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ABSTRACT

Understanding the heterogeneous reactions and transformations between organic particles
and gas—phase oxidants, such as ozone, within atmospheric aqueous phases is of crucial
importance. However, investigating the aerosol/droplet phase presents significant challenges
in distinguishing between interfacial and bulk scenarios in laboratory studies. In the present
study, the physiochemical properties and heterogeneous ozone oxidation of multiphase
reactions in a water droplet containing maleic acid (MA) are investigated by means of both
classical and quantum methods. The relative occurrence of interfacial and bulk reactions is
dependent on the bulk affinity of O; and the interfacial affinity of reacting MA, which is
predominantly found in the bulk phase. Reaction energetics and rate coefficients have been
evaluated in different environments (gas phase, at the particle interface, and in the bulk) using
a multilevel approach. The presence of interfacial water molecules enhances the initial reaction
step of MA + O3, with a larger rate coefficient at the air-water interface than in the gas phase.
By assuming a Langmuir-Hinshelwood behavior and comparing it with the bulk, the ozonolysis
of maleic acid mainly occurs in the bulk with rate coefficients of the order of 107'° and
10~ "% cm®molecule™. s, respectively. The calculated rate coefficients are compared with
reported values. The original method presented here quantifies the influence of a specific het-
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erogeneous environment on the reaction rates taking into account explicit solvation.
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1. Introduction

Atmospheric aerosols are important components of
the climate system (IPCC 2023). They impact the
radiative balance of the Earth, directly by light scatter-
ing and absorption, and indirectly by cloud formation
and constitute a major human health concern (Poschl
2005; Rosenfeld et al. 2014; Shiraiwa et al. 2017).
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Depending on the environment, organic compounds
represent about 20-90% of the submicron aerosol
mass (Kanakidou et al. 2005; Riipinen et al. 2012).
Volatile Organic Compounds (VOCs) emitted into the
atmosphere from anthropogenic and biogenic sources
play a major role in atmospheric photochemical reac-
tions, contributing to ozone formation (Zhang et al.
2019).

CONTACT Céline Toubin @ celine.toubin@univ-lille.fr @ Univ. Lille, CNRS, UMR 8523 — PhLAM - Physique des Lasers Atomes et Molécules, F-59000

Lille, France.

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/02786826.2023.2286341.

© 2023 University of Lille, UMR CNRS 8523. Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2023.2286341&domain=pdf&date_stamp=2024-03-29
http://orcid.org/0009-0004-6449-1889
http://orcid.org/0000-0002-8307-5344
http://orcid.org/0000-0002-7379-8178
https://doi.org/10.1080/02786826.2023.2286341
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/02786826.2023.2286341

338 (&) R.ABOUHAIDAR ET AL.

For climate models to accurately represent the
behavior of aerosols in a dynamic atmosphere, it is cru-
cial to incorporate not only the diverse composition of
organic components but also the time-dependent
changes in their parameters and properties, which
occur through chemical reactions. Of particular signifi-
cance is the role of heterogeneous chemistry involving
essential atmospheric oxidants such as Oz, NOj, and
OH (Kroll and Seinfeld 2008). These reactions play a
central role in the regulation of gas concentrations in
the atmosphere and significantly influence aerosol par-
ticles by altering their volatilities and hygroscopic prop-
erties through the formation of reaction products
(Chapleski et al. 2016).

Indeed, ozonolysis of unsaturated organic com-
pounds is considered as a significant source of sec-
ondary organic aerosols (SOAs). Generally, it is
perceived to take place via the “Criegee mechanism”
(Criegee 1975; Pfeifle et al. 2018), which involves a
series of intermediate reactions leading to the forma-
tion of various products. In the gas phase, the second-
ary species formed during ozonolysis may initially be
volatile, but also may undergo further reactions or
partition into the condensed phase (Srivastava et al.
2022). Moreover, different model simulations and
laboratory studies have emphasized the role of hetero-
geneous reactions and the significance of water mole-
cules in the ozonolysis process (Chen et al. 2008;
Huang et al. 2023; X. Wang et al. 2020).

Low molecular weight dicarboxylic acids are impor-
tant organic compounds present in atmospheric aero-
sol particles (Sempere and Kawamura 1996). These
acids constitute a substantial portion of water-soluble
organic carbon (WSOC) and predominantly remain in
the particle phase due to their low vapor pressures
and high solubility (Alang et al. 2023). Their presence
within the particle phase enables them to participate
in various chemical processes within the aqueous
aerosol phase. Among aliphatic unsaturated diacids,
maleic acid (MA) serves as a valuable tracer for four-
carbon dicarboxylic acids in atmospheric aerosols
(Sato et al. 2021; G. Wang and Kawamura 2005). It
has been detected in both urban and rural aerosols,
with concentrations typically measured in a few ng/m’
(Ndjera, Percival, and Horn 2009 and references
therein). Interestingly, these concentrations tend to be
higher under urban summer conditions, suggesting an
enhanced significant production of MA in summer-
time compared to winter. Indeed, maleic acid is pri-
marily produced through the photo-oxidation of
benzene, toluene, and naphthalene, predominantly
originating from car exhaust emissions (Dennis-

Smither et al. 2014; Sato et al. 2021). Additionally, it
has been suggested that maleic acid can also be pro-
duced through the hydrolysis of maleic anhydride
within aerosol-containing water (Pavarelli et al. 2015;
Wojcieszak et al. 2015).

The heterogeneous oxidation of maleic acid by
ozone has been extensively studied experimentally.
Pope et al. (2010) found that only aqueous MA aero-
sols experienced a loss of aerosol mass due to the pro-
duction of volatile ozonolysis products, while solid
aerosols showed no such effect. Previous studies have
also explored the chemical and kinetic mechanisms of
the ozonolysis of maleic acid in the condensed phase
(Dennis-Smither et al. 2014; Gallimore et al. 2011;
Ndjera, Percival, and Horn 2009, 2010). Building on
this, Chan and Chan (2012) investigated the influence
of particle-phase state and water content on the ozo-
nolysis of mixed maleic acid/ammonium sulfate (MA/
AS) particles. Their findings revealed that aqueous
maleic acid effectively reacted with ozone, while crys-
talline particles exhibited no reaction and underscored
the importance of studying the ozonolysis of MA in
aqueous aerosol droplets. Recent research by Willis
and Wilson (2022) highlighted the significance of
coupled reaction, diffusion, and partitioning kinetics
in determining the timescales of multiphase ozone
reactions. They reported a bulk reaction predomin-
ance based on the depletion of bulk-phase ozone for
aqueous MA.

