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organic aerosol formation†
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Glyoxal (GL) represents an important precursor of a secondary organic aerosol (SOA) and has broad

biogenic and anthropogenic sources, but the interfacial chemistry of GL contributing to SOA formation is

uncertain. Here, we performed molecular dynamics (MD) simulations and quantum chemical (QC)

calculations to examine the interfacial process of gaseous GL on aqueous nanoparticles, including probing

the GL attraction to the nanoparticles, uptake at the air–nanoparticle interface, and the hydration reaction

within the nanoparticles under neutral and acidic conditions. The MD simulations show that the carbonyl

O-atom of GL exhibits a preferential orientation to the air–nanoparticle interface. The acidic nanoparticle

interface displays a preference for the uptake of gaseous GL relative to the neutral nanoparticle interface,

showing that the presence of sulfuric acid (SA) enhances the adsorption and accommodation for GL. In

addition, SA accelerates the aqueous reaction of GL inside the interior region of the nanoparticle, which

indirectly promotes the uptake at the nanoparticle interface. Our results reveal the significantly enhanced

uptake of GL at the acidic nanoparticle interface, highlighting the necessity to account for the interfacial

process when assessing SOA formation.

1. Introduction

A secondary organic aerosol (SOA), a major component of the
global fine particulate matter (PM2.5), profoundly impacts
the Earth's atmospheric system in several aspects, such as
visibility, cloud formation, climate and human health.1–3 In
the troposphere, SOA originates from the photochemical
oxidation of volatile organic compounds (VOCs); this process

yields various products that engage in the subsequent gas-to-
particle conversion.1,4 Glyoxal (GL) is an important product
of the photochemical oxidation of biogenic (isoprene) and
anthropogenic (aromatics) VOCs5–7 with a global source of 45
Tg yr−1.8 Hence, GL is estimated to contribute a global SOA
source of 2.6 Tg C a−1.8

Growing evidence also reveals that GL exposed to
ammonium sulfate and amine-containing seed nanoparticles
can significantly contribute to brown carbon (BrC)
formation.9–12 For example, a previous experimental study
identified that N-heterocycles, as the major component of
BrC, could be formed from the aqueous reactions of GL and
methylglyoxal with amines using orbitrap-mass spectrometry
and thermal desorption-ion drift-chemical ionization mass
spectrometry.9 Other experimental studies have indicated
that GL undergoes a polymerization reaction to produce low-
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Environmental significance

Despite the role as the dominant constituent in fine particulate matter, the chemical mechanisms for secondary organic aerosol (SOA) formation remain
poorly understood. Small α-dicarbonyls of glyoxal and methylglyoxal are produced in large quantities (about 185 Tg y−1) from biogenic and anthropogenic
emissions. Previous experimental studies have shown puzzling results concerning their contributions to SOA growth. Our work investigates the mechanism
of gaseous GL approaching and entering the nanoparticles, including the attraction to the nanoparticles, uptake at the air–nanoparticle interface, and the
hydration reaction within the nanoparticle, as well as its role in SOA formation. Our combined molecular dynamics and quantum chemical results provide
insight into the importance of the interface in the atmospheric chemistry of GL towards SOA formation. Our results reveal the significantly enhanced
uptake of GL at the acidic nanoparticle interface, highlighting the necessity to account for the interfacial process when assessing SOA formation.
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volatility oligomers in the aqueous phase.13–17 Also, the
heterogeneous reaction of GL catalyzed by sulfuric acid (SA)
has been suggested to promote the formation of SOA.13,18–20

However, the atmospheric mechanism of GL for the
formation of SOA still remains unclear due to the lack of
detailed information about the physicochemical behavior of
GL in multiphase chemistry.2

Multiphase chemistry in aqueous nanoparticles is governed
by the interfacial process as well as liquid-phase diffusion and
reactions, that is, two main reaction regions are involved: the
air–nanoparticle interface21 and the nanoparticle interior.14

