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Abstract. Organic peroxides are widely recognized as important contributors to secondary organic aerosols
formation. Among these, hydroxymethyl hydroperoxide (HMHP) is a common species found in both the gas
phase and fine aerosols. Despite its abundance, the molecular-level formation of HMHP through methanesul-
fonic acid (MSA)-catalyzed hydrolysis of CH2OO, particularly in the gas phase and at the air-water interface,
remains insufficiently examined. Moreover, the role of HMHP in new particle formation (NPF) has not been
fully elucidated. Herein, we employ quantum chemical calculations together with Born-Oppenheimer molecular
dynamics simulations to investigate HMHP formation from CH2OO hydrolysis with MSA under both gas phase
and interfacial conditions. Our results show that HMHP forms rapidly and stably in both environments. Fur-
ther analysis using the atmospheric cluster dynamics code reveals that HMHP not only enhances the clustering
stability of MSA-methylamine (MA) clusters, but also exerts a direct role in promoting MSA-MA nucleation.
Importantly, in regions with elevated HMHP concentrations (3.00× 1010–1.25× 1011 molec. cm−3), such as Ni-
wot Ridge and Southeastern United States, the HMHP-involved pathways contribute unexpectedly up to 42 %
and 59 % of total nucleation flux at 258.15 K, respectively. These findings provide new insights into HMHP for-
mation pathways and the efficient MSA-MA-HMHP nucleation mechanism, offering a plausible explanation for
the frequent and intense NPF events observed in continental regions.

1 Introduction

Organic peroxides serve as important reactive intermediates
in atmospheric oxidation processes, facilitating free radi-
cal chain termination, oxidant cycling, and the formation of
aerosols (Wang et al., 2023; Tröstl et al., 2016).

Among these, hydroxymethyl hydroperoxide (HMHP), a
product of the hydrolysis of the simplest and highest con-
centrations criegee Intermediates (CH2OO), has been de-
tected at notable concentrations in the atmosphere (Lee et
al., 1993; Nguyen et al., 2015). Atmospheric concentrations
of HMHP typically range around 109 molec. cm−3 in loca-

tions such as Central Portugal (Jackson and Hewitt, 1996),
Pabstthum (Grossmann et al., 2003) and Beijing (Ma and
Zhang, 2000). However, in regions like Guangzhou (Zhang
et al., 2001) and Niwot Ridge (Hewitt and Kok, 1991), these
levels can increase to approximately 1010 molec. cm−3. No-
tably, in the Southeastern United States (Allen et al., 2018),
concentrations can even reach up to 1011 molec. cm−3. Due
to its high abundance, HMHP undergoes subsequent reac-
tions with other atmospheric species, leading to the forma-
tion of hydroperoxides, organic peroxides, and secondary or-
ganic aerosols, which play a crucial role in influencing air
quality, climate forcing, and human health (Sakamoto et al.,
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2013; Rissanen et al., 2014). So, understanding the source of
HMHP and its impact on the atmospheric environment has
become a major topic of significant interest in atmospheric
chemistry.

HMHP is formed predominantly through the hydrolysis
of CH2OO, a process that has been extensively investigated
through both experimental studies (Chao et al., 2015; Stone
et al., 2014; Berndt et al., 2015) and theoretical simulations
(Wu et al., 2023a, b; Lin et al., 2016). Experimental data
(Chao et al., 2015; Ouyang et al., 2013) estimate the rate con-
stant for the direct CH2OO hydrolysis to from HMHP to be
approximately 4× 10−15 cm3 molec.−1 s−1. In contrast, hy-
drolysis involving the water dimer ((H2O)2) has rate con-
stants between 4× 10−12 and 8.9× 10−12 cm3 molec.−1 s−1