Considering that the importance of a reaction in
the atmosphere depends not only on the yield of its
products, which are more soluble and inclined to
remain in the aqueous phase, but also on its reaction
rate, it is crucial to understand the chemical reactions
and transformations between organic particles and
ozone. However, understanding the process of aque-
ous phase ozonolysis of MA presents challenges in
distinguishing between interfacial and bulk scenarios.
Thus, a comprehensive investigation of the entire
story of aqueous phase ozonolysis of MA is underway,
potentially changing the scope of previous multiphase
chemical models. This necessitates the consideration
of multiphase reactions in atmospheric phases,
encompassing kinetic processes between the gas-phase,
the particle interface, and its bulk.

In the present study, the reaction mechanism and
kinetics for the reaction of O; with maleic acid at the
molecular scale, in both gas phase and aqueous phase,
are investigated by using the multilevel quantum
chemistry approach on relevant geometries extracted
from classical Molecular Dynamics (MD) trajectories.
The first section describes the computational details



starting with the molecular dynamics sampling and
followed by the electronic structure methodology and
the kinetic calculations. Results are then presented.
First, classical molecular dynamics provide insight on
the partitioning of maleic acid between gas, surface
and bulk phases. Based on these results, the design of
the model to be used in quantum chemistry is then
explained. The energetics of the reaction and the sub-
sequent kinetics for the various environments is then
presented. Atmospheric implications are briefly dis-
cussed before conclusion.

2. Computational methods
2.1. Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were
conducted to generate dilute maleic acid solutions
resembling maleic acid water droplets that may be found
either in the atmosphere or generated experimentally
(Dennis-Smither et al. 2014). The MD calculations have
been performed on the protonated form of the weak
acid, even though partitioning into the droplet phase
may be influenced by acidic conditions and subsequent
deprotonations (Pye et al. 2020). However, it is to spe-
cify that in the Quantum-Mechanical (QM) treatment
described thereafter, dissociation of the diacid is allowed.

Molecular interaction parameters were based on
the All-Atom Optimized Potentials for Liquid
Simulations (OPLS/AA) force field (Jorgensen,
Ulmschneider, and Tirado-Rives 2004) in combination
with the SPC/E water model (Berendsen, Grigera, and
Straatsma 1987). Maleic Acid (MA) partial charges are
derived from the Restrained Electrostatic Potential
(RESP) approach (Bayly et al. 1993; Cieplak et al.
1995) obtained via quantum calculations at the M06-
2X/6-311++G™* level with a Polarizable Continuum
Model (PCM) (Tomasi, Mennucci, and Cammi 2005),
performed with the Gaussian 16 software (Frisch et al.
2016). Lorentz—-Berthelot combination rules (Berthelot
1889; Lorentz 1881) were used to describe the
Lennard-Jones ¢ and ¢ parameters for the corre-
sponding atom pairs between the solute and the solv-
ent. The force field was validated by comparing
energetics and geometries of the monomers and
dimers to high-level quantum chemistry calculations
(see Tables S1 and S2 in the online supplementary
information [SI]).

Aqueous slabs were used to model the particle
interface and bulk. Molecules of maleic acid and water
were randomly placed in a 4nm size cubic box. The
cell contains 1500 water molecules and 20 MA mole-
cules. Periodic boundary conditions were applied in
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all three dimensions and bonds were constrained
using the LINCS algorithm (Hess et al. 1997). The
time step was set to 2 fs. Short-range interactions
were truncated at 1.2 nm. Particle Mesh Ewald (PME)
summation method (Yeh and Berkowitz 1999) with a
relative tolerance of 10>, fourth-order cubic interpol-
ation, and a Fourier spacing parameter of 0.15 were
used to evaluate the long-range Coulomb interactions
(dos Santos, Girotto, and Levin 2016). The tempera-
ture was held coefficient at 298K by means of a
Berendsen thermostat (Berendsen et al. 1984), with a
coupling coefficient of 0.1 ps.

After minimization, a simulation in the isothermal-
isobaric (NPT) ensemble at 1atm, with Berendsen
pressure coupling method, was performed to equili-
brate the system for 5ns. In order to construct the
slab, the equilibrated system was placed at the center
of a parallelepipedal box that was elongated along the
interfacial normal direction giving box dimensions of
4nm X 4nm X 12nm with two interfaces exposed to
the vacuum. Then, a 5ns annealing was performed
warming the system to 450K, and then cooling down
to 298K in the NVT ensemble. This annealing pro-
cedure enables the molecules to explore more possible
configurations. Finally, a NVT trajectory was executed
at 298 K for 60ns, the last 5ns being used to collect
data for the statistical analysis. All MD calculations
were performed using the GROMACS “5.1.4” program
(Irrgang, Hays, and Kasson 2018).

2.2. Electronic structure calculations

Quantum Mechanical (QM) calculations were performed
with the Gaussian 16 program (Frisch et al. 2016). The
geometries of reactants, complexes, transition states, and
products were optimized using the hybrid meta-
exchange-correlation (MO06-2X) functional (Zhao and
Truhlar 2008a, 2008b) with the 6-3114+4+G** basis
(Davidson and Feller 1986). The M06-2X functional has
previously been successfully applied to a variety of
atmospheric-relevant reactions (Beste and Buchanan
2010; Dash, Balaganesh, and Rajakumar 2014; Dash and
Mishra 2022; Lily et al. 2020; Zhao and Truhlar 2008b).
Unscaled vibrational harmonic frequencies were used to
obtain the zero-point vibrational energies (ZPEs).
Minimum energy paths (MEPs) were performed in the
mass-weighted Cartesian coordinates with a step size of
0.05 bohr.amu'’?, using the intrinsic reaction coordinate
(IRC) (Fukui 1981) method.

To yield more reliable reaction enthalpies and bar-
rier heights, single-point calculations for all M06-2X/
6-311++G™** stationary and selected IRC points were
further carried out using the Pair Natural Orbitals
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based Local Coupled Cluster (PNO-LCCSD(T)-F12/
cc-pVTZ-F12) (Ma et al. 2017; Schwilk et al. 2017)
method (shortened to CCSD(T) in the following) with
the MOLPRO (version 2019.1) package (Werner et al.
2020). The CABS single correction (Adler, Knizia, and
Werner 2007) was obtained at MP2 level (Knizia and
Werner 2008). The cc-pVTZ-F12 basis set (Peterson,
Adler, and Werner 2008) was used with the aug-cc-
pVTZ basis set for the density fitting of Coulomb,
exchange and MP2 terms.

