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ABSTRACT

Acetylacetone (AcAc) is a typical class of f-diketones with broad industrial applications due
to the property of the keto-enol isomers, but its isomerization and chemical reactions at
the air-droplet interface are still unclear. Hence, using combined molecular dynamics and
quantum chemistry methods, the heterogeneous chemistry of AcAc at the air-droplet in-
terface was investigated, including the attraction of AcAc isomers by the droplets, the dis-
tribution of isomers at the air-droplet interface, and the hydration reactions of isomers at
the air-droplet interface. The results reveal that the preferential orientation of two AcAc
isomers (keto- and enol-AcAc) to accumulate and accommodate at the acidic air-droplet in-
terface. The isomerization of two AcAc isomers at the acidic air-droplet interface is more
favorable than that at the neutral air-droplet interface because the “water bridge” structure
is destroyed by H3O*, especially for the isomerization from keto-AcAc to enol-AcAc. At the
acidic air-droplet interface, the carbonyl or hydroxyl O-atoms of two AcAc isomers display
an energetical preference to hydration. Keto-diol is the dominant products to accumulate
at the air-droplet interface, and excessive keto-diol can enter the droplet interior to engage
in the oligomerization. The photooxidation reaction of AcAc will increase the acidity of the
air-droplet interface, which indirectly facilitate the uptake and formation of more keto-diol.
Our results provide an insight into the heterogeneous chemistry of -diketones and their

influence on the environment.
© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction

Oxygenated volatile organic compounds (OVOCs) play an im-
portant role in tropospheric chemistry, contributing to the
formation of secondary pollutants (ozone and peroxyacetyl
nitrate) and secondary organic aerosol (SOA), with impli-
cation for air quality, human health, and climate change
(Han et al., 2019). The photooxidation of some low-carbon
OVOCs can yield extra OVOCs with a larger molecular weight
(Zhang et al., 2019), which significantly affect the ability of en-
vironmental oxidation (Emmerson et al., 2005; Min et al., 2011;
Edwards et al., 2014; Xue et al,, 2016). Ketones serve as an im-
portant class of OVOCs, with the primary sources involving
direct emissions from nature and anthropogenic (such as in-
dustrial activities) and secondary production from the envi-
ronment oxidation of hydrocarbons (Atkinson and Arey, 2003;
Romero et al., 2005; Liu et al., 2009; Ji et al., 2018; Brewer et al.,
2020). The dominant chemical sink of ketones is photolysis
to yield HOx radicals (such as OH and HO,) (Arnold et al.,,
2004; Blitz et al., 2004; Romero et al., 2005) or reaction with
the atmospheric oxidants (such as OH and Os) (i et al., 2018;
Bedjanian, 2019; Cheramangalath Balan and Rajakumar, 2019;
Ji et al.,, 2020; Chen et al., 2022). Some recent results have
shown that most of ketones can enter the aqueous phase or
stay at the air-aqueous interface for the oligomerization and
photooxidation reactions due to their highly water-soluble,
leading to the formation of fine particulate matter (Chen et al.,
2008; Kua et al., 2011; Renard et al.,, 2013; Herrmann et al.,
2015; Ji et al., 2020; Mehrani et al., 2021; Ji et al., 2022). B-
Diketones are different from conventional aliphatic ketones,
since p-diketones simultaneously exist keto-enol isomers due
to the isomerization within molecule. Therefore, g-diketones
are widely used as organic reagents, catalysts, and chelat-
ing ligands in industrial activities, healthcare, perfume, and
cosmetics industries due to their structural characteristics
(Li et al., 2016). Therefore, some studies paid attention to the
form of pB-diketones isomers in the environment and the in-
fluence factors (Spencer et al., 1982; Folkendt et al., 1985;
Ishida et al., 1999; Yamabe et al., 2004; Alagona et al., 2010;
Verma et al., 2014; Li et al., 2016). For example, a larger propor-
tion of ketonic isomer in the aqueous phase was found rela-
tive to enolic isomer (Spencer et al., 1982) and ketonic isomer
is more soluble in polar solvents than the enolic isomer due to
a large polarity of ketonic isomer (Ishida et al., 1999). In addi-
tion, the chemical oxidation of -diketonesis complicated and
limited by the keto-enol tautomerism (Shouminng et al., 2008;
Verma et al., 2014; Kampf et al., 2016; Wu et al., 2016; Ji et al.,
2018; Ji et al., 2020), thereby affecting to understand their en-
vironment chemical behaviour.

