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ABSTRACT: Chloric acid (HOClO2) is a newly detected
compound in the atmosphere and is involved in ozone depletion.
The reaction of HOClO2 with OH radical is likely one of its main
atmospheric loss processes. Aqueous surfaces have been reported as
critical media for reactions of some chlorine acids, such as HOCl/
HCl. However, their effect on the reaction of HOClO2 with OH
remains unexplored. Here, we use Born−Oppenheimer molecular
dynamics simulations to investigate the reaction of HOClO2 with
OH on an aqueous surface. The interfacial behaviors of the reactant
(HOClO2) and product (ClO3) involved in this reaction were
investigated. Gas phase HOClO2 can be absorbed on the aqueous
surface by forming H-bonds between the acidic H atoms and water.
As HOClO2 penetrates the sublayer, it rapidly dissociates into OClO2

− and H3O+; however, before this dissociation, a competitive
reaction with OH is likely due to the rapid reactivity of the radical. The reaction of HOClO2 with OH on the aqueous surface follows
hydrogen abstraction mechanisms; these include the direct and water monomer/dimer-mediated abstraction pathways. Direct
abstraction has no energy barrier and is most kinetically favored, compared to ∼0.5 kcal mol−1 and ∼3.0 kcal mol−1 for the water
monomer- and dimer-mediated mechanisms, respectively. The resulting ClO3 can reside on the surface with its Cl atom exposed to
the air, increasing the potential for further reactions with other atmospheric species. Overall, the specific reaction of HOClO2 with
OH on the water surface, could lead to new chlorine recycling by converting HOClO2 into reactive species.

1. INTRODUCTION
Atmospheric ozone (O3) depletion remains a critical environ-
mental challenge, particularly in polar regions where chlorine
cycling drives significant loss1,2 with implications for climate.3

While progress has been made in protecting the stratospheric
O3 layer, challenges persist in the lower stratosphere.4 In the
polar environment, reactive chlorine species (Cl, ClO) catalyze
O3 destruction, but their abundance depends critically on the
conversion of reservoir species into active forms.5,6 Heteroge-
neous reactions on snow, ice, cloud, or aerosol surfaces
effectively catalyze these conversions, constituting a primary
cause for rapid polar O3 loss.

5−8

Chlorine acids are considered key chlorine reservoir
substances in the atmospheric chlorine cycling. For example,
hypochlorous acid (HOCl), produced from ClONO2 hydra-
tion on ice surfaces,7 undergoes photodissociation to form Cl
atom. Moreover, HOCl can react with other chlorine acids,
such as hydrochloric acid (HCl), to form Cl2, which releases Cl
atom upon photolysis.8 While low valence chlorine acids have
been widely examined,9−11 high valence chlorine acids such as
chloric acid (HOClO2) and perchloric acid (HOClO3) remain

less explored. Jaegle ́ et al. predicted the existence of HOClO3
in the stratosphere by using box model.12 Chlorate (ClO3

−)
and perchlorate (ClO4

−) were identified in stratospheric
aerosols, rain, and ice caps,13−16 suggesting the atmospheric
formation of HOClO2 and HClO4. High valence chlorine acids
can convert to HOCl, HCl, ClO, ClO2, and Cl2 through both
gaseous and aqueous reactions.17−19 All of these products have
significant effects on O3 depletion.20−22 Thus, high valence
chlorine acids are theoretically considered to be possible
missing reservoirs for atmospheric chlorine chemistry.23,24

Recently, Tham et al.1 detected HOClO2 and HOClO3 during
the spring season in the Artic atmosphere. However, a notable
absence of high valence chlorine acids contents in atmospheric
chlorine chemistry models exists and is largely caused by the
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lack of understanding of their fate and removal mechanisms;
this leads to inaccurate assessments of the impact of
atmospheric chlorine chemistry on O3 depletion.
In the atmosphere, HOClO2 is mainly removed through

deposition on aerosol and snow particles and reactions with
various atmospheric oxidants, such as OH, Cl, ClO, and NO3.

