally (Holloway et al., 2006). Zhou et al. (2008) reported a long
life-time (16.1 days) of AcAc using average tropospheric O3 concentra-
tions ([O3]) (Logan, 1985). However, in some polluted countries (such
as, China), the average tropospheric [O3] is ten times higher than that of
the global data (Wang et al., 2017; Liu et al., 2018). Additionally,
ozonolysis of VOCs has been regarded as a large source of low-volatility
SOAs (Ehn et al., 2014; Rissanen et al., 2014). However, to the best of
our knowledge, no systematic theoretical study is available to understand
the reaction mechanisms of atmospheric AcAc with O3/NO3.

In the current study, the night-time chemistry of AcAc with O3 and
NO3 radicals was investigated in detail and the contributions of these
radicals to the formation of night-time SOAswas evaluated. The detailed
reaction mechanisms were successfully established using quantum
chemical approach, and the kinetic data including the rate constant,
the product distribution and the half-life of AcAcwithin the atmosphere
were determined using canonical variational transition state theory
(CVT) with the small curvature tunneling (SCT) (Fernandez-Ramos
et al., 2007). The fate of atmospheric AcAc was systematically assessed,
and the implications of the atmospheric chemistry of AcAc during the
formation of SOA were also discussed.

2. Methodology

All the calculations were performed by employing the Gaussian 09
software package (Frisch et al., 2009). The geometric optimizations of
all stationary points (SPs), such as reactants, products and transition
states (TSs) were performed at the M06-2X level with a standard 6-
311G(d,p) basis set (M06-2X/6-311G(d,p)). In order to validate the
convergence of the predicted geometries, the geometries were also op-
timized at theMP2/ and B3LYP/6-311G(d,p) levels, which represent the
classic Ab Initio and density functional theory, respectively. The fre-
quency calculations were performed to identify either TS (with one
and only one imaginary frequency) or a real minimum (with no imagi-
nary frequency) and to make zero-point energy corrections (ZPE). All
the optimized geometries represent the minimum on the potential en-
ergy surface (PES) and were confirmed by the evaluation of the vibra-
tional frequencies (Tables S1 and S2). The minimum-energy path
(MEP) was constructed to verify that, each TS connected the reactants
(AcAc+O3/AcAc+NO3) with the corresponding products by intrinsic
reaction coordinate (IRC) theory. The PES was refined at the M06-2X/
6-311++G(3df,3pd) level to obtain more accurate energetics.

The duel-level direct dynamics were carried out along the reaction
path using the interpolated single point energy (SPE) method
(Chuang et al., 1999; Ji et al., 2012), in which extra single-point calcula-
tions near the TS along theMEPwere performed to obtain the kinetic in-
formation. By means of the Polyrate program (Zheng et al., 2010), the
rate constants were obtained according to the CVT with SCT (Ji et al.,
2013; Wang et al., 2015). For a pathway that has a defined barrier, the
rate constant was obtained using Eqs. (1) and (2) (Ji et al., 2018).

kGT T; sð Þ ¼ σ
kBT
h

QTS Tð Þ
QR Tð Þ exp −

v≠ MEPð Þ
kB

T
� �

ð1Þ

kCVT ¼ minsk
GT T; sð Þ ð2Þ

where s is the location of the generalized TS on IRC, σ is the symmetry
factor related to the degeneracy of reaction path, and kB and h are the
Boltzmann and Planck's constants, respectively. Additionally, QR(T) de-
notes the total partition functions of the reactants, and QTS(T) denotes
the classical generalized transition state partition function, which is
expressed in per unit volume. Furthermore, v≠(MEP) is equal to the
zero of energy for the generalized transition state partition function is
taken as the minimum of the local vibrational modes orthogonal to
the reaction path at s. In order to account for the tunneling effect, the
CVT rate constant was multiplied by a multiplicative transmission coef-
ficient computed with the so-called Winger correction. The partition
function was calculated using the hindered rotor approximation of
Truhlar and Chuang. The effective reduced mass is obtained by a sixth-
order Lagrangian interpolation for SCT calculations.