at 294–298 K (Lin et al., 2016; Berndt et al., 2015), approx-
imately three orders of magnitude higher than that of the re-
action with monomeric water, demonstrating that the pres-
ence of the water dimer significantly enhances the hydroly-
sis rate (Long et al., 2016; Anglada and Solé, 2016; New-
land et al., 2015). Additionally, quantum chemical calcula-
tions have shown that atmospheric organic amines, acids, and
alcohols can catalyze CH2OO hydrolysis by substantially
lowering activation barriers and accelerating reaction rates
(Zhang et al., 2018; Chao et al., 2019). However, the role of
methanesulfonic acid (MSA) in faciliating CH2OO hydroly-
sis remains underexplored, even through the calculations re-
ported by several groups (Li et al., 2024c; Wang et al., 2025)
have shown that MSA is a notably effective catalyst in both
CH3CHOO and HNSO2 hydrolysis. In fact, MSA is a ma-
jor oxidation product of organosulfur compounds originat-
ing from a variety of sources, including biological processes,
biomass combustion, industrial emissions, and agricultural
activities. As a result, it has been widely detected in atmo-
spheric aerosol particles across diverse geographic regions,
spanning from coastal to inland areas (Barnes et al., 2006;
Gaston et al., 2010). Notably, in coastal regions characterized
by elevated MSA levels, MSA concentrations range from ap-
proximately 10 % to 250 % of gaseous sulfuric acid concen-
tration (Ning et al., 2022; Ning and Zhang, 2022), whereas in
continental regions with lower MSA levels, including many
inland urban and industrial regions, MSA concentrations are
typically on the order of ∼ 10 %–50 % of gaseous sulfuric
acid concentrations (Berresheim et al., 2002; Chen et al.,
2020). Furthermore, MSA is characterized by strong acid-
ity and the ability to act as a proton-transfer bridge, suggest-
ing a potentially important role in modulating the hydroly-
sis of CH2OO. So, the lack of understanding of the MSA-
catalyzed CH2OO hydrolysis reaction mechanism limits the
accurate understanding and evaluation of HMHP formation,
especially in regions with high MSA pollution concentra-
tions.

Interfacial reactions at the air-water interface complement
gas-phase reactions and can significantly influence reaction
rates (Xu et al., 2024; Fang et al., 2024; Wei et al., 2024).
These interfacial reactions may involve distinct mechanisms,

with interfacial water molecules not only serving as reac-
tive sites but also participating directly as reactants, proton
transfer mediators, and both donors and acceptors (Tang et
al., 2024). For example, MSA-assisted HNSO2 hydrolysis at
the air-water interface follows two distinct reaction mecha-
nisms, the ion-forming mechanism and the proton exchange
mechanism, resulting in the formation of the SFA− · · ·H3O+

ion pair. This contrasts with the gas-phase production of
SFA formed from the MSA-catalyzed hydrolysis of HNSO2
(Wang et al., 2025). In addition, the reaction between glyoxal
and dimethylamine proceeds 5.70× 104 times more rapidly
at aqueous interfaces compared to the gas phase, where it
is less likely to take place (Dong et al., 2024). Therefore,
based on gas-phase reactions, it is essential to investigate the
MSA-catalyzed CH2OO hydrolysis reaction mechanisms at
the air-water interface, which will enrich the understanding
of HMHP sources in regions affected by MSA pollution.

