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ARTICLE INFO ABSTRACT

Keywords: Small o-dicarbonyls (SoDs) are well-known as the important precursors of secondary organic aerosol (SOA).
Gas-liquid interfaces Hence, it is imperative to understand the atmospheric chemistry of SaDs to contribute to SOA formation. In this
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work, we investigated the interfacial chemistry of typical SaDs, including methylglyoxal (MG) and biacetyl (BA)
in the neutral and acidic droplets by combined molecular dynamics and quantum chemical calculations. The
trans configurations of MG and BA are found to be the favorable configurations at the interfaces and are prone to
stay at the gas-liquid interface of the acidic droplet. The C=0 group exhibits a preferential uptake orientation
towards the interface because the carbonyl-O atom has a strong interaction with interfacial H,O. The uptakes and
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accumulations of MG and BA at the interfaces are promoted by the acidic condition. Subsequent interfacial
hydrations of MG and BA in the acidic droplet are beneficial to yield diols, which can engage in oligomerization
in the droplet interior to contribute SOA formation. Our results provide the theoretical insight into the interfacial
chemistry of SaDs and their role in SOA formation.

1. Introduction

Atmospheric aerosol particles profoundly affect the global climate,
visibility, and human health (Xiang et al., 2023; Zhang et al., 2015).
Secondary organic aerosol (SOA), accounting for a large fraction of at-
mospheric aerosol particles, is mainly originated from the atmospheric
oxidation of biological and anthropogenic volatile organic compounds
(VOGCs) (Hu et al., 2017; Li et al., 2023; Srivastava et al., 2022; Ying
et al., 2015; Zheng et al., 2021), which yield various highly
water-soluble organic carbonyls (Ji et al., 2017; Luo et al., 2019). Small
a-dicarbonyls (SaDs), as a kind of typical and important organic car-
bonyls, contribute to more than 16% of SOA mass in the Pearl River
Delta region (Ling et al., 2020) and in the Beijing-Tianjin-Hebei region
(Lietal., 2021a), with the concentration in urban fogs, clouds, and mists
up to hundreds of micromoles per liter (Faust et al., 1996; Jang et al.,
2005; Munger et al., 1990). In addition, a modeling study also shows
that SaDs contribute to 11 Tg C a~! of SOA global source (Fu et al.,
2008).

Abundant evidences reveal that the aqueous-phase reactions of SaDs
contribute to the formation of SOA and brown carbon (BrC) (De Haan
et al., 2017; Grace et al., 2020; Li et al., 2021b; Marrero-Ortiz et al.,
2019; McNeill, 2015). The heterogeneous reactions of SaDs include
aqueous oxidation, hydration, self-oligomerization, and acid-catalyzed
reactions in cloudwater and the aqueous aerosol (McNeill, 2015).
However, more and more studies show that the interfacial processes of
aerosols such as reactive adsorption and photooxidation reaction play a
promotional role in SOA formation (Ning et al., 2023; Sui et al., 2021;
Zhang et al., 2019; Zhong et al., 2019b). Aerosol interface is believed as
the first location for uptake and accommodation of atmospheric trace
gases in the gas-to-particle allocation (De Haan et al., 2018; Martin-
s-Costa et al., 2012; Tan et al., 2022; Zhong et al., 2019a). Therefore,
more and more studies focus on the interfacial reactions of SaDs and
their role in SOA formation (Kim et al., 2022; Sui et al., 2021; Wren
et al., 2015; Zhu et al., 2020). Furthermore, a recent study has shown
that the uptake of glyoxal is enhanced at the gas-liquid interface of the
acidic droplet (Shi et al., 2020), which is related to the aerosol, cloud
and fog droplets in real atmosphere. However, the effect of the acidic
droplet interface on the uptake of SaDs is unclear, leading to the lack of
systematically understanding about their physicochemical behavior in
multiphase chemistry. Therefore, it is necessary to investigate the up-
take of SaDs and their subsequent interfacial reactions in the neutral and
acidic droplets.