In contrast to the isomerization of B-diketones, limited pre-
vious work exists on the aqueous chemistry of p-diketones,
hindering accurate assessment of their roles in the environ-
ment. In particular, the air-droplet interface chemistry plays
a significant role in the field of environmental implications
(Pillar-Little et al., 2014; Li et al.,, 2016; Zhong et al., 2018;
Songetal., 2019; Zhanget al., 2019, 2023; Jiang et al., 2020; Ruiz-
Lopez et al., 2020; Shi et al., 2020a; Wang et al., 2021; Martins-
Costa et al.,, 2022; Tan et al., 2022a; Gruca-Rokosz et al., 2017).
Many chemical reactions rapidly occur at the air-aqueous in-

terface via the different mechanisms relative to the reactions
in the aqueous or gas phase, affecting the atmospheric bud-
get of trace gases (Li et al., 2016; Jorgensen and Gross, 2009).
In addition, the maximum effective interface area is from 0.3
to 60 m?/m? in environment (George et al.,, 2015) to attract
and adsorb atmospheric trace gases. Hence, the existence of
an enough large area suggests that the air-droplet interface
chemistry plays a significant role in environment. A recent
study has shown that the formation of BrC products is in-
volved by both keto-enol isomers of B-diketones, leading to
the resulting complexity of BrC products, and some of these
BrC products can give rise to photosensitization reactions to
further promote photochemical reactions (Kampf et al., 2016).
Therefore, it is necessary to systematically study the isomer-
ization of B-diketones at the air-droplet interface and the sub-
sequent chemical reaction mechanisms.

In this work, we investigated the isomerization and the
subsequent hydration mechanisms of typical p-diketones at
the air-droplet interface by combining molecular dynam-
ics (MD) simulation and quantum chemical (QC) calculation.
Herein, acetylacetone (AcAc) was selected as the model of B-
diketones because AcAc was widely detected in environment
of developed countries (Japan, America and Europe) and de-
veloping countries (China), with its concentration in environ-
ment of the parts-per-billion (ppb) level (Ji et al.,, 2018). The
free energy changes with the transformation of the AcAc iso-
mers from the air phase to the droplet interior were calculated
and compared at the neutral and acidic air-droplet interfaces.
The distribution and proportion of the AcAc isomers in the
air phase and droplet interface and interior were assessed.
The isomerization and subsequent hydration mechanisms of
the keto- and enol-AcAc at the air-droplet interface were ex-
plored, and the implications of the hydration and photooxida-
tion reactions at the air-droplet interface and aqueous-phase
hydration reaction on the contribution of environment were
discussed.