1

The degradation of HOClO2 under photolysis is relatively
insignificant.1 Among these oxidants, OH is commonly
recognized to play a central role in determining the
atmospheric oxidation capacity. However, the gas-phase
reaction of HOClO2 with OH likely has a relatively low rate
constant and do not affect the loss of HOClO2.1 In the polar
atmosphere, the low temperature promotes the condensation
of water vapor into liquid or solid forms.5,6 As a result, aqueous
surfaces are prevalent in the forms of aerosols, clouds, or sea-
salt particles. Specifically, a considerable amount of water
molecules also exists in the quasi-liquid layer (QLL) of snow,
ice, frost flowers, or snowpack.5,6 These have been extensively
identified as critical media for chlorine reactions, such as the
hydration of ClONO2,

25,26 reactions between HOCl and
HCl,8,27 and the photodissociation of HOCl.28 The reaction
mechanisms of atmospheric chlorine species on these surfaces
reportedly differ from those in the gas phase or bulk
water.29−32 Specifically, aqueous surfaces are reported to play
a much stronger catalytic role in the HClO + OH and HCl +
OH reactions by forming complex hydrogen bond networks
than water molecules by serving as a “water bridge” in the
atmosphere.9,33−36 Therefore, to better understand the fate of
HOClO2 in the polar atmosphere, the detailed reaction
mechanisms of HOClO2 with OH on aqueous surfaces need
to be examined. However, to date, the reaction potential of
HOClO2 with OH on aqueous surfaces and the effect of
interfacial water on this reaction remain unclear.
In this work, the reaction mechanism between HOClO2 and

OH radical on the aqueous surface was investigated by
combining Born−Oppenheimer molecular dynamics (BOMD)
simulations, metadynamics methods, and constrained molec-
ular dynamics (CMD) simulations. This reaction potentially
proceeds through two possible routes: (i) gas-phase HClO3
interacts with an OH radical adsorbed on the aqueous surface,
or (ii) gas-phase OH interacts with an HClO3 molecule
adsorbed on the aqueous surface. For route (i), the OH-
covered aqueous surfaces have been predicted to be prevalent
in the atmosphere.37 Additionally, our previous studies
observed the strong interface preference and stability of OH
on aqueous surfaces; these results indicated that the OH
radical was readily available to react with the incoming
atmospheric HOClO2.

38,39 For route (ii), the solvation
behavior of HOClO2 on aqueous surfaces currently remains
unknown; thus, the understanding of its interface orientation,
stability, and further reaction mechanism is not complete. To
better estimate the reaction feasibility of route (ii), particular
attention was placed primarily on the interaction of HOClO2
with the aqueous surface. This study begins by examining the
solvation behavior and surface preference of HOClO2 on
aqueous and ice surfaces using Born−Oppenheimer molecular
dynamics (BOMD) simulations and metadynamics (MTD)
method. We then explore the detailed reaction mechanisms of
HOClO2 with OH radicals, including direct hydrogen
abstraction and water-mediated pathways, using constrained
molecular dynamics (CMD) method. Finally, we discuss the
behavior of the reaction products and their atmospheric

implications for chlorine recycling and ozone depletion in
polar regions.