The nanoparticle interface especially plays a crucial role22

because the attraction and adsorption of atmospheric trace
gases at the interface are the first steps of aerosol nucleation
and growth. In addition, the maximum effective surface area of
a cloud/fog is 0.3 m2 m−3, and this value is up to 60 m2 m−3 for
snowpack.23 Hence, such an abundance of natural aerosol
surfaces suggests that the air–nanoparticle interface plays an
important role in atmospheric chemistry due to its ability to
align and concentrate trace gases.24–30

A very recent experimental study identified that higher
oligomers are produced in the air–nanoparticle interfacial
photochemistry of GL and hydroxyl radicals using time-of-
flight secondary ion mass spectrometry.31 Previous theoretical
studies revealed that there is a catalytic effect of the
interfacial water environment on the GL isomerization and
hydration reaction.32,33 However, because aerosols are
moderately acidic with an average pH of 4.2,34 sulfate and SA
are considered to be important contributors to SOA
formation in the nanoparticles.35 However, up to now, no
studies on the influence of nanoparticle acidity on the
kinetics and thermodynamics of the role of GL in aerosol
formation have been performed, hindering the accurate
assessment of its roles in the formation of SOA.

Here, we investigated the atmospheric chemistry processes
of GL at the air–nanoparticle interface and in the
nanoparticle interior, respectively, by combining molecular
dynamics (MD) simulations and quantum chemical (QC)
calculations. The kinetic and thermodynamic aspects of GL
at the interface of the nanoparticle, such as the free energy
profiles, the molecular interactions and orientations as well
as the uptake and accommodation abilities, were illustrated.
The heterogeneous reaction mechanisms and kinetics of GL
in the nanoparticle interior were studied and its role in the
uptake of GL were assessed. The neutral and acidic systems
were simulated by using neutral nanoparticles and acidic
nanoparticles with the concentrations of SA between 20 wt%
to 60 wt%. The impact of acidity on the uptake of GL was
evaluated and the implications of our results for SOA
formation were discussed.

2. Methods

All MD simulations were performed using the package of the
NAMD program.36 The acidic nanoparticle models with
different concentrations of SA were established using the

PACKMOL procedure.37 The all dynamical configurations
were visualized via VMD software.38 The density of water was
1.0 g cm−3 under ambient conditions, and the volume of the
box was 2.5 × 2.5 × 2.5 nm3. Moreover, according to the study
of Martins-Costa et al.,39 a neutral nanoparticle was simulated
by including 499 water molecules in a box of 24.662 × 24.662
× 24.662 Å3. Thus, the neutral nanoparticle contained 499
water molecules within a box of 2.5 × 2.5 × 2.5 nm3 volume.
The acidic nanoparticle was simulated by using the
nanoparticle of 60 wt% SA concentration in a box of 2.6 × 2.6
× 2.6 nm3 volume. The 2.5 × 2.5 × 2.5 nm3 and 2.6 × 2.6 × 2.6
nm3 boxes were constructed because a cluster smaller than
3.0 nm is critical for the nanoparticle to grow.40 Acidic
nanoparticles with different concentrations of SA (20 wt%, 30
wt% and 50 wt%) were also investigated (Table S1†) according
to the acidity effect of nanoparticles in the troposphere.41,42

The positions of water and SA molecules were confirmed
using a MD method based on the initial positions determined
by a Monte Carlo method. The 500 ps equilibration at a time
step of 0.5 fs was executed in the isothermal–isochoric (NVT)
ensemble (T = 298 K) and then in the isothermal–isobaric
(NPT) ensemble (P = 1 bar) to guarantee the thermodynamic
equilibrium of the neutral or acidic nanoparticle. The Z-axis
was perpendicular to the neutral or acidic nanoparticle
interface. A vacuum layer of 3.0 nm was added above the
aqueous phase in order to imitate the atmospheric process of
gaseous GL to the aqueous phase. The GL molecule was
initially located 2.0 nm above the center of mass of the
neutral or acidic nanoparticles. GL, SA and water were
described by the OPLS-AA force field43 with the restrained
electrostatic potential (RESP) charge obtained by Multiwfn
program,44 CHARMM22 force field45,46 and TIP3P force field
including the implicit polarization,39,47 respectively. The
Lennard-Jones and real space coulombic interactions were cut
off at 12.0 Å. The Coulomb term was determined by the Ewald
summation method to an accuracy of 0.0001 kcal mol−1. The
periodic boundary conditions were used along the X, Y and Z
directions. The geometric optimization of 500 steps was
calculated before the MD simulation.