In the aqueous phase, the same procedure is used
where the solvation models evolves from purely implicit,
PCM model (Cossi et al. 2003; Klamt, Moya, and
Palomar 2015) to fully explicit representation of the
solvent, and within the framework of the ONIOM (QM/
QM’) method (Chung et al. 2015). The effect of solvent
molecules was first quantified using the implicit solv-
ation model (PCM) (Cossi et al. 2003; Miertus, Scrocco,
and Tomasi 1981), at the IEFPCM level (Klamt, Moya,
and Palomar 2015). The ONIOM method was then
applied to produce reliable geometries and energies of
the solvated reaction with explicit water molecules. To
this end, initial configurations were extracted from MD
simulations. We divided the systems into two parts: the
high-level (QM) consists in the reacting maleic acid and
ozone molecules surrounded by a number of water mol-
ecules determined based on radial distribution functions,
and is treated at M06-2X/6-311++G** level like gas
phase; the low-level part (QM’) defines an additional
solvation shell and is treated at PM6 level. Only the
high-level part (QM) is allowed to relax during geometry
optimizations. Finally, a single point CCSD(T) as previ-
ously described, is carried out using the optimized geo-
metries of the high-level part.

2.3. Kinetic calculations

Kinetic calculations were performed using Reaction-Path
Variational Transition State Theory (RP-VTST) method
within the framework of Polyrate 17-C (Zheng et al.
2017). Rate coefficients for bimolecular and unimolecu-
lar reactions over a temperature range of 250 to 400K
were calculated using the transition state theory (TST)
(D. G. Truhlar, Garrett, and Klippenstein 1996), the
canonical variational transition-state theory (CVT) (Bao
and Truhlar 2017; D. G. Truhlar and Garrett 1984; G.
Truhlar and Garrett 1987; Truong 1994), the CVT being
coupled with the zero-curvature (ZCT) and small-curva-
ture (SCT) tunneling corrections (CVI/ZCT & CVT/
SCT, respectively). Rigid rotor and harmonic approxima-
tions were used in all cases. It should be noticed that in
the case of explicit solvation, the partition functions of

the water molecules surrounding O; and MA were
explicitly included (see, e.g., Kannath et al. 2020). In
order to obtain minimum energy paths without spurious
imaginary frequencies along the reaction coordinate,
redundant or non-redundant internal coordinate systems
were used for generalized normal-mode analysis.
Depending on the temperature of the CVT/SCT reaction
rate coefficient, the results were fitted using a modified
Arrhenius (Zheng and Truhlar 2010) equation:

k(T) :A<3—§O>nexp [;_ﬂ 1)

Here, k(T) is the rate coefficient, T is the tempera-
ture, and R is the ideal gas constant. A, n and E are
the fitting parameters.

3. Results and discussion

3.1. Understanding the properties of an aqueous
maleic acid droplet

3.1.1. Evaluation of surface preference for a single
MA molecule
To evaluate the preferred residence of MA molecules
in an aqueous phase, we performed a 60 ns NVT simu-
lation focusing on a single solvated MA molecule. By
tracking the time-dependent motion of the MA mol-
ecule along the z coordinate, we determine whether it
is predominantly present in bulk water or migrates
toward the interface (Figure 1). The simulation resulted
in a dynamical behavior where the MA molecule oscil-
lates between the water bulk and the
throughout the entire simulation time frame.
Data analysis further revealed that, on average, the
MA molecule spent approximately 12ns out of the
total 60ns residing at the interfaces. From the time
spent at the surface compared to the total duration of
the trajectory, the probability of finding the n(C=C)
bond at the surface is evaluated at 20% maximum. By
dividing this probability by the area of the unit cell
(126 x 107"% cm?), the surface concentration of MA,
denoted as [S], was calculated to be 1.59 x 10" mole-
cules.cm ™. The diffusion coefficient of a single MA in
the aqueous slab, calculated between 2 to 10ns along
the trajectory was determined to be 1.28+0.38 x 107>
!, This value aligns with both previous experi-
mental measurements and the value derived from the
Stokes-Einstein equation (0.83 x 107> and 0.86 x 10™°
cm?s™, respectively) (Einstein 1905; Stokes 1901;
Wright and Leaist 1998) (Figure S2 and Table S3).

interfaces

cm?.s”
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Figure 1. Time evolution of the position (z-coordinate) of one maleic acid molecule along 60 ns. The yellow area represents the
interfacial region, where the water density is between 10% and 90% of its bulk value shaded in blue.
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Figure 2. Density profiles from MD simulations of 20 MA in aqueous solution at 298 K.

3.1.2. Density profile

For the 20 MA aqueous solutions, the composition of the
interfacial layer can be characterized by the numerical
profile of a particular atom along the interfacial direction.
This profile reveals whether molecules preferentially res-
ide at the interface or in the bulk and if they exhibit a
preferred orientation with respect to the interface, typic-
ally perpendicular to the z-axis. Figure 2 demonstrates
the presence of maleic acid in the aqueous solution,
extending from the surface layer to the bulk, where its
prevalence is more pronounced.

Furthermore, defining the interfacial region as the
area where the water density increases from 10% to
90% of its bulk value, we estimate the thickness (J) of
the surface layer to be 0.6 nm.

3.1.3. Energetic background and hydrogen bonds
The behavior of the acid/water system described pre-
viously can also be explained by analyzing the energy
distributions for the acid —acid and acid — water inter-
actions. These distributions are represented in Figure
3a. It should be noted that, even if this distribution is
shown for only one acid molecule, the overall behav-
ior of all acids in the system is quite similar (Figures
S3 and S4).

The acid —acid binding energy (E,) distribution
ranges from 0 to —50kcal.mol™' and can be character-
ized by two gaussian peaks (in red in Figure 3).
Specifically, a high thin peak around —10kcal.mol™"
and a less pronounced one at —25kcal.mol™" can be
observed. The acid-acid higher energy peak
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corresponds to those located quite far from each other,
that is, scattered at the surface layer of the droplet,
whereas the lowest energy peak corresponds to two
acids bonded through H-bonds formation. The calcu-
lated binding energy of approximately —11 kcal.mol™"
for two isolated maleic acids in the gas phase (Table
S1) suggests that maleic acid molecules tend to form
an average of one to two H-bonds with their maleic
acid neighbors.

Furthermore, the energy distribution of the acid-
—water interactions presents two peaks as well (in
blue in Figure 3). The first peak is the broadest, rang-
ing from —20 to —60kcal.mol™’, refers to those MA
molecules spreading in the subsurface layer to the
interface where there is less interaction with water.
The second peak is located around —80kcal.mol™
and corresponds to the strong acid-water interaction
that occurs in the bulk. The observed peaks in the

@ | — ma_ma
0.05

— MA - water
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P(Eb)
Q
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Figure 3. (a) Binding energy distributions for the MA-MA
interactions and MA-H,0 interactions, and (b) probability dis-
tributions for MA to form H-bonds in aqueous solution. Red
and blue curves correspond to the binding of the MA mol-
ecule with all other MA molecules and with all water mole-
cules respectively.

acid — water distribution can be attributed to the for-
mation of multiple hydrogen bonds between acid and
water molecules, since the binding energy of the iso-
lated MA-H,O dimer is —7 keal.mol™!
(Table S1).