In this study, the interfacial chemistry of the typical SaDs in the
neutral and acidic droplets was investigated by combining classical
molecular dynamics (CMD), Born-Oppenheimer molecular dynamics
(BOMD) simulations and quantum chemical (QC) calculations. MG and
biacetyl (BA) were chosen as the models of the typical SaDs because they
have a high concentration up to parts-per-billion level in the polluted
area (Qian et al., 2019; Xu et al., 2023). The kinetic and thermodynamic
aspects of MG and BA were illustrated, including free energy profiles,
molecular distributions, orientations, and adsorption and accommoda-
tion abilities. The effect of the acidity on the uptakes of MG and BA was
discussed. The interfacial isomerizations and hydration reactions of MG
and BA at the gas-liquid interfaces of the neutral and acidic droplets
were studied, and the environmental implications in the atmospheric
aerosol formation were also discussed.

2. Computational methods
2.1. Classical molecular dynamics simulations

All CMD simulations were performed using the NAMD software
package (Phillips et al., 2005), and all dynamical configurations were
visualized via the VMD software (Humphrey et al., 1996). The
sub-3-nanometer particle is the critical size of the aerosol nucleation and
growth (Kulmala et al., 2004), and the half size of the constructed
droplet model is used to participate in the free-energy calculation.
Considering the involved size in the free-energy calculation and the size
of the nucleation particle, the models in the cube boxes of 4.0 x 4.0 x
4.0 nm® were constructed to describe the neutral and acidic droplets.
The neutral droplet consisted of water molecules (H,0). Considering
that the concentration of sulfuric acid (SA) in the lower troposphere is in
the range of 1-60 wt% (Curtius et al., 2001) and the atmospheric aerosol
exhibits the moderate acidity (Pye et al., 2020), the SA solution with 40
wt% SA concentration is used to simulate the acidic droplet, which was
composed of H,0, hydronium ion (H30™), bisulfate ion (HSOZ), and
sulfate ion (SO?{). The CMD calculation of the minimization and equi-
librium was performed to guarantee the stability of droplets. Based on
the above CMD results, the free-energy profiles of MG and BA migrating
from the gas phase to the interior region of the droplets were obtained by
using the umbrella sampling (Torrie and Valleau, 1977) and weighted
histogram analysis methods (WHAM) (Kumar et al., 1992). The detailed
description was shown in the Supporting Information (SD).

2.2. Born-Oppenheimer molecular dynamics simulations

All BOMD simulations based on the density functional theory method
were performed using the CP2K software (Vande Vondele et al., 2005).
The initial spherical model with the radius of 7.0 A was constructed to
emulate the droplet. The neutral droplet was composed of 48 H»0, and
the acidic droplet consisted of 5 SA and 37 Hy0. The above droplet
models were initially placed in the periodic cubic box of 2.5 x 2.5 x 2.5
nm® to eliminate the interaction of adjacent repeat units. A
pre-optimization of 5.0 ps at the timestep of 1.0 fs was implemented for
each droplet model to ensure the system stability. Then MG and BA were
randomly placed above the gas-liquid interface of the droplet and the
whole systems were re-optimized for 10-15 ps. In order to clarify the
reaction mechanisms of MG and BA at the gas-liquid interface, the
free-energy barriers were calculated by the metadynamics (MTD)
simulation using the PLUMED plug-in combined with the CP2K software
(detailed description provided in the SI) (Barducci et al., 2011; Bonomi
et al., 2009; Tribello et al., 2014).

2.3. Quantum chemical calculations

All QC calculations were performed via the Gaussian 09 program
(Frisch et al., 2009), and the solvent model based on density was used to
simulate the suitable solution condition (Marenich et al., 2009). The
geometric optimizations of all stationary points (SPs), including the
reactants, transition states (TSs) and products were carried out using the
MO06-2X functional (Zhao and Truhlar, 2008) with the 6-311++G(d,p)
basis set, i.e., at the M06-2X/6-311++G(d,p) level. Frequencies were
calculated at the same level to verify all SPs either as a real local min-
imum (without imaginary frequency) or a TS (with only one imaginary
frequency). Intrinsic reaction coordinate (IRC) calculations were per-
formed to confirm the connection between TSs and the corresponding
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reactants and products. Based on the above geometries of all SPs, the
single-point energies were further refined at the M06-2X/6-311++G
(3df,3pd) level to yield more accurate potential surface energy (PES).