The half-lifewas determined using the correlation:τ ¼ 1
ktotal½O3

=NO3�
(Hoigne and Bader, 1978), where [O3/NO3] and ktotal are the



3Y. Ji et al. / Science of the Total Environment 720 (2020) 137610
concentration of O3 or NO3 and the corresponding total CVT/SCT rate con-
stant, respectively. The parametrization method (Gao et al., 2019) was
used to estimate the production of SOA according to the correlation:
SOApar = Ppre × Yi, where Ppre corresponds to the amount of precursors
from AcAc reaction with O3, and Yi is the SOA yield (Zhang et al., 2016)
from the consumed Ppre. The Ppre can be deduced using the correlation:
Ppre= k× t× [VOC]× [Oxidant] (Yuan et al., 2013),where [VOC] and [Ox-
idant] represent the concentrations of AcAc and the oxidant (O3 or NO3

radical), respectively, k is the rate constant of AcAc reaction with O3 or
NO3, and t is the night-time hours.

3. Results and discussion

3.1. Initial reaction of AcAc with O3 and NO3 radicals

In order to provide a systematic mechanism, the reactions of enol-
AcAc and keto-AcAc with O3 and NO3 radicals were considered because
both the enolic and ketonic isomers of AcAc (enol-AcAc and keto-AcAc)
exist in the system (Nagashima et al., 2001; Broadbent et al., 2007;
Trivella et al., 2007). Two distinct reaction pathways were observed de-
pending on how the radicals attacked the active site of AcAc (as shown
in Figs. 1 and S1). These reaction pathways corresponded to O3- and
Fig. 1. PES of the reactions of (a) enol-AcAc and
NO3-addition to the carbonyl position of AcAc (e/k-Radd) and H-
abstraction from the two methyl groups of AcAc (e/k-Rabs). Figs. S2
and S3 present the optimized geometries of all the SPs in the AcAc
+O3 and AcAc+NO3 reaction systems, along with the available experi-
mental data (Ishiwata et al., 1985) and the results obtained at the calcu-
lation levels of MP2/ and B3LYP/6-311G(d,p). Based upon the results, it
was concluded that the calculated results agreed well with the experi-
mental data. The largest discrepancies among the three methods were
within 0.9° in the bond angles and 0.07 Å in the bond lengths. This sug-
gests that the reliable geometrical optimization is conducted by the
M06-2X method for the current reaction systems. Table S1 lists the vi-
brational frequencies, absolute energies, Cartesian coordinates, and
the ZPEs of the relevant species.

The PESs of all possible pathways for the reactions of AcAc with O3

and NO3 radicals are presented in Figs. 1 and S1, respectively. The addi-
tion of O3 occurs in a concerted fashion at the two double bonds of AcAc,
i.e., the NC=Cb for enol-AcAc or the NC=Ob for keto-AcAc, thus leading
to the formation of two distinct structural primary ozonides (POZ1 and
POZ2, Fig. S2). For enol-AcAc, the reaction proceeds through two cycliza-
tion pathways, namely the e-Radd1 and e-Radd2, depending on theO3 ad-
dition to the different orientations of AcAc, to form the adducts of POZ11
and POZ12, respectively. As shown in Fig. 1, the energy barriers (ΔE)
(b) keto-AcAc with O3 (unit: kcal mol−1).



Fig. 2. (a) Rate constants of the major pathway in the AcAc+O3 reaction and (b) the total
rate constants of the AcAc+O3 and AcAc+NO3 reactions within the temperature range of
216–298 K (unit: cm3 molecule−1 s−1).
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were found to be 1.51 and 1.62 kcal mol−1 for e-Radd1 and e-Radd2, re-
spectively, which correspond to large exothermicity with 56.15 and
55.45 kcal mol−1. In order to assess the reliability of M06-2X results,
the energetic parameters were evaluated at the CCSD(T) method,
which is costly and high-level single-point energy calculation. At the
CCSD(T)/6–311 + G(2df,2p)//M06-2X/6-311G(d,p) level, the energy
barrier was found to be 1.10 kcal mol−1, which agrees well with the
value obtained at theM06-2X//M06-2X level. Furthermore, the reaction
energy of−44.28 kcal mol−1 was slightly higher than the current data.
In addition, theM06-2Xmethod has already been verified to be suitable
for the AcAc+OH reaction system (Ji et al., 2018). All these results sug-
gest that theM06-2Xmethod is suitable for predicting the mechanisms
and kinetic calculations of AcAc reaction system. Therefore, to achieve a
balance between the computational accuracy and the cost, and to sys-
tematically understand the atmospheric chemistry of AcAc, the M06-
2X method was chosen to perform the calculations.