2. COMPUTATIONAL METHODS
To investigate the reaction mechanisms of HClO3 with OH radicals
on aqueous surfaces, we employed a combination of BOMD
simulations, metadynamics, and CMD approaches. The aqueous
surface was modeled as a nanodroplet composed of 191 water
molecules. This nanodroplet geometry realistically represents curved
aqueous interfaces relevant to atmospheric aerosols and clouds, while
balancing computational cost. Previous comparisons with planar slab
models showed no significant differences in interfacial properties or
reaction mechanisms,40 confirming the robustness of our results to the
chosen geometry. This model balances computational cost and
accuracy by capturing critical interfacial properties such as hydrogen
bonding dynamics, reactivity, and molecular orientation. Periodic
boundary conditions were applied in all dimensions to mimic realistic
interfacial interactions. BOMD simulations were conducted using the
CP2K package,41 at the BLYP-D3 level. The BLYP D3 functional was
chosen for consistency with prior interfacial studies of chlorine
containing species.36,42,43 Meanwhile, benchmark calculations on a
related interfacial reaction show good agreement between BLYP-D3
and SCAN-D3,44 supporting the qualitative reliability of our findings.
The Grimme’s dispersion correction was used to account for weak
intermolecular interactions along with Goedecker−Teter−Hutter
(GTH) norm-conserving pseudopotentials. A double-ζ Gaussian
basis set combined with an auxiliary plane-wave basis set (energy
cutoffs of 280 Ry for plane waves and 40 Ry for Gaussians), and the
NVT ensemble with a Nose−Hoover chain thermostat to maintain a
temperature of 300 K for aqueous surfaces (60 K below the freezing
point for the BLYP-D3 functional). The stability of the simulation
setup was confirmed through energy conservation tests during BOMD
simulations and relaxation of initial configurations using spin-
polarized DFT (which showed no significant atomic displacements).
For metadynamics, potential walls were placed at z ≈ 1.1 Å and 18.5
Å to confine the collective variable, and Gaussian hills of height 0.027
eV and width 0.16 Å were added every 50 fs. Meanwhile, the free
energy barriers for the three representative pathways (direct, water-
monomer-mediated, water-dimer-mediated) were subsequently com-
puted using CMD simulations with a simulation length of 6400 fs and
a constraint growth rate of 0.00025 Å/fs to scan R (reaction
coordinate). R is defined as the difference between the O−H bond
length in HOClO2 and that being formed with the abstracting species
(OH or H2O). This detailed computational approach allows us to
accurately capture the interfacial behaviors, reaction mechanisms, and
energetic profiles of the HOClO2 + OH system, shedding light on its
atmospheric implications (see the Supporting Information for details).

3. RESULTS AND DISCUSSION

3.1. Interactions of HOClO2 with the Aqueous Surfaces

The solvation behaviors, such as the surface preferences,
hydrogen bond formations, and molecular orientations of
HOClO2 on the aqueous surface are explored using unbiased
BOMD simulations (∼5 ps) and the metadynamics method
(∼60 ps). The convergence of the metadynamics simulations
was carefully monitored (see Supporting Information, Section
S1.2). The four plausible isomers of HOClO2 are labeled A−D
in Figure S1. Isomer C (HOClO2) is the most stable form,
being lower in Gibbs free energy by 10.5 kcal mol−1 relative to
isomer A, 27.5 kcal mol−1 relative to isomer B, and 36.8 kcal
mol−1 relative to isomer D, based on gas-phase calculations at
the MP2/6−311G(2df,2p) level of theory.45 Accordingly, a
detailed investigation of the solvation behavior of isomer C of
HOClO2 is presented in the following section. Similar to the
behavior of HOCl,42 HOClO2 also can be easily adsorbed on
the aqueous interface from the gas phase. Here, the “water
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surface” is defined as the Gibbs dividing surface�the radial
position where the water density drops to 50% of the bulk
density (see Figure S2 in Supporting Information).
HOClO2 readily dissolves in water and its acidic properties

are well-known. However, the molecular mechanism of its
interaction with atmospheric aqueous surfaces (modeled here
as nanodroplets) remains elusive. Here, we study the free
energy profile of HOClO2 as it transitions from the gas phase
to interior region of aqueous (Figure 1A), using the