This analysis shows that the energy distributions
are consistent with the solubility of maleic acid in the
system. The interaction between each acid with the
other acids or water molecules located in their neigh-
borhood varies, indicating that some maleic acids
reach the surface while others diffuse in the bulk.
Thus, we also characterized the number of hydrogen
bonds that are formed either between the MA mole-

around

cules or between MA and water molecules. These dis-
tributions of H-bonds are given in Figure 3b. In
agreement with energy distributions, Figure 3b clearly
shows that acid molecules have the flexibility to either
move freely or form between one to two hydrogen
bonds with their neighboring acid molecules. In add-
ition, the number of H-bonds between acid and water
molecules increases toward a higher value (between 6
to 12) in the bulk when MA is completely surrounded
by water.

3.1.4. Radial distribution functions

First of all, it is important to note that MA can exist
in several conformations in the gas phase, as previ-
ously shown (Magoas et al. 2001; Nikitin, Lopes, and
Fausto 2022). In the SI, we confirm that the most sta-
ble conformer of maleic acid exhibits a planar struc-
ture with C; symmetry, which is stabilized by an
intramolecular hydrogen bond (OHeeeO=C) that
closes a seven-membered ring (Table S4).

The MD trajectories reveal that MA molecules dis-
play different configurations and orientations as they
diffuse across the entire water slab: the analysis of the
snapshots and radial density functions shows four dif-
ferent typical conformations among the 20 dissolved
maleic acids. These structures result from hydrogen
bonding with water and differ from the most stable
gas phase conformer. Specifically, the radial distribu-
tion function (RDF) of selected atoms displays peaks
at different distances compared to gas phase due to
diverse conformations and intermolecular H-bonding
(Figures S5 and S6). Among these configurations, the
one being closer to that in the gas phase stands out as
being the frequent configuration (55%).
Therefore, we investigated the reactivity of this config-
uration in two different typical environments: either
completely on the surface or completely dissolved in
the bulk.

most
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To prepare the aerosol phase environment for the
subsequent ONIOM calculations, starting configur-
ation that represents the maleic acid, surrounded by
an explicit number of water molecules, needs to be
extracted. To achieve this, coordination numbers (CN)
for surface and bulk MA were extracted from RDF
(Figure 4a). These CN’s, shown in Figure 4b, are calcu-
lated between the MA center of mass and the water
oxygen atoms over the last 100 ps of the simulation.

From Figure 4a, the surface RDF is found to be
50% smaller compared to the bulk. The first peak
attributed to the nearest neighbor is similar for both
situations, differences in the shape of the RDF appear-
ing only beyond the second peak (0.27 nm). This can
be attributed to the distinct environments experienced
by MA molecules. In the bulk, maleic acid is indeed
surrounded by a higher number of water molecules.
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Figure 4. (a) Radial distribution functions and (b) coordination
number analysis of the selected maleic acid, both on the sur-
face and in the bulk, in relation to the water oxygens. The
blue symbols correspond to the radius of the extracted forma-
tions. The RDFs were calculated for a small-time interval
(100 ps) and subsequently normalized to reduce noise and
improve clarity in the figure.
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Based on the CN variations (Figure 4b), we selected
radii of 0.41nm and 0.47nm for bulk and surface
respectively, defining a sphere that contains 6 water
molecules, for both situations, to be treated with high-
level QM calculations. Additionally, we selected more
water molecules within a larger distance from the MA
for the low-level (QM’) calculations. This specific
number of molecules is adjusted to balance both
explicit solvation of the QM region and reasonable
computational cost. Detailed information regarding
the radii of the defined spheres and the number of
molecules in each sphere can be found in the SI
(Table S5).

3.2. Multiphase reaction of O; with aqueous
maleic acid

3.2.1. Kinetics and reaction mechanism

In the case of ozonolysis, the reaction mechanism
involves multiple steps, including the formation of the
primary-ozonide (POZ), its subsequent decomposition,
and further reactions of the Criegee intermediate (see
scheme presented in Pope et al. 2010). Overall, the ini-
tial step of electrophilic addition of Oj to the n(C=C)
bond and the formation of the POZ is the first stone
to set the stage for subsequent reactions and the gener-
ation of various organic compounds (Salta et al. 2022;
Schank 2004; Wheeler, Ess, and Houk 2008). Before
commencing our study on maleic acid, we bench-
marked the 1,3-dipolar cycloadditions of ozone with
ethylene in the gas phase. This preliminary study
yielded appropriate rate coefficients (Tables S6-S9 and
Figure S7). Therefore, we expect similar accuracy and
reliability of our various present approaches used for
determining the rate coefficient for MA in gas phase
and further at the droplet interface or bulk.

The primary ozonolysis reaction of maleic acid fol-
lows a two-step mechanism, as described by Equation
(2) where the reactive complex (RC) is assumed to be
in equilibrium with the MA and O3, and the reaction
proceeds from this complex.

Keq kuni
MA+ 05 — RC™™ POZ (2)
—

Here, K., is the equilibrium coefficient between the
reactants and the RC and k,,,; is the unimolecular rate
coefficient governing the formation of the POZ. In
order to calculate K., Gibbs free energy (AG) was
computed at a given temperature (Equation (3)).
Then, Equation (4) is used to obtain the equilibrium

coefficient K.
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-AG
Keq = exp [ﬁ] 3)
An
K. = Keq <I;]—T) (4)

Where AG is the Gibbs free energy difference between
reactants and RC, K. represents the equilibrium
coefficient in cm’.molecules™, R is the ideal gas
constant, T is the temperature, N, is the Avogadro
constant, and An is the change in the stoichiometric
number of reactants and products (An=-1 in the
present case).

3.2.2. Gas phase reaction

First, the reactivity of the most stable conformer of
maleic acid and ozone in the gas phase was examined.
Figure 5 illustrates the structural changes occurring
during the MO06-2X/6-
311++G™* optimized geometries. For MA, an intra-
molecular H-bond exists with a O-H distance of
1.66 A. However, at the transition state (TS), a small
deformation occurs, increasing the intramolecular
bond length to 1.70 A and causing a loss of planarity,
finally leading to the complete breakdown of the
intramolecular bond in the POZ. The potential energy
surface was refined at CCSD(T) level, which revealed
that the formation of the reactive complex (RC)
occurs at —0.88 kcal.mol™, and the reaction is exo-
thermic with a value of —47.39 kcal.mol™". The barrier
height 5.91 kcal.mol ™"
(Figure 6a).