1. Methods
1.1.  Classical molecular dynamics simulations

All classical molecular dynamics (MD) simulations were per-
formed using the NAMD software package (Phillips et al,,
2005), and all dynamical configurations were visualized via
VMD software (Humphrey et al., 1996). Since the nucleation of
the sub-3-nanometer particle is the critical step of aerosol for-
mation (Yao et al., 2018), the neutral and acidic droplet models
with 2.5 x 2.5 x 2.5 nm?3 size were constructed. The number of
499 water molecules was used to simulate the neutral droplet
because the density of water is 1.0 g/cm? and the same wa-
ter molecules were used in the 24.662 x 24.662 x 24.662 A3
in the previous studies (Martins-Costa et al., 2012; Shi et al.,
2020b). In addition, sulfuric acid solution with 30 wt.% con-
centration was selected to emulate the acidic droplet, be-
cause the atmospheric aerosol exhibits the moderate acidity
(Margarella et al.,, 2013) and the concentration of the sulfu-
ric acid is less than 60 wt.% (Curtius et al., 2001; Zhang et al.,
2021). According to the dissociation of sulfuric acid in the ex-
perimental study (Margarella et al., 2013), the number of 420
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water, 45 hydronium, 23 bisulfate and 11 sulfate ions was de-
termined. The initial positions of the corresponding molecules
involved in the neutral and acidic droplets were constructed,
respectively, via PACKMOL procedure (Martinez et al., 2009).
Subsequently, a 1000 steps optimization and 2.5 ns equilib-
rium at a time step of 0.5 fs were carried out successively
in the isothermal-isochoric (NVT) ensemble and isothermal-
isobaric (NPT) ensemble to ensure the stability of the neutral
and acidic droplet models. N, V, T and P represent the num-
ber of atoms, volume, temperature (T = 298 K), and pressure
(P = 1 bar), respectively. A vacuum layer of 30 A was added
at the equilibrated droplet models along the z-axis direction
to simulate the atmospheric process for gaseous acetylace-
tone (AcAc) approaching into the aqueous phase. In the sim-
ulation, the TIP3P, OPLS-AA and CHARMM force fields are
determined for water, involved ions and AcAc, respectively.
The periodic boundary condition was applied in three dimen-
tions, and a 12 A cut-off distance was used for Lennard-jones
and real space coulombic interactions. The free-energy pro-
files of AcAc migrating from the air phase to aqueous phase
were obtained by using the umbrella sampling (Torrie and
Valleau, 1977; Becke, 1988) and weighted histogram analysis
method (WHAM) (Liu et al., 2017). AcAc was initially placed
at 2.0 nm above the center of mass (COM) of the neutral and
acidic droplets. In the umbrella sampling, 21 windows were
setand AcAc moves distance of 1.0 A each time. The trajectory
was carried out for 500 ps at each new position of AcAc. On the
other hand, a 50 ns NVT simulation for unfixed AcAc at the z-
direction was performed to assess the probability distribution
of AcAc in the air phase and droplet interface and interior.

1.2.  Born—oppenheimer MD simulations

To clarify the isomerization and hydration reaction mech-
anisms of AcAc at the air-droplet interface, the Born-
Oppenheimer MD (BOMD) simulations based on the den-
sity functional theory (DFT) method were carried out in
the CP2K software package (VandeVondele et al., 2005). The
exchange and correlation interactions were treated with
Becke-Lee-Yang-Parr (BLYP) functional (Lee et al., 1988). The
double-¢ Gaussian basis set (DZVP) combined with an aux-
iliary basis set (VandeVondele and Hutter, 2007) and the
Goedecker-Teter-Hutter (GTH) norm-conserved pseudopoten-
tials (Goedecker et al., 1996; Hartwigsen et al., 1998) were used
to treat the valence and the core electrons. The Grimme’s dis-
persion correction (DFT-D3) method was adopted to explain
the weak dispersion interactions (Grimme, 2004, 2006). A cut-
off energy of 280 Rydberg was programmed for the plane wave
basis set, and 40 Rydberg was adopted for the Gaussian basis
set. The radii of neutral and acidic droplet models were 4.3 A
(zhongetal., 2017,2019; Li et al., 2021). In addition, the models
with radii of 3.3 and 6.0 A were also established to prove the se-
lected model’s insensitivity to free energy calculation, the de-
tails of illustration were presented in Appendix A Fig. S1. The
models were placed in cubic boxes greater than 20 A, which
are large enough to eliminate the interaction of adjacent re-
peat units. Firstly, the droplet models were pre-optimized for
4-5 ps using BOMD simulation to guarantee system stability,
and then AcAc molecule was randomly placed above the air-
droplet interface. All BOMD simulations were implemented in

NVT ensemble and the temperature was maintained at 298 K
using a Nose-Hoover chain thermostat. The integration step
was set to 1.0 fs, which has been proved to achieve good per-
formance for the air-droplet interface reaction (Zhong et al,,
2015; Kumar et al., 2017; Tan et al., 2022b). In order to ac-
celerate the some reactions of AcAc at the air-droplet inter-
face, the metadynamics (MTD) simulation was used to calcu-
late the activation free energy (Ensing et al., 2006; Laio and
Gervasio, 2008). For each free energy calculation, three sets of
parallel metadynamics simulations were conducted to avoid
inaccurate results by the instability of the initial configura-
tion. Subsequently, the mean values of the free energies for
three sets of simulations were taken to act as the final free
energy values discussed. The details of MTD simulation were
presented in the Appendix A Supplementary data.