By using the umbrella sampling (US)48 and the weighted-
histogram analysis method (WHAM),49 the free energy
profiles along the reaction coordinate (R) were calculated to
obtain the kinetic trajectories of GL from the gas to aqueous
phase. The R was defined as the distance between the center
of mass of GL and that of the nanoparticle. There were 21
windows in the US simulation and the bound of the R in
every window was kept the same as Z ∈ [0, 2.0 nm]. The
distance was varied by steps of 0.1 nm, centered from 2.0 nm
to 0 nm. The bias potential force constant was equal to 10
kcal mol−1 Å−2. The zero-level of the free energy profile in the
WHAM analysis method was located at the free energy
minimum. Additional detailed descriptions of the results are
provided in the ESI.†

All QC calculations were performed by the Gaussian 09
program.50 The polarizable continuum solvent model (SMD)
suitable in the solution was used.51 The geometric
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optimization of all stationary points (SPs), including the
reactants, complex, transition states (TSs) and products, was
carried out using the M06-2X functional,52 with the 6-311G(d,
p) basis set,6 i.e., at the M06-2X/6-311G(d,p) level. The
harmonic vibrational frequencies of SPs were calculated to
ensure all SPs as either the minima (zero imaginary
frequency) or a TS (exactly with only one imaginary
frequency). At the same level, the thermodynamic
contributions were also calculated. The intrinsic reaction
coordinate theory was performed to confirm that the TS
accurately connected the reactant with the corresponding
product. Based on the geometric optimization, the potential
energy surface (PES) was refined using the same method with
a more flexible basis set 6-311+G(3df,3pd), i.e., at the M06-2X/
6-311+G(3df,3pd) level. All energetic parameters included
thermal correction at the same level of theory. Here, the dual-
level approach was denoted as the M06-2X//M06-2X level,
where a single-point energy calculation at the M06-2X/6-
311+G(3df,3pd) level was carried out for the geometry
optimized at a lower level of M06-2X/6-311G(d,p).

The rate constants (k) were calculated using conventional
transition state theory (TST)53–56 as follows:

k ¼ σ
kBT
h

exp
–ΔG‡

RT

� �
(1)

where kB and h are the Boltzmann and Planck constants,
respectively; ΔG‡ is the Gibbs free energy barrier of the
reaction including the thermodynamic contribution
correction; σ represents the reaction path degeneracy,
accounting for the number of equivalent reaction paths.

In addition, to simulate realistic conditions in the
solution, the solvent cage effect was included according to
the correction proposed by Okuno,57 taking into account the
free volume theory. The expression used to correct Gibbs free
energy is as follows:

ΔGFV
sol ≅ ΔG0

sol − RT{ln[n10(2n−2)] − (n − 1)} (2)

where ΔG0
sol is the Gibbs free energy of reaction in the

solution and n represents the number of molecules in the
reaction. According to expression (2), the cage effects in the
solution cause the Gibbs free energy to decrease by 2.54 kcal
mol−1 for bimolecular reactions at 298.15 K.