Two pre-reactive complexes were identified prior to the corre-
sponding TS. The structures were similar to those of the reactants, ex-
cept that the forming bonds were elongated to be 2.77 and 2.87 Å for
the e-RCO3-add1 and e-RCO3-add2 (Fig. S2), respectively. The reaction en-
ergies of e-RCO3-add1 and e-RCO3-add2were lower than those of the reac-
tants by 1.85 and 4.78 kcal mol−1, respectively. The H-abstraction
pathways possessed higher barriers (around 28.87 kcal mol−1) than
those of the O3-addition pathways. The difference of the energy barriers
between the H-abstraction and O3-addition (more than 27 kcal mol−1)
suggests that the H-abstraction pathway is dynamically negligible. For
keto-AcAc+O3 reaction system, both the H-abstraction and O3-
addition pathways possessed higher energy barriers (around 19.39–-
48.67 kcal mol−1) as compared to those in the enol-AcAc+O3 reaction
system (1.51 and 1.62 kcalmol−1). For example, theΔE of the dominant
pathway k-RO3-add2 was 19.39 kcal mol−1 (Fig. 1), which is still larger
than those of the pathways by 17.77 kcal mol−1 for O3-addition to
enol-AcAc.

As shown in Fig. S1, the pathway of NO3 addition to enol-AcAc
proceeded a negative ΔEwith the value of−4.74 kcal mol−1. However,
prior to the corresponding TS, there was a pre-reactive complex (e-
RCNO3-add1), which represented a deep well with the ΔE value of
−11.82 kcal mol−1. In this case, the energy barrier was considered as
the energy difference between the complex and the corresponding TS
(ΔE= 7.08 kcal mol−1). This suggests that the progress of the addition
of NO3 to enol-AcAc was hindered by this pre-reactive. Therefore, this
pathway was expected not to be favorable dynamically, though the
pathway had a negative energy barrier. The ΔE of the two H-
abstraction pathways (e-RNO3-abs1 and e-RNO3-abs2) were determined
to be 3.54 and 3.00 kcal mol−1, respectively, which were at least
7.74 kcal mol−1 higher than those of the NO3-addtion pathway. This
suggests that NO3 addition to enol-AcAc is more favorable than the
corresponding H-abstraction pathways. However, NO3 addition to
keto-AcAc possessed a higher barrier than those of the H-abstraction
pathways. For example, the ΔE of the NO3-addtion pathway
(8.35 kcal mol−1) was higher than that of the k-RNO3-abs2 by
4.37 kcal mol−1.

As discussed above, compared to keto-AcAc, enol-AcAc prefers more
to be attacked by O3 and NO3 radicals. For example, the dominant path-
way e-RO3-add1 or e-RNO3-add1 in the enol-AcAc reaction system pos-
sessed a lower barrier (around 1.51 or − 4.74 kcal mol−1) than that of
the corresponding pathway in the keto-AcAc reaction system (around
19.39 or 8.35 kcal mol−1). This behavior is explained by the conjugative
effect of enol-AcAc (Zhou et al., 2008), indicating that enol-AcAc prefers
being attacked by O3 and NO3 radicals. Previous studies (Antonov et al.,
2019) have revealed the exclusive existence of AcAc as the enol-isomer
(ca. 90%), whereas the O3– and NO3-initiated oxidations of enol-AcAc
are of significant importance in the atmosphere. In addition, because
the conjugated π-electron character of enol-AcAc activates the reactivity
of C atoms, the O3/NO3-addition to enol-AcAc is an exclusive pathway
compared with the H-abstraction of enol-AcAc.
Therefore, the rate constants of O3/NO3 addition to enol-AcAc (e-
RO3-add1/2 and e-RNO3-add1) were calculated and summarized in Fig. 2
and Table S3. The rate constants of the e-RO3-add1 and e-RO3-add2 were
determined to be 1.43 × 10−17 and 9.36 × 10−18 cm3 molecule−1 s−1