1.3. Quantum mechanical calculations

All the geometric optimization and energy calculation for
aqueous-phase reactions were performed using Gaussian 09
(Frisch et al., 2013) package suite. The geometric optimization
of all stationary points (SPs), including reactants, complex,
transition states (TSs), and products, was carried out using
the hybrid density functional M06-2X method (Zhao and
Truhlar, 2008) with the 6-311G(d,p) basis set (Ji et al., 2017).
The method of solvation model based on solute electron den-
sity (SMD) (Marenich et al., 2009) was also applied to consider
the aqueous effect. The harmonic vibrational frequencies of
SPs were calculated to confirm that whether SP is a TS (with
only one imaginary frequency) or a minimum (without imag-
inary frequencies). The intrinsic reaction coordinate (IRC)
calculation was performed to confirm that TSs accurately
connect with corresponding reactants and products. Based on
the above geometries of SPs, single-point energy calculations
were further conducted at the M06-2X/6-311+G(3df,3pd) level
to refine the energetics and obtain more accurate potential
energy surfaces.

2. Results and discussion
2.1. Gaseous acetylacetone approaching the air-droplet
interface

According to the previous studies (Ji et al., 2018), there is an
equilibrium between ketonic and enolic isomers of acetylace-
tone (denoted as keto-AcAc and enol-AcAc, respectively). Ap-
pendix A Fig. S2 presents the relative concentration distri-
bution profiles of keto- and enol-AcAc from the air phase to
the neutral and acidic droplets. As shown in Appendix A Fig.
S2, the relative concentration of neutral and acidic droplets
sharply changes from 8.5 to 15.0 A and 8.0 to 15.0 A, re-
spectively. Hence, the interfacial width of air and the neutral
droplet and that of air and the acidic droplet are estimated
tobe 6.5and 7.0 A, respectively, which can accommodate and
adsorb keto- and enol-AcAc.

The free-energy distribution profiles shown in Appendix
A Fig. S3 reveal that the interfaces of the neutral and acidic
droplets exhibit the preference to accommodate keto- and
enol-AcAc. To quantify the ability of the interface to adsorb and
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Fig. 1 - Time evolution of the positions of keto- and enol-AcAc along with the (a) neutral and (b) acidic droplets. The middle
data are the corresponding percentages in the air, interface, and interior regions of the droplet.

accommodate two AcAc isomers, the free-energy differences
(AG) of gaseous AcAc to the interface (air—interface, Process
1) and the interface to the bulk water (interface—aqueous,
Process 2) are defined as AG(Processl) = Gipgerface - Gair and
AG(Process2) = Gaqueous - Ginterface, T€Spectively, where G;,
represents the maximum values in the air phase (a and a’
points in Appendix A Fig. S3), Ginterface refers to the minimum
values at the interface (b and b’ points in Appendix A Fig. S3),
and Gaqueous corresponds to the stable values of keto- or enol-
AcAc in the interior region of droplet (c and ¢’ points in Ap-
pendix A Fig. S3). The AG value reflects the above two pro-
cesses are endothermic or exothermic (Shi et al., 2020a). For
the acidic droplet, the AG,j,_ interface Values of keto- and enol-
AcAc are -7.49 and -5.99 kcal/mol, respectively, which are more
negative than the corresponding values in the neutral droplet.
Also, their AGipterface—»aqueous Values of 3.70 and 3.08 kcal/mol,
respectively, are larger than those in the neutral droplet. It
indicates that AcAc prefers to be adsorbed to the acidic air-
droplet interface if AcAc molecules collide with the droplets.

Fig. 1 shows the time evolution of the positions (z co-
ordinate) of keto- and enol-AcAc in the neutral and acidic
droplets in every residence event. The probabilities of keto-
and enol-AcAc staying at the acidic air-droplet interface are
presented at 92.51% and 93.73% of the whole simulated time
(Fig. 1a), respectively, in line with the analysis of the free en-
ergy calculations mentioned above. The duration time of keto-
AcAc in the interior region of acidic air-droplet interface ac-
counts for 5.77% of the whole simulated time, which is two
times larger than that of enol-AcAc (Fig. 1a), attributable to the
stronger polarity of keto-AcAc than enol-AcAc in the bulk wa-

ter (Ishida et al., 1999). That is, for p-diketones, the ketonic and
enolic isomers are prone to accumulate at the air-droplet in-
terface, especially at the acidic air-droplet interface; while rel-
ative to the enolic isomer, the ketonic isomer prefers to stay
in the interior region of the droplet.