Table 1 shows the standard Gibbs free energy
(AG®) computed at 298K for all the reactants and RC
as well as the K.q and K. coefficients. We observe that
the AG® in gas phase is 9.34kcal.mol™' with a K. is
1.42 x 1077, This indicates that the reverse conversion
of the RC back to ozone and MA, is thermodynamic-
ally spontaneous.
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Figure 6. (a) Relative energy profile for the 1,3-dipolar cyclo-
addition reaction of ozone to MA in different environments:
gas phase, Eley-Rideal mechanism (ER), and Bulk-PCMy;. The
potential energies, expressed in kcal.mol™', were predicted
using single point CCSD(T) level and zero-point correction
on DFT geometries. (b) Rate coefficients for the bimolecular
reactions of O; + MA over a temperature range of 250-400K.
Calculations performed at the CCSD(T) level using the TST and
CVT/SCT methods for the gas phase reaction, and CVT/SCT for
the ER and Bulk-PCM,; reactions. Markers indicate the rate
coefficients calculated at various temperatures, while lines cor-
respond to the fit using the modified Arrhenius equation.
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Figure 5. Structural changes of MA occurring during the gas phase O; + MA reaction based on the optimized geometric parame-
ters at the M06-2X/6-311+-+G** level. RC, TS and P stands for reactant complex, transition state and product. Note that for the

reactants at infinite distance (on the left), Os is not represented.



Table 1. Calculated pre-reactive complex equilibrium parame-
ters [AG® (kcal.mol™"), Keq and K. (cm’.molecules™)] for the
various studied environments: gas phase, surface and bulk.

AG® (kcal.mol™") Keq Kc (cm>.molecules™)
Gas phase 9.34 142 %1077 578 x 107
Surface 8.35 7.57 x 1077 3.08 x 107
Bulk-PCM 6.00 3.96 x 10~° 1.61 x 10724

Table 2. The fitted parameters using the modified Arrhenius

equation for the primary reaction of maleic acid with ozone

for the various studied environments (A in cm®. molecule™.

s7' and s™! for the bimolecular and the unimolecular reaction

rate coefficients, respectively; E in kcal.mol™).

Parameter
A N E
Gas phase TST 426 % 107" 2.65 478
CVT/SCT 329%x 107" 2.35 5.05
Aerosol phase ER 3.05x 107" 2.57 3.65
Bulk-PCM,; 2.87 x107'° 3.19 —-0.38
LH 239 x 10" 0.03 547
Bulk 9.33x 10" 0.02 2.79
Bulk-PCM,; 8.80 x 10° 138 2.82

The reaction rate coefficients of O3 with MA were
investigated using various methods within the tem-
perature range of 250-400K and at 1atm pressure, as
illustrated in Figure 6b. The IRC points taken for rate
coefficients calculations along with the results
obtained from alternative methods can be found in
Figure S8. We will focus on the TST and CVT/SVT
results. At 298 K, the rate coefficients are 1.33 x 10™%°
and 6.45 x 107" cm’.molecule™’. s™' for TST and
CVT/SCT, respectively. This indicates that the rate
coefficients using CVT/SCT are approximately lower
by a factor of 2 than those using TST. The tunneling
factor (x) for the 1,3-dipolar cycloaddition of ozone
within the temperature range of 250K to 400K has
been determined to be an average of 1.1. As expected,
this value is comparatively lower than the tunneling
factors observed in other types of reactions, such as
H-abstraction, which typically range between 1.2 and
2.9 (Dash and Mishra 2022).

Furthermore, the reaction rate coefficients of MA
with ozone are slower compared to other unsaturated
molecules with different functional groups (Grira
et al. 2022; X. Wang et al. 2021). This could be attrib-
uted to the presence of the intramolecular H-bond
within MA which could cause a higher barrier and a
delay in the reaction mechanism. This delay occurs
because there is competition between different bonds
involved in the reaction, which leads to a step where
the intramolecular bond within MA breaks down.
Additionally, Razumovskii and Zaikov (1980) reported
that cycloalkenes with one n (C=C) bond react
slightly less rapidly than compounds with a ©= (C=C)
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bond in an open chain. However, as the temperature
increases, the rate coefficients also increase, exhibiting
an Arrhenius behavior in the gas phase. The fitting
parameters of Equation (1) are summarized in Table 2
and reaction rate coefficients at various temperature
are summarized in Tables S10-S12.

3.2.3. Gas-surface reaction and Langmuir-
Hinshelwood framework

For the surface processes, different mechanisms have
been proposed to explain how the reaction takes
place. One mechanism is the Eley-Rideal (ER) one,
where ozone from the gas phase reacts directly with
maleic acid present at the surface. Another mechan-
ism is the Langmuir-Hinshelwood framework (LH),
where ozone first adsorbs at the surface and then
reacts with the adsorbed MA. A schematic representa-
tion of the QM/QM’ description of MA at the surface
of an aerosol phase and the transition state for the O;
+ MA reaction is depicted in Figure 7a.

The first scenario (ER) involves the adsorption of
maleic acid at the water surface, followed by the
approach of gaseous Oj; to the interface, where the
two species react via collision. For the ER reaction, it
was determined that the formation of the reactive
complex (RC) takes place at an energy level of
—1.26 kcal.mol™'. The reaction is exothermic, releasing
an energy of —44.49 kcal.mol". The barrier height for
this reaction was established as 4.73kcal.mol™’, as
depicted in Figure 6a. It can be inferred that the reac-
tion occurring at the surface is expected to proceed
more rapidly, due to the fact that the surface reaction
involves a lower energy barrier compared to the gas-
phase reaction (4.73 < 6.82 kcal.mol™).

The rate coefficient for the ER reaction was calcu-
lated using different methods, but they yielded similar
results without significant tunneling effects observed
between TST and CVT/SCT. Figure 6b shows the rate
coefficients obtained from the CVT/SCT method
while the values obtained from different methods can
be found in Tables S13-S15. Furthermore, the reac-
tion rate coefficients were found to fit the modified
Arrhenius equation (Table 2).

According to the phase diagram for water and at a
standard atmospheric pressure, water exists in a liquid
state within a defined temperature range of 273 to
373 K. This temperature range is particularly relevant
when discussing aqueous aerosol phase reactions, as it
represents the conditions where water remains in its
liquid form.

Comparing the gas-phase results to the surface ones,
it can be observed that the surface reaction has higher
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Figure 7. Molecular representation of the fully explicit QM/QM’ model at the surface (a) and the Bulk (b). (c) represents the Bulk-
PCM description where the QM’ part is replaced by a dielectric continuum (PCM). The transition state in the high-level region (QM)
is observed for both cases, as well as in the Bulk-PCM environment based on the optimized geometries at the MO06-2X/6-
3114++G** level.



rate coefficients across the temperature range compared
to both gas phase TST and CVT/SCT values. At 298K,
the surface rate coefficient (6.32 x 107%2° cm?®.molecule™.
s™') is significantly higher compared to the gas phase
one (6.45x 10~*'cm>®molecule™. s7'), ie, about 1
order of magnitude faster. This enhanced surface reac-
tion rate coefficient can be attributed to the presence of
water molecules, which play a crucial role in increasing
the collision frequency between the reactants, thereby
potentially increasing the reaction rate coefficient (Huang
et al. 2023). Moreover, the computed standard Gibbs free
energy (AG®) at 298K for the reactants (MA at the sur-
face and Ozone in gas phase) and the RC involved in
the surface process is determined to be 8.35kcal.mol ™"
which is lower than the corresponding value in the gas
phase. K.y and K. equilibrium coefficients are found to
be 7.57 x 1077 and 3.08 x 10> cm®.molecule™", respect-
ively (Table 1).