3. Results and discussion

There are two distinct processes in the whole migrations of MG and
BA from the gas to the liquid phase, i.e., the gas-liquid interfacial
adsorption (pathway I) and the subsequent reaction (pathway II)
(Fig. S1). The pathway I involves the mutual attractions of gaseous MG
and BA with the droplets and the uptakes of MG and BA at the gas-liquid
interface. The pathway II corresponds to the hydration reactions of MG
and BA at the gas-liquid interface which are the first steps of oligo-
merizations for SaDs (Gomez et al., 2015; Wren et al., 2015).

3.1. The mutual attractions of gaseous MG and BA with the droplets

The relative concentration distributions of MG and BA and the cor-
responding solvents along with the z-direction perpendicular to the in-
terfaces are presented in Fig. S2. The interfacial widths are estimated to
be 10.80 A for the neutral droplet and 11.25 A for the acidic droplet. In
the whole migration, the relative concentration distributions of MG and
BA are rapidly reduced to a local minimum at the gas-liquid interface
and eventually plateau in the gas phase. It implies that both of MG and
BA exhibit an interfacial preference and are thereby readily absorbed
and accommodated at the gas-liquid interfaces of the neutral and acidic
droplets.

To evaluate the favorable conformations of MG and BA at the gas-
liquid interfaces, the time evolutions of the positions for the trans and
cis conformations of MG and BA along with the z-direction perpendic-
ular to the interfaces are simulated and displayed in Figs. 1 and S3. For
MG system, the duration of the trans-conformation of MG (trans-MG)
accounts for more than 78.5% of the total time evolution at the gas-
liquid interfaces of the neutral and acidic droplets, which is larger
than that of the cis-conformation of MG (cis-MG). Similarly, the trans
configuration of BA is more favorable to accumulate at the interface
than the cis configuration. Figs. 2 and S4 depict the free energy profiles
of the trajectories for MG and BA traveling from the gas phase into the
droplet interior, respectively. A larger decrease in the free energy of
trans-MG/BA (>4.50/5.45 kcal mol_l) relative to cis-MG/BA (>3.95/
5.27 keal mol™!) occurs when MG or BA approaches the gas-liquid in-
terfaces of the neutral and acidic droplets, indicating the thermody-
namical feasibility to the interfacial adsorptions and accommodations of
trans-MG and trans-BA.

At the gas-liquid interface of the acidic droplet, the decrease in the
free energy is further deepened (Figs. 2 and S4), and the distributions of
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trans-MG and trans-BA are more than 91.2% of the total time evolution
(Figs. 1 and S3). It implies that the gas-liquid interface of the acidic
droplet displays a preferred uptake and accommodation for the trans
configurations of MG and BA. Furthermore, analysis of the orientation of
trans-BA shows that the interfacial interaction is initiated by the
carbonyl-O atom (Fig. S5), which possesses a more negatively charged
natural bond orbital characteristic (—0.590 e) than that of trans-MG
(—0.581 e), indicating that the interfacial electric attraction is more
pronounced for trans-BA than trans-MG (Fig. S6).