2.2. Isomerization between keto- and enol-AcAc

The isomerization of B-diketones can affect the interpretation
of chemical mechanisms occurring on the nanoparticle inter-
faces. Therefore, to clarify the distribution of keto- and enol-
AcAc at the air-droplet interfaces, we investigated the isomer-
ization reactions between keto- and enol-AcAc at the neutral
and acidic air-droplet interface. Fig. 2 shows the free-energy
landscape and the schematic diagram of the corresponding
structures for the isomerization from keto-AcAc to enol-AcAc.
Appendix A Fig. S4 displays the time variation of bond lengths
between relevant atoms of the isomerization. Appendix A Fig.
S4 suggests that the small water clusters are formed around
AcAc to mediate the isomerization. There are three-step re-
actions in the isomerization from keto-AcAc to enol-AcAc (Ap-
pendix A Fig. S4a): the first H-shift from keto-AcAc to water
molecule (R1), the second H-shift in the water cluster (R2), and
the enol-AcAc formation from the third H-shift (R3).

For R1 (along blue dashed arrow), the methylene H atom
(Hg1) of keto-AcAc is transferred to the first water molecule
(W1) to form a H-bond (Hg1-Ow1) at 6.12 ps, with the Hg1-Oyy
distance of 2.00 A. Subsequently, a maximum of free energy
(27.00 kcal/mol) is observed at 7.02 ps, corresponding to form
the Hg1-Ow bond and break the Cx1-Hk1 bond in keto-AcAc,
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suggesting the transition state formation. The lengths of the
Hg1-Oyq and Cg1-Hk1 bonds in the transition-state are 1.25
and 1.31 A, respectively (Fig. 2a). As for R2 (from 7.03 to 7.21 ps,
along green dashed arrow), an extra H-shift reaction proceeds
via the second water (W2) to the third water (W3) to yield hy-
dronium ion (H307). For R3 (along yellow dashed arrow), the
shift of Hy31 atom to the carbonyl O atom of keto-AcAc (Og 1/2)
yields enol-AcAc, and the system reaches equilibrium at 7.22
ps. As shown in Fig. 2a, two local minimums of the free en-
ergies are observed because the H atom is moved between
carbonyl and hydroxyl O atoms, corresponding to one enol-
AcAc formation. It implies that enol-AcAc has a conjugated = -
electron character and enhances the stability of enol-AcAc. As
discussed above, R2 acts as a “bridge” between R1 and R3, sug-
gesting that the presence of a water-loop-structure has a cat-
alytic effect on the isomerization from keto-AcAc to enol-AcAc.

However, no water-loop-structure event at the acidic air-
droplet interface is observed in the isomerization because of
two water clusters around AcAc. As shown in Appendix A Fig.
S4b, one two-water cluster engages in the first H-shift to form
keto-anion (R1, in blue dashed arrow), and one three-water
cluster simultaneously participates in the second H-shift to
yield H307 (R2,in green dashed arrow). The H30* formed in R2
is transferred to keto-anion in R1 to form enol-AcAc (R3, yellow
dashed arrow). A transition state-like structure is observed at
8.96 ps, with the corresponding free-energy barrier of 16.67
kcal/mol (Fig. 2b), which is 10.33 kcal/mol lower than that at
the neutral air-droplet interface. It is explained by the proton

affinity (APA) of H,0 according to that APA increases with in-
creasing the numbers of water molecules (n), since at n more
than 3, the APA of H,O + H3O™ reaction is larger than that
of enol-AcAc + H3O" reaction (Mauney et al., 2017). Combined
with the analysis of Section 2.1, it implies that enol-AcAc is en-
hanced in favor of the enolic isomer at the acidic air-droplet
interface relative to the neutral air-droplet interface.

2.3.  Hydration reactions of AcAc at the air-droplet
interface

Considering the results mentioned above and the acidity in
real aerosols, we focus on investigating the hydration reac-
tion of enol-AcAc at the acidic air-droplet interface, since the
hydration reaction is considered to be the first step of the
oligomerization for OVOCs (Mauney et al., 2017), leading to
oligomeric products which contribute to SOA growth. For com-
parison, the hydration reaction of keto-AcAc is also studied.
Fig. 3 shows a schematic diagram of three stepwise pathways
of the hydration reactions for enol-AcAc. Appendix A Figs. S5-
S6 display the free-energy distribution diagram of the hydra-
tion reactions of enol-AcAc. Fig. 4 displays the change curves of
key distances, the two-dimensional free-energy distribution
diagram, and the geometry diagrams of the key stability points
in the hydration reactions of keto-AcAc.