Some of the calculated rate constant (k) values were found
to be close to the diffusion-limit. Thus, the apparent rate
constant (kapp) was obtained by the effect of diffusion-limit58

besides the TST calculations:

kapp ¼ kkD
k þ kD

(3)

where the k is the thermal rate constant, obtained from TST
calculations from the expression (1), and kD is the steady-
state rate constant for an irreversible bimolecular diffusion-
controlled reaction:

kD = 4πRDABNA (4)

where R denotes the reaction distance, NA is Avogadro's
number, and DAB is the mutual diffusion coefficient of the
reactants A and B. DAB has been calculated from DA and DB

according to the reference,59 and DA and DB have been
estimated from the Stokes–Einstein approach60 listed in
expression (5):

D ¼ kBT
6πηα

(5)

where kB is the Boltzmann constant, T is the temperature, η
denotes the viscosity of the solvent, which is water in our
case (η = 8.9 × 10−4 Pa s), and α is the radius of the solute.

3. Results and discussion

Three essential processes are involved in the conversion of
GL from the gas to aqueous phase (Fig. 1a): (1) the mutual
attraction of gaseous GL and the nanoparticles (pathway I);
(2) the uptake of GL at the air–nanoparticle interface
(pathway II); (3) the hydration reaction of GL in the aqueous
media (pathway III). Fig. 1b presents the free energy profile
of the trajectories of GL traveling from air into the neutral
(black line) and acidic (red line) nanoparticles.

3.1 The mutual attraction of gaseous GL and the nanoparticles

Fig. S1† displays the relative concentration distribution of GL
and the corresponding solvent along with the direction
perpendicular to the neutral or acidic nanoparticle, which is
proven to be reliable to define the interfacial range.45 Herein,
according to the interfacial range, we estimate the interfacial
width of air and the neutral nanoparticles (denoted as the
A–N interface) and that of air and the acidic nanoparticles
(indicated as the A–A interface). As described in Fig. S1,† the
interfacial widths are calculated to be 8.2 Å for the A–N
interface and 6.1 Å for the A–A interface, which can
accommodate and uptake GL.

Here, to identify the ability of the interface to adsorb
gaseous GL, the free energy difference from gaseous GL to
the interface is defined as: ΔGgas→interface = Ginterface − Ggas,
where Ginterface refers to the minimum value at the
interface and Ggas is the maximum value in the gas
phase. The corresponding value reflects whether the
interface prefers to adsorb gaseous GL. As depicted in
Fig. 1b, the ΔGgas→interface is −3.5 kcal mol−1 for the
neutral system and −5.2 kcal mol−1 for the acidic system,
indicating that GL approaching the neutral and acidic
nanoparticles is favourable thermodynamically. A higher
value of ΔGgas→interface for the acidic system suggests that
the acidic nanoparticle interface displays a preference for
the uptake of gaseous GL.

3.2 The uptake of GL at the air–nanoparticle interface

The typical snapshots from the trajectories of pathway I to
pathway II are displayed in Fig. 2. Herein, the
configurations A and A′ (Con A and Con A′) point to the
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structures located at the free energy maximum in the
neutral (point A in Fig. 1b) and acidic (point A′ in Fig. 1b)
systems, respectively. The configurations B and B′ (Con B
and Con B′) correspond to the snapshots on the A–N (point
B in Fig. 1b) and A–A (point B′ in Fig. 1b) surfaces, which
are the bounds between the gas phase and the
corresponding interface, respectively. The configurations C
and C′ (Con C and Con C′) represent the free energy
minimum at the neutral (point C in Fig. 1b) and acidic
(point C′ in Fig. 1b) nanoparticle interfaces, respectively.
The configurations presented in Fig. 2a and b represent the
total energy minimum at the corresponding window, i.e.,
the most stable configuration at the corresponding window.
In these configurations, a preferential orientation of the
CO group in GL is directly towards the interface rather
than parallel to the interface. In addition, to further

confirm the orientation of GL with respect to the interface,
100 typical snapshots around the free energy minimum at
the interface are chosen to estimate the angular distribution
of GL (Fig. 3). These typical snapshots are the 100
configurations with the lowest total energy among all the
configurations at the window of the free energy minimum.
Here, the angular distribution is depicted using the θ value,
which is the angle formed between the Z-axis (perpendicular
to the interface) and the CO bond. As shown in Fig. 3,
the θ values are mainly located in the 40–90° range in the
neutral system, implying that the carbonyl O-atom prefers
to point to the interface. Similarly, in the acidic system, the
angled orientation of GL to the interface changes from
almost vertical to nearly parallel (Con A′ → Con B′ → Con
C′) along the reaction trajectories (Fig. 2b), and the θ values
vary in the range of 40–90°. As discussed above, all evidence