To further assess the distributions of the trans and cis configurations
of MG and BA at the gas-liquid interfaces, the isomerization reactions
between the trans and cis configurations in MG and BA systems are also
investigated. Figs. 3 and S7 display the free energy profiles of the
isomerization reactions of MG and BA at the gas-liquid interfaces of the
neutral and acidic droplets, respectively, as a function of torsion angle
(z, detailed depiction in the SI) and the schematic diagrams of the cor-
responding structures. In the neutral droplet, the most stable structure
for trans-MG appears at 0.60 ps. There is a maximum of the free energy
with 5.18 keal mol ! at 3.03 ps, corresponding to the formation of the
TS. Finally, cis-MG is formed at 3.33 ps, and the reaction reaches the
equilibrium. However, the isomerization from cis-MG to trans-MG pro-
ceeds a low free-energy barrier of 2.75 kcal mol™!. Similarly, in the
acidic droplet, there is the free-energy barrier of 3.74 kcal mol ! for the
transformation from trans-MG to cis-MG, higher than that from cis-MG to
trans-MG (2.68 kcal mol™1). Combining with the previous theoretical
result that the trans isomer is the energetically more favorable structural
configuration at the interfacial region relative to the cis isomer (Zhu
et al., 2020), our results imply that the transformation from trans-MG to
cis-MG is thermodynamically unfavorable relative to that from cis-MG to
trans-MG. Analogously, for the isomerization from trans-BA to cis-BA,
the free-energy barriers are 6.38 and 4.51 kcal mol ™! at the gas-liquid
interfaces of the neutral and acidic droplets, respectively, which are
higher than those from cis-BA to trans-BA. In addition, the free-energy
barrier for the isomerization of BA is higher than that for the isomeri-
zation of MG, which is attributed to the large steric hindrance effect of
the methyl group in BA. As discussed above, trans-MG and trans-BA are
the preferred structural configurations at the interfacial region of the
droplet, and the gas-liquid interface of the acidic droplet exerts a cata-
lytic effect on the isomerizations of MG and BA. Hence, in the following
study, the uptakes and hydrations of trans-MG and trans-BA will be
further investigated and discussed.

3.2. Uptakes of MG and BA at the gas-liquid interfaces

The typical snapshots of the trajectories for trans-MG and trans-BA
are analyzed and displayed in Figs. S5 and S8. Herein, the configurations
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Fig. 1. The time evolutions of the positions and corresponding occurrence percentages of gaseous trans-MG and cis-MG along with the z-direction perpendicular to

the gas-liquid interfaces of the (a) neutral and (b) acidic droplets.
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Fig. 3. (a) The free energy profiles for the isomerization from trans-MG (r = 180°) to cis-MG (r = 0°) at the gas-liquid interfaces of the neutral (red line) and acidic

droplets (blue line); (b) and (c) represent the schematic diagrams of the reactants (Rs), TSs and products (Ps) at the gas-liquid interfaces of the neutral and acidic
droplets, respectively.

A and B (Con A and B) denote the structures located at the free-energy
maximum in the gas phase in the neutral and acidic droplets, respec-
tively (point A and B in Figs. 2 and S4); the configurations A’ and B’ (Con

A’ and B') represent the snapshots on the boundaries between the gas
phases and interfaces of the neutral and acidic droplets, respectively
(point A’ and B'in Figs. 2 and S4); the configurations A” and B denote the
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structures at the free-energy minimums at the interfaces of the neutral
and acidic droplets, respectively (point A” and B” in Figs. 2 and S4). The
configurations shown in Figs. S5 and S8 represent the most stable
structures, corresponding to the total energy minimum at the corre-
sponding window. As shown in Figs. S5 and S8, the carbonyl groups of
trans-MG and trans-BA prefer to orient towards the gas-liquid interfaces
of the neutral and acidic droplets, i.e., O atoms of the carbonyl groups
closer to the interfaces.

To further identify the uptake orientation with respect to the inter-
face, the angular distributions at the gas-liquid interfaces of the neutral
and acidic droplets are calculated and showed in Fig. 4. For trans-MG,
the angular distribution is described by 6 and y values, corresponding to
the angles between z-direction with the aldehyde (0) and ketone (y)
groups, respectively; for trans-BA, the angular distribution is depicted
using g value, corresponding to the angle between z-direction with the
ketone group. As shown in Fig. 4b and c, the 6 and y values at the gas-
liquid interface of the neutral droplet are in the ranges of 65°-105°
and 75°-105°, respectively; the corresponding values at the gas-liquid
interface of the acidic droplet are in the ranges of 65°-105° and
75°-115°, respectively. The ranges of the $ values at the gas-liquid in-
terfaces of the neutral and acidic droplets are mainly located at
75°-115° and 75°-120°, respectively. It indicates that the C=0 groups
of trans-MG and trans-BA exhibit a preferential uptake orientation at
both gas-liquid interfaces of the neutral and acidic droplets.