at 298 K, respectively. The contribution of the e-RO3-add2 to the total
rate constant was about 40% within the whole temperature range of
216–298 K (Table S4). The calculated total rate constant of the AcAc
+O3 reaction (ktotal; the sum of calculated rate constants for the e-
RO3-add1 and e-RO3-add2 pathways) is depicted in Fig. 2b. The kO3-total
was determined to be 2.36 × 10−17 cm3 molecule−1 s−1 at 298 K,
which is somewhat larger than the corresponding experimental values
of (1.03±0.31)×10−18 and (5.23±0.18)×10−19 cm3molecule−1 s−1

(Holloway et al., 2006; Zhou et al., 2008). Recently, some very good es-
timations were made regarding the AcAc+•OH reaction system at the
M06-2X//M06-2X level (Ji et al., 2018). In order to systematically assess
the atmospheric (day-time and night-time) chemistry of AcAc, the data
obtained at the same level were adopted in this study although they
were somewhat larger than the available experimental results. The Ar-
rhenius expressions were also obtained and were given by: kAcAc+O3 =
2.3 × 10−16 exp.(−685/T) and kAcAc+NO3= 4.21 × 10−16 exp.(−926/T)
cm3 molecule−1 s−1 for the AcAc+O3 and AcAc+NO3 reactions over
the temperature range of 216–298 K, respectively. The rate constant
at any temperature can be derived from these Arrhenius formulas
within the measured temperature range. From the Arrhenius expres-
sions, the activation energies were calculated to be 1.36 and
1.84 kcal mol−1 for the AcAc+O3 and AcAc+NO3 reactions within the
investigated temperature range, respectively. This indicates that the
ozonolysis of AcAc easily occurredwith both the active species although
AcAc+O3 was slightly easier than the AcAc+NO3 reaction within the
measured temperature range.

In order to better assess the characteristic of AcAc+O3/NO3 reac-
tions, the natural bond orbital (NBO) charges of enol-AcAc, O3 and
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NO3 are described and summarized in Fig. 3. The NBO charge of
attracted-O atom in NO3 was −0.332 e at the M06-2X/6-311G(d,p)
level, which is two times negative than those of O atoms in O3.
Based upon this fact, the positive potential bond in enol-AcAc was
more readily attacked by more negative nucleophiles (O3 or NO3).
Furthermore, NO3 addition to enol-AcAc was more favorable than
O3 addition from NBO results. On the contrary, from kinetic aspect
(presented in Table S3), the rate constant of e-RO3-total pathway
was larger than that of e-RNO3-total pathway. Combined with the
mechanism results, it is mainly attributable to the existence of
deep well along the reaction in the AcAc+NO3 reaction system
(Fig. 1) and the large exothermic energy in the AcAc+O3 reaction
system. In short, from both the mechanistic and kinetic aspects, the
ozonolysis of AcAc is more important than that of NO3 during the
night-time hours.