metadynamics method with an ∼60 ps BOMD simulation.
In these metadynamics simulations, the distance between the
HOClO2 molecule and the center of mass of the water droplet
along the direction perpendicular to the air−water interface (z-
coordinate) was used as the collective variable (CV). As shown
in Figure 1A, the adsorption of gaseous HOClO2 on the water
surface releases 4.5 kcal mol−1 of free energy, which indicates
the strong preference of HOClO2 for aqueous surfaces. This is
consistent with the observations reported by Tham et al., who
proposed that HOClO2 is removed through heterogeneous
uptake on aerosol and snow surfaces, providing a sink for
reactive Cl in the Arctic boundary.1 Meanwhile, HOClO2
continues to migrate from the water surface to a depth of one
water layer via a ∼3 kcal mol−1 free energy barrier. After
entering the sublayer of the surface, it readily dissociates to
OClO2

− and H3O+ nearly instantaneously within the
simulation time scale (Figure 1B). In agreement with previous
studies, HOClO2 can be easily ionized into ClO3

− because of
its high acidity.1 Finally, the OClO2

− ions continue migrating
into the bulk region by overcoming a certain free energy,
followed by a plateau. The above results indicate that HOClO2
tends to present both molecular and ion forms at the water
surface in, and present mainly ion form in the bulk aqueous
phase.
Next, the interaction of HOClO2 with interfacial water was

investigated. Figure S3 shows the radial distribution function
(RDF) profiles between HOClO2 and water on the aqueous
surface, obtained from unbiased BOMD trajectories, where the
H-bond has a large chance to break, as shown in Figures S4
and S5 (see the Supporting Information for further details).
The four HOClO2−water complexes are characterized by

distinct hydrogen-bonding interactions involving the H atom
or O atoms of HOClO2 with neighboring water molecules.
These complexes include configurations where HOClO2 forms
one or more hydrogen bonds with interfacial water, as shown
in Figure S6 of the Supporting Information. A dominant
complex (Complex 1) involves hydrogen bonding through the
H atom of HOClO2, with a probability of 57.5% on the
aqueous surface.
Moreover, the orientation of the atmospheric species on the

water surface affects the probability of collisions between
reactants and the magnitude of the reaction potential
barriers.24,46 Herein, the orientation of HOClO2 is investigated
by the distribution of angle θ calculated from the same
unbiased BOMD simulations; this angle is formed by two
vectors: (i) the vector perpendicular to the water surface and
(ii) the vector from O1 to the Cl atom of HOClO2. As shown
in Figure 2A, θ is mostly distributed within 90° on the aqueous

surface, which is similar to that of HOCl.42 Where, the entire
group of ClO2 is exposed on the outside of the aqueous
surface. A comparison of the solvation behaviors of HOClO2
and the OH radical on water surfaces revealed important
differences. OH radicals exhibit strong surface preferences on
both the outer and sublayers of a droplet and can exist stably at
these locations,38,39 whereas HOClO2 rapidly dissociates into
OClO2

− and H3O+ upon reaching the sublayer.
The OH radical has higher reactivity than HOClO2 because

of its unpaired electron, smaller size, and higher mobility; these
attributes enable easier collisions and interactions. Addition-
ally, our previous work has demonstrated that OH radicals can
remain stably adsorbed at water interface for extended time
scales (exceeding 100 ps),38,39 which is much longer than the
dissociation time of HOClO2 within 8.8 ps after interacting
with the aqueous sublayer. Consequently, OH can reach and
accommodate on the surface more readily because of these
properties. Hence, route (i) favors over route (ii); in route (i),
gas-phase HOClO2 reacts with the preadsorbed OH radical on
the aqueous surface, and in route (ii), gas-phase OH reacts
with the preadsorbed HOClO2. Therefore, in the following
section on the mechanism of the reaction of HOClO2 with
OH, reaction route (i) is further examined.
3.2. Reaction of HOClO2 with OH on the Aqueous Surface
To investigate this reaction further, the reaction mechanisms of
HOClO2 with OH on the aqueous surface are conducted using
BOMD simulations coupled with CMD simulations; moreover,
the reaction trajectory, energy barrier, and the surface
preferences of the remaining products are also examined.