To further assess the role of the ions in the acidic droplet on the
uptakes of MG and BA at the interfaces, hydrogen bonds (HBs) between
MG and BA with the interfacial molecules are investigated, which are
the key factor exhibiting the solvation effect at the interfacial regions. At
the gas-liquid interface of the neutral droplet, there are two types of HBs
for MG, i.e., the carbonyl-O atom with H atom of HoO (denoted as Oyg-
Hp20) and the carbonyl-H atom with O atom of HyO (represented as
Hpmg—Om20)- For BA, only one type of HB exists, i.e., the carbonyl-O
atom with H atom of HyO (Oga—Hp20). The radial distribution func-
tions (g(r)s) are used to depict the close interaction of two specific atoms
and the peak intensity can illustrate the strength of the influence of the
interfacial species. The radial distribution functions (g(r)s) of the above
HBs are illustrated in Fig. 5a-c. Herein, we focus on the peak intensity for
the g(r)s of HBs within 2.5 A because the normal length of HB is from
1.50 A to 2.38 A (Zhao et al., 2009). No apparent peak of the g(r) for
Hpmg—-On2o bond, while there is an obvious peak of the g(r) for Opg-
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Hpyoo or Opa—Hpyoo bond, indicating a high probability for the formation
of Omg—Hpu20 or Opa—-Hpgo bond at the gas-liquid interface. For the
acidic droplet, except for the above Oyg—Hyoo and Hyig—Onoo bonds for
MG, there also exists other types of HBs, i.e., the carbonyl-O atoms with
H atoms of H30" and HSO; (Omg-Hpsoy and Ong-Hpsos.), and
carbonyl-H atoms with O atoms of H30", HSO3, and SO%’ (Hymg—Ownso-s
Hyg—-Onsos., Hug—Oso42.). No peak exists of the g for Hyg—Omzo,-
H30-+/HS04-/5042- bond, while there is evident peak of the g(r) for Oyg—
Hpy20, Omcg—Huso+, or Omg—Hpusos- bond. It indicates that HgO* and
HSO4 contribute to the uptake of MG at the interface of the acidic
droplet. Furthermore, the peak intensity of the g(r) for Oyg-Hpuso + or
Onmc—Husos- bond is weaker than that for Oyg—-Hpzo bond (Fig. 5¢),
implying more favorable formation of Opg-Hpu2o bond in the acidic
droplet. In addition, the higher peak of Opg-Hp2o bond in the acidic
droplet relative to the neutral droplet indicates the stronger interaction
between carbonyl-O atoms with H atoms of HyO at the interface of the
acidic droplet, which is attributed to the strong acidity provided by
H30™", HSOZ and SO?{. Similarly, for BA, there are also HBs for the
carbonyl-O atoms with H atoms of H30" and HSO3 (Opa-Hpso, and
Omc—Hmuso4.). There exist also evident peaks of the g(r) for Oga—Hpyoo,
Opa—Hpyso+, or Opa—Hpyso4- bond, and the peak intensity of the g(r) for
Opa—Hpuso + or Opa—Hpsoas- bond is also weaker than that of Oga—Hpy2o
bond (Fig. 5¢). This implies that the uptakes and accommodations of MG
and BA are promoted under the acidic condition with H3O™, HSOZ, and
SO% .

3.3. Subsequent hydration reactions at the gas-liquid interfaces

Attack of trans-MG and trans-BA by the interfacial water yields diols
(DLs). Figs. 6 and S9-S10 display the two-dimensional free-energy and
the geometric diagrams of the key SPs in the hydration reactions. The
time evolutions of key bond distances in the hydration reactions of trans-
MG and trans-BA are showed in Figs. S11-S13.