3.2. Half-life of AcAc+O3/NO3 reaction

In order to further assess the atmospheric significance of the night-
time chemistry of AcAc, it is necessary to estimate the half-life of AcAc
+O3/NO3 reactions. First, the half-life of AcAc+O3/NO3 reaction was
evaluated at the global level (Fig. S4 and Table S5). During the process,
the concentrations of O3 and NO3 used were 7 × 1011 and 1 × 1010 mol-
ecules cm−3 in the troposphere, respectively (Logan, 1985; Atkinson,
1991). As shown in Fig. S4 and Table S5, the longer half-life revealed
that the AcAc+NO3 reaction was of minor importance relative to the
AcAc+O3 reaction. For example, the half-life of AcAc+NO3 reaction
was at least 1146.76 h at 298 K, which is about 86 times larger than
that of AcAc+O3 reaction (16.80 h). Then, considering a high concentra-
tion of O3 in China, the half-life of AcAc+O3 reaction (τAcAc+O3) was
assessed using [O3] in the Pearl River Delta (PRD) and Yangtze River
Delta (YRD) of China, which are the representative polluted areas in
China. According to the results displayed in Fig. 4 and Table S6, under
optimal conditions at the ground level in PRD ([O3] = 5.50 × 1012 mol-
ecule cm−3) (Liu et al., 2018) and YRD ([O3] = 4.18 × 1012 molecule
cm−3) (Wang et al., 2017), the τAcAc+O3 shortened and had values of
2.14 and 2.81 h at these two areas, respectively, which aremuch shorter
than those at the global level. Additionally, the half-life of AcAc+O3 re-
action was estimated for Beijing (China), which has a larger [O3] of
1.06 × 1013 molecule cm−3 (Table S6) (Wang et al., 2017). The
Fig. 3. The natural bond orbitals of enol-AcAc, O3 and NO3, with the blue and red colors
depicting the maximum positive and negative charge densities, respectively (unit: e).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
corresponding half-life value of the AcAc shortened and had the value
of only 1.11 h. Since [O3] was reduced at night-time through the depo-
sition or reaction with NO (Zhang et al., 2004a), the predicted half-
lives might have been under-estimated in this study. However, consid-
ering the fact that [O3] in China is much higher than the global average
concentration, the half-life of AcAc+O3 reaction is not negligible. All the
evidence highlights the atmospheric importance of AcAc+O3 reaction
in China during night-time hours. Therefore, in the proceeding experi-
ments, the dominant product from ozonolysis of AcAc was calculated
to evaluate the impact of night-time chemistry of AcAc in the
atmosphere.

3.3. Subsequent reactions of primary ozonide and implications in the for-
mation of SOA

As discussed earlier, POZ11 is obtained as the major product in the
AcAc+O3 reaction. Therefore, the concerted mechanism for the cleav-
age of primary ozonide (POZ11) was further considered. Concerted de-
composition of POZ11 occurred with the cleavage of both the O\\O and
C\\O bonds and formed a stable aldehyde or ketone along with a
Criegee intermediate (carbonyl oxide; see Fig. 5a). The vibrational fre-
quencies, absolute energies, Cartesian coordinates, and ZPEs of the rele-
vant species are included in Table S7. Considering the PES shown in
Fig. 5b, the decomposition of POZ11 through TSPOZ1 or TSPOZ2 yielded
MG (RPOZ1) or AA (RPOZ2) with the ΔE values of 17.53 and
27.35 kcal mol−1, respectively. The large ΔE difference (more than
9 kcal mol−1) between the RPOZ1 and RPOZ2 indicates that the short
chain Criegee intermediate (CIshort) prefers to be formed rather than
the long chain one (CIlong). The rate constants were also calculated for
the two pathways, with the values of 3.67 (RPOZ1) and
1.59 × 10−7 s−1 (RPOZ2) at 298 K, respectively. The RPOZ2 corresponded
to the small rate constant. However, it could still produce AA and CIlong,
which was due to the large exothermic energy for the formation of
POZ11. The obtained results suggest that the most favorable products
from the ozonolysis of AcAc are the MG, AA and CIs.

MG, AA, and CIs have been identified as the critical species, which
lead to the formation of SOA (De Haan et al., 2006; Sipilä et al., 2010;
Tan et al., 2010; Lim et al., 2013; De Haan et al., 2018; Hakala and
Donahue, 2018). Furthermore, the organic acids, such as AA obtained
in this work, have an important role in acid-base reactions (Qiu et al.,
2011) and the formation and growth of new particles (Zhang et al.,
2004b; Altieri et al., 2008). Specifically, the polymerization of small α-
dicarbonyls (such as, MG and glyoxal) also represents a major source
of SOA on urban, regional, and global scales (Tan et al., 2009; Zarzana
et al., 2012; Marrero-Ortiz et al., 2019). Therefore, to assess the role of
night-time chemistry of AcAc in the formation of SOA, the SOA produc-
tion fromMG (as an example) was subsequently estimated. First, to ob-
tain the concentration of AcAc, a time series of AcAc measurements in
Nanjing (China) were conducted using water clusters as the reagent
ions. Here, AcAc is identified by its molecular peak (m/z = 101.060)
Fig. 4.Half-lives of theAcAc+O3 reaction in PRDandYRDof China at thedifferent altitudes
(unit: h).