The interfacial hydration of enol-AcAc involves four-
step reactions: (I) H-shift process (blue line), (II) cation-
intermediate formation (green line), (III) transition-state for-
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mation (yellow line), (IV) diol formation (black line), and de-
tails of the multi-step hydration reactions are illustrated in
Fig. 3. For the first step, the H-shift can be occurred at three re-
active sites of enol-AcAc, hydroxyl (Og1) and carbonyl (Og2) O-
atoms and double-bond C-atom (Cg3). Therefore, the Op1-Hw3,
Or2-Hw3, and Cg3-Hw4 bonds are formed via the H-shift pro-
cesses from hydronium ion to water molecules to three reac-
tive sites of enol-AcAc, with the corresponding lengths of 2.08,
2.01,and 1.50 A, respectively. Subsequently, the Og1-Hy 3, Og2-
Hy3, and Cg3-Hw4 bonds are shorten to 1.02, 1.02, and 1.07
A, respectively, to form two enol-cation intermediates (enol-
CI1 and enol-CI2). For the step III, a transition-state-like struc-
ture for the reaction starting with the double-bond (enol-TS3)
is observed, corresponding to the free-energy maximum with
43.67 kcal/mol (Appendix A Fig. S5), which is larger than those
starting with hydroxyl/carbonyl group (enol-TS1 and enol-TS2)
(Appendix A Fig. S6). It suggests that the hydroxyl/carbonyl O-
atoms are the most energetically favorable position to proceed
via hydration for enol-AcAc, to form the enol-triols (enol-TLs).

Similarly, the hydration of keto-AcAc also contains the
same four-step reactions (Fig. 4a). However, the H-shift pro-
cess of keto-AcAc starts with carbonyl O atom group based
on the structural characteristics of keto-AcAc. Through two
H-shift processes from hydronium ion to water molecules
(W1 and W2), the Ox1-Hy,1 bond is formed at 9.36 ps, with
the length of 2.02 A. During a period from 14.60 to 34.40 ps
(ITT), the maximum of free energy (12.00 kcal/mol) is observed
at 34.37 ps (Fig. 4b), corresponding to a transition-state-like
structure (Fig. 4c), which is 7.33 kcal/mol lower than that of
the dominate hydration pathway for enol-AcAc starting with
hydroxyl/carbonyl group, suggesting the more favorable for-
mation of keto-diol (keto-DL) than enol-TL1 and enol-TL2. Com-
bined with the above analysis about the isomerization reac-
tion of AcAc, itindicates that enol-AcAc accumulated at the in-
terface is preferentially converted to form keto-AcAc, and keto-
DL is subsequently yielded by the proton-mediated hydration
reaction of keto-AcAc.

Subsequently, keto-DL proceeds the hydration reaction via
the similar four-step reactions (Appendix A Fig. S7a): (I) H-shift
process (t < 15.91 ps); (II) cation-intermediate formation (15.91
<t < 16.06 ps); (IlI) transition-state formation (16.06 <t < 22.36
ps); (IV) tetrol formation (t > 22.36 ps). As illustrated in the
SI, the process of keto-DL to form keto-tetrol via the proton-
mediated hydration reaction is endothermic with a large free-
energy barrier of 16.67 kcal/mol (Appendix A Fig. S7b). It in-
dicates that the proton-mediated hydration reaction of keto-
DL is an energetically unfavorable pathway, leading to the ac-
cumulation and accommodation of keto-DL at the acidic air-
droplet interface.