For trans-MG at the gas-liquid interface of the neutral droplet, there
are three steps in the hydration reaction for the aldehyde group
(Fig. S11a): the HB formation via the first H-shift reaction, then the TS
formation, and finally aldehyde-diol (ADLyg) formation via the second
H-shift reaction in the water cluster. For the first step (blue dashed
arrow), the H atom (Hy11) of the first water (W1) is shifted to the
aldehyde-O atom of trans-MG (Oygl) forming the HB (Hy;1-Opgl) at
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5.82 ps, with the Hy,;1-Oygl distance of 2.02 A. Subsequently, the
Hy11-Owmgl distance is gradually shortened but the Hy,11-0y,; distance
is elongated. The O atom (Oyz) of the second water (W2) approaches the
carbonyl-C atom of trans-MG (Cygl). For the second step (green dashed
arrow), a maximum of the free energy with 13.24 kcal mol ! is observed
at 8.97 ps (Fig. 6a), corresponding to the formation of the TS. The
lengths are 1.28 A for Hw11-Opg1 bond and 1.78 A for Cmgl-Oyws bond,
and the Hy;;1-01 bond is 1.17 A (Fig. 6¢). For the third step (brown
dashed arrow), the H-shift reaction proceeds sequentially from W2 to
the third water (W3), and then back to W1, yielding ADLy at 9.27 ps.
Similarly, three steps also exist in the hydration reaction for the ketone
group, to form ketone-diol (KDLyjg), with the free-energy barrier of
12.22 keal mol ! (detailed discussion in the SI and Fig. S12a). Hence,
ADLyc and KDLy are formed via the hydration reactions for the
aldehyde and ketone groups of MG at the gas-liquid interface of the
neutral droplet. In addition, our calculated free-energy barriers in the
hydration reactions for the aldehyde and ketone groups of MG are only
slightly different from those in a previous theoretical result (~10.0 and
12.5 keal mol 1), which obtained the free-energy barriers based on the
QM/MM simulation (Zhu et al., 2020). The error in the free-energy
barriers between our and previous theoretical results is as low as 2%,

indicating that our calculation provides reliable data.

At the gas-liquid interface of the acidic droplet, there exist two
mechanisms in the hydration reactions of MG: two steps without the
participation of H30" (aldehyde group) and three steps with the
participation of H30" (ketone group). For the aldehyde group, two steps
in the hydration reaction are the TS formation (blue dashed arrow in
Fig. S11b), and then ADLyg and KDLy formation via the H-shift reac-
tion (green dashed arrow in Fig. S11b). That is, the H atom of the first
water (Hy11) and the O atom (Oy2) of the second water (W2) at the gas-
liquid interface gradually approaches the Oyl and Cygl atom of MG,
respectively, to form the TS at 5.35 ps, corresponding to a free-energy
maximum of 8.84 kcal mol~!. Subsequently, the H-shift reaction oc-
curs in a cluster that is composed of the bisulfate ion (HSOz) and four
water molecules. The lengths of Hy11-Opgl and Cygl -Oywz bonds are
shortened from 1.33 A to 0.98 A and from 1.97 A to 1.46 A at 5.76 ps,
respectively, finally forming ADLy;g. For the ketone group, three steps in
the hydration reaction correspond to the formation of cationic inter-
mediate via the H-shift reaction from the hydronium ion (H30™) to W1
and finally to O atom (Opg2), then TS formation, and finally KDLyg
formation via the H-shift reaction between W2 and W3 (detailed dis-
cussion provided in the SI). Compared to the results in the neutral
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droplet, the free-energy barriers of the hydration reactions for trans-MG
in the acidic droplet are lower, indicating that the acidic condition fa-
cilitates the hydration reactions of MG at the gas-liquid interface.

Similar to those of trans-MG in the neutral droplet, three steps in the
hydration reaction also exist for the ketone group of trans-BA at the gas-
liquid interface (Fig. S13a). Firstly, the HB is formed via the Hy;1 atom
shifted to the carbonyl-O atom (Ogal), with the distance of 2.00 A for
Opal-Hy11 bond at 7.29 ps (blue dashed arrow). Subsequently, the
carbonyl-C atom (Cpal) is attacked by Oy atom to form a TS at 13.80
ps, with the free-energy barrier of 18.87 kcal mol™! (green dashed
arrow). Finally, the H-shift reaction within a three-water cluster is
conducted, indicating the formation of ketone-diol (KDLgs) (brown
dashed arrow). However, at the gas-liquid interface of the acidic droplet,
the hydration reaction of BA is also mediated by H30", and the first step
is the formation of a cationic intermediate (CI) (blue dashed arrow in
Fig. S13b), via the H-shift reaction between the hydronium ion (Hs0™)
and W1. The maximum of the free energy is 9.50 kcal mol ! at 7.29 ps,
which is lower than that in the neutral droplet, leading to the formation
of KDLg,. It indicates that the gas-liquid interface of the acidic droplet is
also conductive to the hydration reactions of BA, which can be explained
by the proton affinity (APA) of HyO in the aqueous phase (Ji et al., 2024;
Mauney et al., 2017). Compared to the hydration reactions of MG, the
higher free-energy barriers in BA system suggest that the hydration re-
action at the gas-liquid interface is hindered by the existence of the
methyl group in BA.