The second scenario (LH) considers a unimolecular
reaction involving the adsorption of ozone at the air-
water interface, followed by its diffusion on the surface
and subsequent collision with MA. This can be mod-
eled by using the reaction complex (RC) from the sur-
face reaction discussed above as a reactant. The energy
barrier is thus 5.99kcalmol™' and the exoergicity
between the RC and P is —43.23 kcal.mol™* (Figure 8a).

At 298K, the LH reaction rate coefficient was
determined to be 2.34 x 1077 s™'. Figure 8b presents
the results obtained from the CVT/SCT method, while
a summary of the values obtained from various meth-
ods can be found in Tables S16-S18. In the steady-
state approximation, the corresponding forward 2"
order rate coefficient (kiy) can be approximated by
Equation (5):

kLH - chum' (5)

Hence, at 298 K, the LH reaction exhibits a k;z of
7.21 x 107"’ cm®.molecule™. s™' which is about 1
order of magnitude larger than the ER rate coefficient.
It should be noted that ER mechanism is less likely to
happen compared to LH framework since it requires
that ozone directly meets MA lying at the surface.

In Section 3.1, we estimated the thickness of the
surface layer (J). Therefore, the surface bimolecular
rate coefficient (k;) can be estimated using Equation
(6) (Kleber, Laf$, and Friedrichs 2013):

ks = 5 (6)

Where k, is the surface bimolecular rate coefficient
(cm®molecule™. s7), k is the 2" order calculated rate
coefficient, and ¢ is the estimated thickness (0.6 nm).

This leads to surface reaction rate coefficients at 298 K
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Figure 8. (a) Relative energy profiles for the 1,3-dipolar cyclo-
addition reaction of ozone to MA in different environments:
Langmuir Hinshelwood framework (LH), ONIOM bulk and Bulk-
PCMy,i. The potential energies, expressed in kcal.mol™", were
predicted using the CCSD(T) level and zero-point correction on
DFT geometries. (b) Rate coefficients for the unimolecular reac-
tions of O3 + MA over a temperature range of 250-400K.
Calculations were performed at the CCSD(T) level using the
CVT/SCT method. Markers indicate the rate coefficients calcu-
lated at various temperatures, while lines correspond to the
Arrhenius fit.

of 1.05x 107! and 1.20 x 10" cm®molecule™ . s7},
for the ER and LH mechanisms, respectively.

Furthermore, the pseudo-first-order rate coefficient
kbm3 can be calculated according to Equation (7)
(see, e.g., Ndjera, Percival, and Horn 2009, 2010):

1, max __
ks

= ki[S] (7)

where kL™ is the apparent rate coefficient for the
surface reaction (s™') obtained in the high-pressure
limit for gaseous ozone and [S] represents the surface
concentration of MA determined in Section 3.1.
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Using the calculated from the Eley-Rideal rate coef-
ficient, ksl’m‘"X is found to be 1.67s~!. This value dem-
onstrates a reasonable agreement with the reported
values by Nagjera, Percival, and Horn (2009, 2010).
Their studies indicate k'™ values of 0.038 +0.004s "
and 0.21 £0.01s™" for dry and humid maleic acid aero-
sol particles, respectively. The conditions of the present
work are closer to the humid case of Najera et al.
Moreover, the concentration of these experiments
(0.65M) is similar to the present calculations (0.61 M)
so that our k>™® is about one order of magnitude
too large.

On the other hand, for the surface bimolecular
Langmuir-Hinshelwood rate coefficient, ksl”m‘X is
found to be 19.08s™!, which is two orders of magni-
tude further away from the experimental determina-
tions. Several reasons may explain these discrepancies.
The first parameter is the value of the thickness sur-
face layer o. Indeed our value of 0.6nm is 40%
smaller than the commonly used value of 1 nm (Willis
and Wilson 2022). Using a 1nm thickness would
decrease our k™ by 60% but still give too large val-
ues. The second parameter involved is the surface
concentration of MA n(C=C) bonds available for the
reaction, which we derive from the residence time of
MA at the surface. However, the presence of one MA
molecule at the surface does not necessarily guarantee
that its m bond is available at the surface. For
example, a recent MD study on oleic and stearic acids
with water (Stewart, Paterson, and Greaves 2022)
showed that only 1 to 2% of the m bonds for pure
oleic are located at the surface, which reduces the sur-
face concentration by two orders of magnitude.
Although it is not possible to estimate this quantity in
the present work, a decrease of the [S] value would
lower our k>™* results and bring them closer to
experiments. Finally, the last parameter is the rate
coefficient itself which is very sensitive to the calcu-
lated energies along the reaction path.

3.2.4. Bulk reactions

In the bulk phase, we consider a mechanism where
ozone diffuses into the aqueous solution and subse-
quently reacts with pre-solvated MA. In this work, two
different approaches were employed to investigate this
process. The first one, referred to as “Bulk,” utilizes a
QM/QM’  approach similar to the surface one.
Solvation is fully explicit within this QM/QM’ Bulk
model. To simulate this bulk reaction, we replaced one
of the surrounding water molecules by ozone, thereby
assuming that ozone has diffused across the aqueous
film. It is important to note that, in this context, we

could only define a unimolecular reaction due to the
challenge of establishing a profile where both ozone
and MA are sufficiently distant from each other in the
solution to be considered as separated reactants. A
schematic representation for the ONIOM Bulk reaction
with its transition state is represented in Figure 7b.

By employing this procedure, we determined
that the Bulk reaction possesses an energy barrier
of 333kcalmol™' and a reaction energy of
—50.56 kcal.mol ™', as depicted in Figure 8a. To further
characterize the reaction, we calculated the unimol-
ecular rate coefficients at 298 K, at the CVT/SCT level
of theory where the Bulk reaction exhibited a unimol-
ecular coefficient of 8.35 x 1072 s7* (Figure 8b). A sum-
mary for the detailed rate coefficients obtained at
different levels and temperatures are in Tables S19-S21.