Figure 1. (A) Free energy profile of HOClO2 migrating from the gas
phase to the bulk. The red line represents the fit to the scatter by the
least-squares fitting method. The free energy profile highlights the
distinct regions: z = 14 to 9 Å (interface, energy release of ∼4.5 kcal
mol−1), and z = 9 to 7 Å (one water layer, energy barrier of ∼3.0 kcal
mol−1). Where z < 7 Å indicates the free energy profile of OClO2

− ion
migrating from water surface to interior region of aqueous. (B)
Dissociation of HOClO2.

Figure 2. (A,B) θ distributions for HOClO2 on aqueous surfaces. The
blue curve represents the regular distribution 1/2 sin(θ).
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Our previous studies on the solvation process of the OH
radical in water droplets revealed that the OH radical was
either vertically located in the outer layer of the water
droplet.38,39 Eight initial HOClO2−OH configurations (S-I to
S-VIII) were generated by systematically varying the relative
orientations and distances between HOClO2 and OH on the
aqueous surface: S-I has OH group of HOClO2 pointing
toward OH radical (OH oriented to the surface); S-II is similar
S-I but OH perpendicular to the surface from H side; S-III has
the acidic hydrogen pointing directly toward OH (hydrogen
pointing toward the acidic hydrogen); S-IV has the acidic
hydrogen pointing toward OH and OH oriented to the
surface; S-V has HOClO2 pointing toward OH and OH
oriented to the surface; S-VI has Cl atom of the HOClO2
pointing toward OH and OH oriented perpendicular to the
surface; S-VII has the OH group of HOClO2 pointing toward
OH and OH oriented perpendicular to the surface; and S-VIII
has the acidic hydrogen pointing directly toward OH (OH
oriented to the surface). The initial positions and orientations
for all systems are shown in Figure S7. Each BOMD simulation
for these configurations was run up to 30 ps, sufficient to
observe the hydrogen abstraction event. The time evolution of
the critical bond formation along with the chemical mechanism
related to the reactions of HOClO2 and the OH radical are
presented in Figures 3 and S8 and S9 of the Supporting
Information. All eight systems exhibit hydrogen atom
abstraction mechanisms for the reaction of HOClO2 with
OH on the aqueous surface.
Among them, systems I, V, VI, and VIII follow a similar

water monomer-mediated pathway: the acidic H atom from
HOClO2 first transfers to a mediating water molecule, followed
by a second H-transfer to the OH radical, ultimately yielding a
new water molecule. This sequential two-step mechanism
involves multiple hydrogen transfer events through the
mediating water molecule. Systems II and VI are similar,
where two water molecules function together to abstract the
hydrogen on HOClO2, followed by hydrogen transfer
processes with the involvement of water monomers, and
finally connect with the OH radical (water dimer-mediated
pathway). Systems III and VII are similar; here, hydrogen is
directly abstracted from HOClO2 to the OH radical, without
the introduction of water molecules (direct abstraction
pathway). OClO2 species can be produced on the aqueous
surface from these three mechanisms. To comprehensively
explore these systems, three representative systems, S-I, S-II,
and S-III, which capture the essential features of the three
reaction mechanisms in Figure 3, are chosen for further energy
calculations in Figure 4. In Figure 4, The direct abstraction and
water-monomer-mediated pathways have free energy barriers
of 0.0 ± 0.2 kcal mol−1 and 0.5 ± 0.3 kcal mol−1, respectively,
which are lower than the barrier for the water-dimer-mediated
pathway (3.0 ± 0.4 kcal mol−1), indicating that the former two
pathways are kinetically more favorable under the studied
conditions. Where, the reaction coordinate R is defined as the
difference between the O−H bond distance in HOClO2 and
the O−H bond distance being formed with the abstracting
species (OH or water). Additionally, a previous study reported
that the HCl + OH reaction also occurred mainly through the
direct hydrogen abstraction mechanism on droplet surfaces;34

in agreement with our observations of the HOClO2 + OH
reaction.