Fig. 5. (a) Scheme of the subsequent reactions of POZ11. (b) PES of the subsequent reactions of POZ11.
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and its fragmentations at C3H7O+ (m/z = 59.049) and C2H3O+ (m/z=
43.018), which have been confirmed by spiking a high-resolution
time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS)
with pure AcAc sample. Additionally, the measured concentration of
Fig. 6. (a) The diurnal profile of AcAc measured using the HR-ToF-CIMS method in Nanjing,
AcAc shown in Fig. 6a indicates a diurnal variation in that location,
which is possibly affected by the photochemical activity and the local
emissions. As a result, the concentration of AcAc varied from 0.05 to
0.135 ppbv in Nanjing, China. Second, the production of SOA from MG
China. (b) The role of the atmospheric chemistry of AcAc on the SOA and O3 formation.
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was estimated on the basis of the calculations andmeasurements, and the
maximum value of SOApar was found to be 3.31 × 109 molecules cm−3.
However, as for the values of SOApar from another two major products
of AA and CIs, the data cannot be deduced because of the absence of Yi
values. Therefore, the SOApar value fromMG and the night-time reactions
of AcAc with O3 can dominate the contribution to the formation of SOA.

4. Conclusions

The night-time chemistry of AcAc and its role in the formation of SOA
were evaluated using theoretical calculations. The mechanism, kinetics,
and the atmospheric fate of O3– and NO3-initiated oxidations of AcAc
and the contribution to SOA yield were also explored. The ozonolysis of
AcAc was found to be more favorable than the NO3-initiated oxidation
of AcAc because of longer half-life and smaller rate constant of AcAc
+NO3 reaction, suggesting that the NO3-initiated oxidation of AcAc is
less significant for the night-time chemistry of AcAc. The rate constant
for the ozonolysis of AcAc was estimated to be 2.36 × 10−17 cm3

molecule−1 s−1 at 298 K, whereas the half-life was about a few hours
in several representative polluted areas in China. The longest half-life of
ozonolysis of AcAcwas obtained to be 2.8 h in the YRDof China under op-
timal conditions. Subsequently, the dominant product POZ11 from the
ozonolysis reaction proceeded the cleavage of both the O\\O and C\\O
bonds and formedMG or AA along with a Criegee intermediate. The cor-
responding rate constants were found to be 3.67 or 1.59 × 10−7 s−1. Fur-
thermore, the calculated SOA yield fromMG was found to be 3.31 × 109

molecules cm−3, suggesting that the night-time atmospheric reactions of
AcAc can contribute to the formation of SOA.

In addition, the rate constants and half-lives of AcAc+O3, as ob-
tained in this work, and those of AcAc+•OH (Ji et al., 2018) reaction sys-
tems were compared. The atmospheric reaction of AcAc with •OH was
found to be more significant than the AcAc with O3 during day-time.
However, due to the drop in concentration of •OH and increase in the
concentration of O3 during the night-time hours, the half-life of AcAc
becamemore strongly related to the concentrations of higher O3 during
the night-time hours. Therefore, the ozonolysis of AcAc is of major sig-
nificance in the night-time atmosphere and the formation of SOA. Con-
sidering the atmospheric reactivity of AcAc towards •OH and O3, AcAc
can successively contribute towards the formation of SOA during both
the day-time and night-time hours due to very short reaction half-
lives and non-negligible concentrations under polluted environments
(Fig. 6b). The obtained results reveal that, with the development of in-
dustrialization and the increase of O3 pollution, the importance of
AcAc deserves more attention, especially to assess the impacts of AcAc
on the formation of SOA using chemical transport models.
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