In parallel to the ONIOM scheme, we employed
the implicit dielectric continuum model (PCM) as a
simplifying approximation to understand the solvent’s
influence on the reaction. Initially, the PCM results
revealed that the barrier and reaction energies were
aligned with those obtained from gas phase (Figure S9
and Table S24). Thus, the implicit PCM model alone
did not provide a comprehensive understanding of the
reaction mechanism in the aqueous phase for the
ozone-MA system. To address these limitations, we
adopted a hybrid approach termed “Bulk-PCM.” This
approach combines the utilization of a high-level QM
within the ONIOM framework, which considers the
MA molecule and five explicit water molecules, with
the incorporation of the PCM solvation model to
describe the surrounding solvent environment
(i.e., replacing the low-level QM’ region by a PCM)
(Figure 7c). In this Bulk-PCM approach, we consid-
ered two scenarios: in the first one, denoted as Bulk-
PCM,;, a bimolecular reaction was considered with
ozone treated within PCM as the first reactant, and
MA and five water molecules considered within PCM
as the second reactant. However, for the second scen-
ario, denoted as Bulk-PCM,,,,;, we focused on the RC
as the initial step, similar to our approach in the uni-
molecular LH framework.

Figure 6a depicts the relative energy profile for the
bimolecular reactions (Bulk-PCMy;): the energy bar-
rier is 2.02 kcal.mol™", along with a reaction energy of
—58.67 kcal.mol ™. Compared to the previous surface
and gas phase cases, it is evident that the bulk phase
favors the reaction, due to the lower energy barrier.
Additionally, the bimolecular rate coefficients were
calculated under the same conditions (Figure 6b). At
298K, the Bulk-PCM,; reaction rate coefficient is
5.01 x 107%cm?®.molecule™ . s7!, which is much faster
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than both the surface and gas phase rate coefficients.
Furthermore, the computed standard Gibbs free
energy (AG®) at 298 K between the reactants and the
RC was determined to be 6.00kcal.mol™', which is
lower than the corresponding value observed for sur-
face and gas phases. This finding suggests a more
favorable thermodynamic environment in the bulk
phase, as emphasized by the K., and K. also presented
in Table 1.

Next, we examine the second scenario, Bulk-
PCM,,;, which involves a unimolecular reaction and
allows for a comparison with the previous LH and
Bulk reactions. In Figure 8a, the energy barrier for
Bulk-PCM,,,; is shown to be 4.35kcal.mol™, with a
reaction energy of —56.35kcal.mol™". Notably, both
bulk reactions (Bulk and Bulk-PCM,,;) exhibit lower
barriers compared to the LH framework reaction. This
difference could be rationalized by monitoring the
intramolecular O-H bond that appears to be broken
in the bulk compared to gas phase and surface (see
Table S27) already for solvated MA. Indeed, the diacid
loses the pseudo-conjugate character that was
observed for the isolated molecule.

To further characterize the Bulk-PCM,,; reaction,
Figure 8b presents the rate coefficients obtained using
the CVT/SCT method, a comprehensive summary of
the results obtained from various methods being
shown in Tables $22-S26. It is worth mentioning that
all the calculations adhere to the modified Arrhenius
equation, as presented in Table 2.

At 298K, the Bulk-PCM,,; rate coefficient is
7.53x 1077 s7L ie, falling between the LH and bulk
values. This is consistent with a more favored reaction
in the bulk compared to the surface within an aerosol
droplet. Then, the corresponding bimolecular rate coef-
ficient (k) can be obtained using Equation (5), leading
to a rate coefficient of 1.21 x 107'°cm’.molecule™. s,
This further emphasizes the relatively faster kinetics of
the Bulk-PCM,,,;; reaction when compared to the LH
reaction (7.21 x 10™* cm®.molecule™. s7%).

However, it is well known that reactions in aqueous
phase may be limited by diffusion processes, leading
to an apparent rate coefficient different from the
reactive process one. As detailed in the SI (Table S3),
the diffusion rate kp derived from the mutual diffu-
sion coefficients of reactants O; and MA is of the
order of 6 to 7.5 x 107" cm’.molecule™. s™' which is
much larger than the reaction rate coefficient. This
implies that despite ozone’s low diffusion toward the
bulk phase, as stated by its Henry constant (Anglada
et al. 2014; Li, Pak, and Tse 2018; Vacha et al. 2004;
Vieceli et al. 2005), once ozone is present in the bulk
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Table 3. Reported bimolecular reaction rate coefficients
(Lmol™". s7" and cm*®molecule™. s™") of ozone with maleic

acid in aqueous solution compared to present work.
-1

1 1

Lmol™". s cm®.molecule™. s
Gas phase 3.9 6.45 x 1072
Surface ER 3.8x10 6.32x 1072
LH 4x10° 7.20 x 107"
Bulk Bulk-PCM i 7.3 x 10* 121 x107'®
Bulk-PCMy; 3.02 x 10° 501x107'6
Exp.? 7.8 13x107%°
Exp.? 103 17 x 1078
Exp.© (24+0.02) x 10* (3.99+0.03) x 107"
Exp.4 12 x 10* 20x 107"
Exp. 14 % 10° 23x 1078

3(T=20°C, in CCly) (Razumovskii and Zaikov 1980); (Dianion, pH = 2)
(Hoigné and Bader 1983); “(Dianion) (Pryor, Giamalva, and Church 1984);
d(T:ZOOC, pH = 7) (Benbelkacem et al. 2003); ¢(Leitzke and Sonntag
2009).

phase, the Henry constant no longer acts as a key fac-
tor restricting the aqueous phase reaction.
Consequently, the reaction proceeds without any limi-
tations imposed by diffusion.

The present calculated bimolecular rate coefficient
of 1.21 x 107*® (Bulk-PCM,;;) and 7.21 x 10™*° (LH)
cm’.molecule™. s™' can be compared to previous
studies on the ozonolysis of unsaturated maleic acid
in aqueous solution (see Table 3). Leitzke and
Sonntag reported a reaction rate coefficient of
2.3 x 107" cm’ molecule™. s7' at pH = 7 (Leitzke
and Sonntag 2009). On the other hand, Benbelkacem
et al. measured a value of 2.0 x 107"7 cm’.molecule™.
s~! (Benbelkacem et al. 2003) under conditions of
20°C and neutral pH. Notably, these two rate coeffi-
cients closely approximate the conditions of the pre-
sent calculations. As our study focuses on comparing
reactions in different environments, specifically the
surface and bulk phases, we can observe that these
reported rate coefficients fall within the range of our
surface and bulk values. The other listed rates refer to
either a dianion MA system or reactions in CCl, and
are not directly comparable to the present simulations.

3.3. Atmospheric implication

In summary, Table 3 provides an overview of the
bimolecular rate coefficients obtained in this study
under various conditions and levels of theory at room
temperature. In particular, in the bulk phase, two
approaches were investigated: Bulk-PCMy,; and Bulk-
PCM,,;. The values obtained for these approaches are
501 x107'° and 1.21 x 10”"°cm’.molecule™. s7',
respectively. Based on these findings, it can be
inferred that the ozonolysis of maleic acid primarily
occurs preferentially in the bulk phase, where the rate
coefficients are faster compared to the surface. This

finding is consistent with previous work from Willis
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and Wilson (2022) who reported that around 96% of
the reactions occur in the bulk droplet, with ozone
being depleted to approximately 11% of its concentra-
tion deduced from Henry’s Law. In addition, even
though we can expect an enriched concentration of
adsorbed ozone at the interface due to its known sur-
face vs bulk partitioning (Vacha et al. 2004), the sur-
face reaction appears to be slower than in the bulk,
with a lower surface affinity of MA compared to bulk.
Thus, the reaction rate coefficient is not the only
determining factor, partitioning being also a key
aspect to account for, but present study clearly shows
the importance of treating reactions within a multi-
phasic framework.