4. Conclusions and atmospheric implications

The interfacial chemistry of atmospheric trace gases plays a signifi-
cant role in SOA formation (Shi et al., 2020; Sui et al., 2021; Wang et al.,
2021). SaDs, as a typical type of atmospheric trace gases, contribute to at
least 16% of SOA formation under haze condition (Li et al., 2013; Ling
et al., 2020; Xing et al., 2019). However, most works focusing on the
heterogenous reactions of SaDs in aqueous phase neglect their interfa-
cial chemistry (Li et al., 2021b; Marrero-Ortiz et al., 2019; Shi et al.,
2024). Hence, we performed CMD and BOMD simulations to investigate
the gas-liquid interfacial chemistry of MG and BA in the neutral and
acidic droplets. Our CMD results reveal that both trans and cis configu-
rations of MG and BA are prone to absorb and accommodate at the
gas-liquid interfaces of the neutral and acidic droplets. However, the
gas-liquid interface of the acidic droplet exhibits a stronger ability to
uptake and accommodate MG and BA, especially for their trans config-
urations. The carbonyl groups of MG and BA exhibit the preferential
uptake orientation to the gas-liquid interfaces in the processes of
gaseous MG and BA approaching into the interfaces. There is a strong
interaction between carbonyl-O atoms of MG and BA with the interfacial
H20 because of their negative charges, which promote the uptakes of
MG and BA to the gas-liquid interfaces of the neutral and acidic droplets,
especially for the acidic droplet. The BOMD results show that the sub-
sequent hydration reactions of MG and BA to form DLs at the gas-liquid
interface are mediated by the interfacial H2O in the neutral droplet but
are mediated by the interfacial H,0, H30", and HSO; in the acidic
droplet. The free-energy barriers are lower at the gas-liquid interface of
the acidic droplet than the neutral droplet. Hence, the gas-liquid inter-
face of the acidic droplet is more beneficial for the uptakes and subse-
quent hydration reactions of MG and BA.

To estimate the contribution of the interfacial chemistry of SaDs to
SOA formation, we calculated the hydration reactions of DLs formed
from MG and BA systems in the droplet interior. The PES of the corre-
sponding hydration reaction pathways is displayed in Fig. S14. The H,0-
mediated hydration reactions of three DLs possess the large energy
barriers with the range of 30.40-43.16 kcal mol !, while the proton-
mediated hydration reactions of the above three DLs are barrierless
and largely exothermic with the reaction energies less than —104.20
keal mol 2. It indicates that the proton-mediated hydration reactions of
three target DLs are thermodynamically favorable to yield tetrols in the
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droplet interior. Hence, excessive formed DLs from MG and BA systems
at the gas-liquid interface, which can enter into the droplet interior,
engages in the oligomerization reactions, thereby accelerating the ac-
commodations and yields of more DLs at the gas-liquid interfaces. The
previous works focusing on the aqueous chemistry of SaDs such as
glyoxal and MG show that carbenium ion-mediated oligomerizations of
SaDs are the key mechanisms of SOA and BrC formation in the interior of
the aerosol (Ji et al., 2020, 2022; Shi et al., 2024). However, these works
are lack of the knowledge about reactive uptake process in gas-particle
partitioning, while our current findings reveal the enhanced uptakes and
hydration reactions of MG and BA at the gas-liquid interface of the acidic
droplet, and also provide a theoretical insight into the interfacial
chemistry of SaDs and their role in SOA formation.
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