3.3. Interactions of OClO2 with the Aqueous Surfaces
To gain deeper insight into the hydrogen abstraction
mechanisms of HOClO2, we investigated the behavior of the
resulting OClO2 species on the aqueous surface using unbiased
BOMD simulations. Figure S10 depicts the RDF profiles
between OClO2 and surrounding water molecules. Hydrogen
bonds are defined using geometric criteria: donor−acceptor

Figure 3. Time evolution of critical bond formation from AIMD
trajectories for (A) S-I, (B) S-II, and (C) S-III systems, showing
hydrogen abstraction by water monomers, dimers, and direct
abstraction, respectively. Graphs display bond distances over time
for key bond-breaking and forming events during the reaction
between HOClO2 and OH on the aqueous surface. Corresponding
snapshots and schematics highlight intermediates and pathways,
illustrating critical bond changes and reaction mechanisms.
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distance <3.5 Å and D−H···A angle ≥150°. The RDF profiles
show that all three oxygen atoms of OClO2 exhibit similar
interaction patterns to H−O(H2O), with an evident peak
located at ∼1.9 Å. These peaks indicate that OClO2 has a high
probability of forming hydrogen bonds through all of its O
atoms with neighboring water molecules. This result is
different from the phenomenon of HOClO2 on the aqueous
surface above (Figure S3), in which HOClO2 shows a clear
preference for hydrogen bonding, mainly through its H atom,
with less involvement of its O atoms. Additionally, the
similarity in the peak positions and intensities for all three
H−O(H2O) bonds indicates that all three O atoms have
comparable hydrogen bonding capabilities on the aqueous
surface. Similar to HOClO2, no evident interaction is found
between Cl and O(H2O) for OClO2 on the aqueous surfaces.
The probabilities of the five typical complexes formed

between OClO2 and the interfacial water on aqueous surfaces
are shown in Figure 5. Similar to the structure of HOClO2, the
interaction of OClO2 with the aqueous surface is attributed
mainly to the H-bonds from the O atom of OClO2 with
surrounding H atoms. As shown in Figure 5, in Complex 2 and
Complex 3, OClO2 forms one or two H-bonds with the
neighboring water molecules; here, these complexes are
dominant on the aqueous surface, with probabilities of 24.4%
and 26.7%, respectively. In Complex 1, OClO2 provides no H-
bonds; this complex has a probability of 16.3%. In Complex 4
(13.1%), Complex 5 (12.1%) and Complex 6 (7.4%), OClO2
forms three or four hydrogen bonds; these complexes occur
with lower probabilities. These results indicate that after
hydrogen abstraction, OClO2 tends to form one or two
hydrogen bonds with the interfacial water molecules,
maintaining some flexibility in its hydrogen bonding behavior.
Next, the preferred orientation of the resulting OClO2

species on the aqueous surface is shown in Figure 6. The
atoms of OClO2 adopt a trigonal pyramidal arrangement, with
the Cl atom at the apex and the three oxygen atoms forming a
triangular base. The orientation of OClO2 is examined by an
angle contribution, θ. θ is formed between two vectors: (i) the

vector connecting the chlorine atom to the centroid of the
triangular oxygen base and (ii) the vector extending from the
centroid of the triangle to the center of mass of the water
droplet. In Figure 6, we plot the probability of OClO2 on the
aqueous surface versus the angle θ for systems S-I, S-II, and S-
III. θ is mostly distributed at approximately 10° in system S-I,
approximately 40° in system S-II, and between 10° and 40° in
system S-III; these results indicate that the triangular oxygen
base tends to be parallel to the water surface in all systems,
exposing the Cl atom to the outside of the aqueous surface.
This is likely attributed to the stronger H-bond formation
between O(OClO2) and H(H2O) than between Cl(OClO2)
and H(H2O). As a result, the chlorine atom of OClO2
becomes more accessible for further reactions with trace
atmospheric gases.
3.4. Atmospheric Implications of HOClO2 for the Chlorine
Chemical Cycle
Our proposed OH-initiated reactions of HOClO2 on the polar
water surfaces serve as a potential removal pathway for
HOClO2 and have implications for its atmospheric fate. The
formed OClO2 is retained on the surface, which can undergo
O abstraction by NO, resulting in the formation of NO2 and
ClO2; here, ClO2 could further react with NO and finally
transfer into ClO and Cl. Consequently, the special OH-