The present results can tentatively be connected to
a more global scale through the estimation of atmos-
pheric lifetimes (7) for multiphase reactions involves
analyzing rate coefficients in different environments at
various ozone concentration levels. To begin, we
employed the bimolecular calculated rate coefficients
at 298K for various tropospheric ozone concentra-
tions and determined the corresponding lifetimes
(Figure S10). However, we can focus on the typical
ozone concentration of 50ppb, as indicated by
Goldberg et al. (2015). It is evident that the gas phase
reaction triggers off the longest lifetimes, which can
be attributed to relatively low reaction rates compared
to other environments. Regarding the aerosol phase
reaction, lifetimes follow the same trend as the rates,
where Tgr > Ty Next, for the bulk reaction, we con-
sidered the aqueous phase concentration of ozone at
the gas-aqueous equilibrium (0.74ppb) (Chen et al.
2008). The lifetime of the bulk reaction ranges from
31 to 127 h for Bulk-PCMy; and Bulk-PCM,,,,;, respect-
ively. These rather long lifetimes in the bulk can be
attributed to the lower concentration of O; in the
aqueous phase.

The strength of the present multilevel theoretical
approach relies on the explicit description of the
environment, i.e., aqueous phase, and the possibility
to distinguish surface and bulk reactions. Besides, the
combination of an appropriate DFT functional with
single point high level ab initio provides a precise
determination of the energetics along the reaction
path and consequently of the rate coefficients, which
are obtained using sophisticated methods as well.
Even though calculations have been performed for the
three distinct scenarios, namely gas phase, surface and
bulk, only one initial geometry, obtained via classical
molecular dynamics, has been investigated. The statis-
tics could certainly be improved by exploring various
initial geometries extracted along the MD trajectory

and computing the full reaction path. This configur-
ation exploration would however be computationally
demanding. For example, the number of configura-
tions needed to obtain a target accuracy on energy
barriers has been discussed by Ryde in a biomolecules
context (Ryde 2017): even for a typical chemical
accuracy of 1kcal/mol (which approximately translate
into 1 order of magnitude variation of the rate coeffi-
cient), a rather huge number of sample geometries is
required. This could be achieved by reducing the cost
of the quantum chemical methods (e.g., using semi-
empirical or DFTB), but at the risk of getting inaccur-
ate results, especially for pre-reactive complexes and
in case of low barriers.

Interestingly, the proposed methodology could
nevertheless be extended to other systems where in
particular morphology of the particulate phase, solid
or viscous could influence significantly the reactivity by
slowing diffusion (Kaur Kohli et al. 2023) or constrain-
ing the geometries to less favorable ones, therefore
leading to slower rates. In that spirit, Marshall et al.
(2018) pointed out the influence of particle viscosity on
the ozonolysis of maleic acid in ternary aerosol par-
ticles containing water and sucrose. Furthermore, the
effect of a coating at the aerosol surface could also be
investigated by this multimethod approach since it has
been shown that the ozone trapping ability of aerosol
surfaces is influenced by the simultaneous presence of
both water and organic acids (see, e.g., Li et al. 2019).
This study paves the way for further investigations into
heterogeneous reactivities, considering various factors
(multiphase processes, surface propensity, diffusion,
mixing and coating effects, pH).

4, Conclusion

In this study, we have examined at the molecular scale
the physicochemical properties and kinetics of hetero-
geneous ozone oxidation of aerosol particles contain-
ing maleic acid, utilizing both classical and quantum
approaches. Our investigation encompassed not only
the reactions occurring within the bulk of droplets but
also those transpiring at the droplet surface treating
these environments with specific arrangements of
molecules. Aqueous phase ozonolysis of maleic acid in
the atmosphere can be categorized into distinct scen-
arios. These include interfacial reactions, such as
Eley-Rideal (ER), less probable, and Langmuir-
Hinshelwood (LH) mechanisms, as well as the bulk
aqueous phase reaction. The surface reaction rate
coefficient depends on several parameters which are
not straightforward to determine accurately such as
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the reaction rate coefficient, the appropriate thickness
for the surface layer as well as the surface concentra-
tion of reactants. Moreover, a critical aspect influenc-
ing the collision rate between ozone and a maleic acid
molecule is the availability of the m double bonds at
the surface. The results obtained from the present
description of maleic acid at the surface of an aerosol
phase demonstrated the enhancing effect of water
molecules on the reactions between ozone and maleic
acid. These water molecules facilitated the formation
of the primary-ozonide (POZ) at the surface of the
aerosol droplet.

This work also shows that the heterogeneous reaction
of ozone with maleic acid aerosol particles is dominated
by bulk phase reactions, as indicated by the high rate
coefficients observed in the bulk, which is determined to
be in the order of 1.21 x 10™®cm> molecule™!. s7!, indi-
cating extremely high ozonolysis rate coefficients in this
environment. As a consequence, the amount of ozone
participating in bulk aqueous phase reactions becomes
the main bottleneck for these reactions. The deter-
mined surface (7.20 x 107" cm®.molecule™. s™') and
bulk reaction rate coefficients (5.01 x 107" and
1.21 x 10~"°cm’.molecule ™. s7") fall into the range of
previously measured experimental rates obtained for
similar conditions (neutral pH, ... ).

However, while we provided a molecular-scale
study of the primary-ozonide formation in the reac-
tion of ozone with maleic acid, further investigations
are needed to understand the subsequent steps after
primary ozonolysis, including the fate of Criegee
intermediates (Khan et al. 2018) and the formation of
final products, especially for surface and bulk cases.
Indeed, building on the findings of Gallimore et al.
(2011), it is evident that aqueous phase ozonolysis of
maleic acid produces condensed phase products, such
as oxalic and glyoxylic acids. Consequently, further
research is needed to determine whether the products
remain in the condensed phase or transfer to the sur-
face, and whether there are further reactions between
these reaction products and gas phase oxidants.
Future studies could also explore similar systems, such
as fumaric acid, which lack the intramolecular bond
present in maleic acid and have been already studied
experimentally (Najera, Percival, and Horn 2009,
2010). This comparison could offer valuable insights
into how the presence or absence of this bond affects
reaction rate coefficients and mechanisms. These
efforts will contribute to advancing our understanding
the behavior of aerosols in the environment and their
impact on atmospheric processes.
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