Fig. 1 (a) Three essential processes of gaseous GL reaction with the nanoparticles. (b) The free energy profile of gaseous GL approaching the
neutral (black line) and acidic (red line) nanoparticles. The width of interface is the sum of the A–N and A–A interfaces.

Fig. 2 Typical snapshots from the trajectories of pathway I to pathway II in (a) the neutral and (b) acidic systems, respectively. The Con A and Con
A′ point to the structures located at the free energy maximum in the neutral (point A in Fig. 1b) and acidic (point A′ in Fig. 1b) systems, respectively.
The Con B and Con B′ are the snapshots on the A–N (point B in Fig. 1b) and A–A (point B′ in Fig. 1b) surfaces, which are the bounds between the
gas phase and the corresponding interface, respectively. The Con C and Con C′ represent the free energy minimum at the neutral (point C in
Fig. 1b) and acidic (point C′ in Fig. 1b) nanoparticle interfaces, respectively.
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indicates that the CO group of GL exhibits a preferential
orientation to both the A–N and A–A interfaces.

The solvation effect at the interface region depends on the
role of the orientations of the solute because different
orientations correspond to different interactions between the
solute and nanoparticles.24 The hydrogen bonding (HB) is a
key factor in determining the average orientation of the
solute with respect to the interface. In this work, the two
types of HBs at the interface are studied: the H atom of GL
and O atom of water (HGL–Owater), and the O atom of GL and
H atom of water (OGL–Hwater). The ranges of bond length and

angle in a HB (H⋯O) interaction are from 1.496 Å to 2.383 Å,
and 123.7° to 178.1°, respectively.61 The radial distribution
function (gĲr)) is usually used to describe how the density of
surrounding matter varies as a function of the distance from
a point and can be used to depict the close interaction of two
specific atoms. In order to describe the HB formation, the
gĲr)s of two types of HBs between GL and the interface in the
neutral and acidic systems are estimated and illustrated in
Fig. 4. As displayed in Fig. 4a, no apparent peak of HGL–Owater

within 2.5 Å suggests that the stability of GL at the interface
is not impacted by the interaction between HGL and Owater

atoms in the neutral and acidic systems. As delineated in
Fig. 4b, the intensity of the peak for the acidic system is
stronger in comparison of that for the neutral system,
indicating that the probability of OGL–Hwater is enhanced in
the presence of SA.

The coordination number (N) is estimated via the
integration of the gĲr) × r2 function up to r = 2.5 Å (first
minimum). This parameter can reflect the number of water
molecules associated with GL in the solvation shell (Fig. 5
and Table S2†). A decrease between the neutral (N = 2.9) and
the acidic (N = 2.2) systems is explained in that the number
of Hwater atoms exposed at the neutral nanoparticle interface
is larger than that at the acidic nanoparticle interface.
Hereby, in our work, the excess stability of GL at the A–A
interface is not due to growing GL–water interactions but
probably due to the modification of SA–water solvation
terms. This result further suggests that SA makes the acidic
nanoparticle interface the perfect region to adsorb and
accommodate GL. The configurations, the free energies, and
the trajectories during the approach of gaseous GL to acidic
nanoparticles with different concentrations of SA (20 wt%, 30
wt% and 50 wt%) were also investigated, and the results are
listed in Fig. S2 and S3.† Similar results can be drawn from
the other acidic systems. That is, the acidic nanoparticle
interface exhibits a better ability to adsorb gaseous GL and
accommodate GL relative to the neutral nanoparticle
interface.