Figure 4. (A−C) Free energy barriers of the acidic hydrogen
abstraction of HOClO2 by OH via the water monomer-mediated,
water dimer-mediated, and direct pathways related to systems S-I, S-
II, and S-III, respectively. The error bars represent one standard
deviation calculated from three independent CMD simulations for
each pathway (see Supporting Information, Section S1.3).

Figure 5. Probabilities of the different complexes forming between
OClO2 and interfacial water on aqueous surfaces. The hydrogen
bonding patterns illustrated are schematic representations.

Figure 6. (A,B) θ distributions of OClO2 on aqueous surfaces related
to typical S-I, S-II, and S-III systems.
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initiated reactions of HOClO2 on the water surfaces can
reactivate chlorine from high valence chlorine acids sources,
which potentially constitutes a new active chlorine reservoir in
the polar region. However, to comprehensively evaluate their
atmospheric fate, the subsequent reactions of ClO3, as well as
the possible reaction pathways of HOClO2 with the typical
halogen radicals and halogen ions on aqueous surfaces, need
for detailed investigation in future studies.

4. CONCLUSIONS
Based on our investigation, gas phase HOClO2 can be
absorbed on the aqueous surface, releasing approximately 4.5
kcal mol−1 of free energy as it transitions from the gas phase to
the interfacial region. Upon penetrating to a depth of one
water layer, overcoming an energy barrier of ∼3.0 kcal mol−1,
HOClO2 dissociates into OClO2

− and H3O+ ps. On the
aqueous surface, the H-bond network of HOClO2 is similar to
that of HOCl and is dominated by the H-bonds formed
between the H atoms of acid and water. In addition, the
reaction of HOClO2 with OH on the polar water surface
follows hydrogen abstraction mechanisms, including direct
abstraction, water monomer-mediated abstraction, and water
dimer-mediated abstraction pathways. Direct abstraction
proceeds without an energy barrier, making it energetically
more favorable compared to the water monomer-mediated and
water dimer-mediated pathways, which have energy barriers of
∼0.5 kcal mol−1 and ∼3.0 kcal mol−1, respectively. These
results indicate that the direct abstraction pathway is
energetically most favored. Moreover, after hydrogen abstrac-
tion from HOClO2, the resulting OClO2 species resides on the
surface by forming H-bonds through all of its O atoms with
water and orients itself with the Cl atom exposed to the air.
Overall, the molecular insights from this study highlight the
importance of the aqueous surface on the fate of higher
chlorine acids in the chlorine chemical cycle. Importantly, the
specific reaction of HOClO2 on the water surface could initiate
new chlorine recycling by converting high valence chlorine
acids sources into reactive species such as ClO and Cl; these
species directly contribute to O3 depletion. We note that this
work is based on calculations at the BLYP-D3 level; the choice
of functional can significantly affect the computed energy
barriers, and future studies using more accurate methods are
warranted for further investigation. Additionally, while this
study highlights the fundamental reactivity of HOClO2 with
OH on pure water surfaces, the inclusion of salts and surface-
active organic species, as present in atmospheric aerosols,
could modify interfacial dynamics and reaction pathways.
Future work exploring such heterogeneous systems will be
critical for refining our understanding of HOClO2 chemistry
under more realistic environmental conditions.
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