3. Conclusions and atmospheric implications

B-Diketones are a special class of ketones, which are widely
used as organic reagents, catalysts, and chelating ligands in
industrial activities, healthcare, perfume, and cosmetics in-
dustries due to the property of the simultaneous presence of
keto-enol isomers. Acetylacetone (AcAc) is a typical kind of
B-diketones, but its isomerization and chemical behavior at
the air-droplet interface are still unclear, leading to affect to

assess its environmental effects. Hence, we investigated the
heterogeneous chemistry of AcAc at the neutral and acidic air-
droplet interfaces by combining molecular dynamics (MD) and
quantum chemistry (QC), and the influence of interfacial acid-
ity on the chemical behavior of AcAc was also evaluated. Our
MD simulation results reveal that two AcAc isomers, enol-AcAc
and keto-AcAc, are prone to be adsorbed by the neutral and
acidic air-droplet interfaces, but the acidic air-droplet inter-
face exhibits a better ability to accumulate and accommodate
two AcAc isomers, especially for enol-AcAc. The isomerization
of two AcAc isomers at the air-droplet interface all involves
three-step reactions, the H-shift of AcAc to the interfacial wa-
ter, the H-shift between the water clusters, and the forma-
tion of other AcAc isomer. At the neutral air-droplet interface,
the isomerization of AcAc isomer undergoes a “water bridge”
mechanism, while the “water bridge” structure is destroyed by
much H;O0% at the acidic air-droplet interface. Therefore, the
isomerization from keto-AcAc to enol-AcAc is more favorable
than that from enol-AcAc to keto-AcAc, and the enolic isomer
is the dominant form of the accommodation for AcAc at the
acidic air-droplet interface.

Subsequently, enol-AcAc undergoes the H-shift via water
molecules to form low-volatile compounds at the acidic air-
droplet interface. Hydration at the carbonyl or hydroxyl O-
atom of enol-AcAc is the most energetically favorable path-
way, forming the enol-triols (enol-TLs). However, its free-energy
barrier is larger than that of the isomerization from enol-AcAc
to keto-AcAc. Alternatively, the hydration of keto-AcAc start-
ing with the carbonyl O-atom mainly produces keto-DL, with
a low free-energy barrier. Hence, the main product of the hy-
dration reaction of AcAc at the acidic air-droplet interface is
keto-DL, whose proton-mediated hydration reaction is an en-
ergetically unfavorable pathway, leading to the accumulation
and accommodation of keto-DL at the acidic air-droplet inter-
face.

To assess the contribution of the interface chemical behav-
ior of AcAc to the whole aqueous chemistry, the hydration re-
action of keto-DL in bulk water is further investigated, to sim-
ulate the main interface product entering the acidic droplet
interior (Appendix A Fig. S8). There exists two-steps hydration
reaction of keto-DL: protonation and nucleophilic addition. As
shown in Appendix A Fig. S8, protonation at the carbonyl O-
atom site of keto-DL is slightly exergonic to form cationic inter-
mediate, with the reaction energy value of -2.87 kcal/mol. Nu-
cleophilic addition between cationic intermediate and water
molecules possesses a TS with the activation barrier of 10.69
kcal/mol, which is 5.98 kcal/mol lower than that at the air-
droplet interface (Appendix A Fig. S7b). It indicates that ex-
cessive keto-DL can enter the droplet interior to engage in the
oligomerization, thereby facilitating the air-droplet interface
to accommodate and yield more keto-DL.

On the other hand, to systematically understand the in-
terface chemistry of AcAc, the oxidation reaction of keto-DL
with OH radical (-OH) at the acidic air-droplet interface is also
evaluated to simulate the photooxidation (Appendix A Fig. S9).
H-abstraction from the methyl or methylene group of keto-DL
forming keto-DL radical is barrierless. However, H-abstraction
from the hydroxyl group of keto-DL is barrierless, accompanied
by the breakage of G,-C. bond to rapidly form acetic acid (AA).
The breakage of C,,-Cc bond needs to overcome the activation
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barrier of 8.47 kcal/mol (Appendix A Fig. S9a and b). Alterna-
tively, an adduct is yielded by OH-addition to the carbonyl C-
atom of keto-DL, with the free-energy barrier of 9.40 kcal/mol.
Subsequently, the C.-C4 bond in the adduct is broken to yield
AA, with the activation barrier of 4.04 kcal/mol (Appendix A
Fig. S9a and c). It suggests that the photooxidation reaction of
AcAc will increase the acidity of the air-droplet interface, fur-
ther promoting the accommodation and the proton-mediated
hydration reaction of AcAc. Our work reveals that we should
focus on not only the isomerization and chemical reactions
of the p-diketones (such as AcAc) at the air-droplet interface,
but also their photooxidation reactions in the future studies.
Our results provide an insight into the heterogeneous reaction
mechanisms of B-diketones and their influence on the envi-
ronment.
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