Fig. 3 Angular distribution of GL with respect to the A–N (black
square) and A–A (red circle) interfaces. The Z-axis is defined as the axis
perpendicular to the interface and the θ is the angle formed between
the Z-axis and the CO bond of GL.

Fig. 4 Radial distribution functions (gĲr)s) of the (a) HGL–Owater and (b) OGL–Hwater hydrogen bonds for the interface in the neutral (black line) and
acidic (red line) systems.
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3.3 The hydration reaction of GL in the aqueous media

From Fig. 1b, the stabilized GL that adsorbed to the interface
subsequently enters the nanoparticle interior region (pathway
III). The above process proceeds endothermically and the
endothermic energy (2.3 kcal mol−1) in the acidic system is
larger than that (1.1 kcal mol−1) in the neutral system
(Fig. 1b). Furthermore, we also assessed the N parameters in
the aqueous phase (Fig. 5b and Table S2†). The values of 6.0
and 6.3 in the neutral and acidic systems, respectively, are
both larger than those at the corresponding interfaces. It
implies that GL prefers to undergo the subsequent hydration
reaction in the acidic system.

In the aqueous media, GL engages in the association
reaction with water to form a diol (DL).17,62 The PES of the
direct hydration reaction of GL and water (RGL+H2O in Fig. 6)
was calculated. The ΔG‡ and reaction energy (ΔGr) are 39.9
kcal mol−1 and −0.1 kcal mol−1, respectively. The
corresponding rate constant (kGL+H2O) is 9.7 × 10−14 M−1 s−1. It
suggests that the direct hydration reaction of GL is
dynamically and thermodynamically unfeasible.

According to a recent study, GL readily associates with H2O
to form a complex (COMGL−H2O), which subsequently reacts
with H2O or SA.20 Hence, there exists two indirect hydration
reaction pathways, as shown in Fig. 6: RCOM+H2O, COMGL−H2O

reaction with H2O and RCOM+SA, COMGL−H2O with SA. The
RCOM+H2O corresponds to a large ΔG‡ of 22.7 kcal mol−1 and a
slight ΔGr of −0.1 kcal mol−1. Although the rate constant
increases 13 orders of magnitude to be 4.5 × 10−1 M−1 s−1, the
hydration reaction of GL involving an extra water molecule to
form DL (RCOM+H2O) is of minor importance in the neutral
nanoparticle. As shown in Fig. 6, the ΔG‡ of RCOM+SA is 7.1
kcal mol−1, which is 15.6 kcal mol−1 and 32.8 kcal mol−1 lower
than those of RCOM+H2O and RGL+H2O. The corresponding rate
constant of RCOM+SA of 4.5 × 109 M−1 s−1 is larger by 10 and 23

orders of magnitude than that of RCOM+H2O and RGL+H2O,
respectively. In addition, previous studies have also revealed
that the complexation of GL hydrates with sulfate can
enhance the uptake of GL.63,64 Hence, SA and sulfate can
accelerate the hydration reaction of GL in the interior region
of the nanoparticle. This is in line with the experimental
results that acid can catalyze the heterogeneous reaction of
GL in the aqueous phase.13,18 The result implies that the
enhanced consumption of GL in the acidic aqueous media
indirectly promotes the continuous uptake and
accommodation of GL at the acidic nanoparticle interface.

The vibrational frequencies, thermal corrections, absolute
energies, and Cartesian coordinates of the relevant species
involved in the direct and indirect hydration reactions
mentioned above are included in Table S3.† Our calculated
ΔG‡ value of RGL+H2O is nearly double that from a previous
theoretical study (18.5 kcal mol−1),62 which obtained the
solvent energies based on the optimized gas-phase geometry,
in contrast to our present approach using the optimized
aqueous-phase geometry (Methods). The ΔG‡ of RCOM+H2O

from a very recent theoretical study is 14.5 kcal mol−1,10

which obtained the barrier energy based on the quadratic
synchronous transit approach (QST2) geometry by using PCM
solvation. It is somewhat lower than our calculated value,
which is obtained by using SMD solvation based on opt = TS
geometry. To further evaluate the results at the M06-2X//M06-
2X level, a higher level calculation using the CCSDĲT)/6-
311+G(2df,2p) level was performed to refine the energetics for
the reaction pathway of RGL+H2O. The ΔG‡ value of 39.9 kcal
mol−1 for TSGL+H2O at the M06-2X//M06-2X level is only slightly
lower than that at the CCSDĲT)/6-311+G(2df,2p)//M06-2X/6-
311G(d,p) level (44.1 kcal mol−1). The error in the ΔGr value
between the two methods is within 1% for the reaction
pathway of RGL+H2O, indicating that the M06-2X//M06-2X level
provides reliable data.

Fig. 5 Coordination number (N) of water molecules combined with
GL at the interface and in the nanoparticle interior region for (a) the
neutral and (b) acidic systems.

Fig. 6 The potential energy surface of the hydration reaction of GL in
the neutral and acidic systems. The black line represents the direct
hydration reaction of GL (RGL+H2O). The red and blue lines represent the
indirect hydration reaction of COMGL−H2O with H2O and SA (RCOM+H2O

and RCOM+SA), respectively. The unit of the rate constant is M−1 s−1.
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4. Conclusions and atmospheric
implications

Small α-dicarbonyls exist in high abundance in urban
environments because of their large yields from the
photochemical oxidation of aromatics5,6 that are emitted in large
amounts from traffic and industrial sources.65 In the gas-phase,
photolysis or reaction with hydroxyl radicals has been identified
as the major loss process for GL, with an estimated lifetime of
several hours to about one day for typical tropospheric
conditions.66,67 Alternatively, GL is involved in particle-phase
reactions or cloud-processing, which contributes to atmospheric
SOA formation.16–18 The previous experimental and theoretical
studies mainly focus on the oligomerization reaction of GL and
its contribution to SOA formation.10,15,16,62 A very recent
experimental study has pointed out that the interfacial process
plays an important role in the SOA formation through the
reaction of GL and hydroxyl radicals.31 Hence, we investigated
the uptake of GL at the A–N and A–A interface using MD
simulations and the subsequent hydration reaction of GL in the
neutral and acidic nanoparticles by means of QC calculations.
Our MD simulation results reveal that the acidic nanoparticle
interface exhibits a better ability to adsorb gaseous GL and
accommodate GL relative to the neutral nanoparticle interface.

The acidity of the aerosol is in the range of the SA
concentration of 1–60 wt% in the lower troposphere,41,42 and
the hydronium ion has a stronger surface tendency than the
bisulfate and sulfate ions.68 Our MD results indicate that the
CO group of GL shows a preferential orientation to the
acidic nanoparticle interface. Moreover, we investigated the
natural bond orbital (NBO) of GL. The carbonyl O-atom
exhibits a negative charge of −0.532e. This implies that the
electrostatic attraction facilitates the uptake of GL to the
acidic nanoparticle interface. Subsequently, our QC results
show that SA can accelerate the hydration reaction of GL in
the interior region of the nanoparticle. Kurtén et al. also
confirmed that the complexation of GL hydrates with sulfate
can increase the uptake of GL.63 The hydration reaction of
GL is considered the first step of the oligomerization for GL,
leading to oligomeric products which contribute to SOA
growth.15,17 Our MD and QC results clarify the enhanced
uptake of GL at the acidic nanoparticle interface,
highlighting the necessity to account for the interfacial
process when assessing SOA formation. Hence, future
experimental and theoretical studies need to focus on the
oligomerization reactions of small α-dicarbonyls at the acidic
nanoparticle interface.
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