MSA, structurally and chemically similar to the atmo-
spheric aerosol nucleating precursor H2SO4, is regarded as
an important nucleating precursor for NPF (Elm, 2021; Hod-
shire et al., 2019). With stringent global regulations reduc-
ing SO2 emissions from fossil fuels (Perraud et al., 2015; Li
et al., 2024b), MSA’s role in NPF has received widespread
attention. Previous studies have investigated the effects of
organic compounds (HCOOH, CH3COOH, CH3OH, CH2O,
CH3COCH3, C2H5OC2H5, HCOOCH3, H2C2O4) (Zhao et
al., 2017; Xu et al., 2017a; Arquero et al., 2017; Xu et al.,
2017b), iodic acid-containing (HIO2, HIO3) (Ning et al.,
2022; Wu et al., 2023c) and bases (NH3, CH3NH2 (MA),
(CH3)2NH, (CH3)3N) (Chen et al., 2016; Wen et al., 2018;
Shen et al., 2020; Liu et al., 2022) on MSA-driven binary
nucleation, identifying MA as the most effective base in pro-
moting MSA-driven NPF. However, the binary MSA-MA
nucleation mechanism is insufficient to explain the high NPF
rates observed under realistic atmospheric conditions. This
implies that other potential gaseous precursors may partici-
pate in and further enhance binary MSA-MA nucleation (Lee
et al., 2019; Zhang et al., 2022). As a result, organic acids
(Zhang et al., 2022) and inorganic acids (Hu et al., 2023)
have been proved to enhance the formation rate of MSA-
MA-driven ternary nucleation in areas with abundant spe-
cific pollutants. However, as one of the organic peroxides,
the HMHP involved in MSA-MA-driven NPF remains un-
explored. This will limit our knowledge of frequent NPF
events, especially in urban industrial areas.

In this work, the gaseous and interfacial formation mecha-
nisms of HMHP catalyzed by MSA, as well as its crucial role
in MSA-MA nucleation, were explored. Specifically, quan-
tum chemical calculations and Born-Oppenheimer molecular
dynamics (BOMD) simulations were employed to elucidate
the reaction mechanism of MSA-mediated CH2OO hydroly-
sis leading to the formation of HMHP in both the gas phase
and at the air-water interface. Subsequently, the potential
effect of HMHP in the MSA-MA-dominated NPF process
was assessed under a series of atmospheric conditions, uti-
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lizing quantum chemical calculation combined with the At-
mospheric Cluster Dynamics Code (ACDC). This work will
not only enhances the understanding of HMHP formation
but also contributes to explaining some unexplained fluxes
in NPF, while highlighting the significant impact of HMHP
on nucleation processes.

2 Methods

2.1 Quantum Chemical Calculations

To investigate the MSA-assisted CH2OO hydrolysis in the
gas phase, geometric configurations and vibrational fre-
quencies of all relevant configurations, including reactants,
pre-reactive complexes, transition states (TSs), post-reactive
complexes, and products, were calculated at the M06-2X/6-
311++G(2df,2pd) level (Mardirossian and Head-Gordon,
2016; Pereira et al., 2017) using Gaussian 09. Intrinsic re-
action coordinate analyses, performed at the same computa-
tional level, verified the correspondence of each TS to its as-
sociated pre- and post-reactive complexes. Subsequently, the
ORCA 4.2.0 package (Neese, 2012) was performed to com-
pute the single point energies using the CCSD(T)-F12/cc-
pVDZ-F12 method.

To identity the global minimum energy configurations of
(MSA)x(MA)y(HMHP)z clusters, the ABCluster program
(Zhang and Dolg, 2015) was utilized to systematically gener-
ate initial configurations for various clusters. Subsequently,
these structures were further optimized using different lev-
els of theoretical methods. Specifically, the ABCluster pro-
gram generated n× 1000 (1<n≤ 4) initial structures for
each cluster system. Then, the PM6 semi-empirical method
(Partanen et al., 2016) was used for preliminary optimiza-
tion of these structures. As the M06-2X functional per-
forms well for noncovalent binding and structural predic-
tions of thermochemical and atmospheric aggregates, 100 of
the lowest-energy configurations were chosen from n× 1000
(1<n≤ 3) structures and re-optimized using M06-2X/6-
31G(d,p). Next, the 10 most stable configurations were re-
optimized at the M06-2X/6-311++G(2df,2pd) level, and the
configuration with the lowest free energy was identified. Ulti-
mately, single-point energies were evaluated at the DLPNO-
CCSD(T)-F12/cc-pVDZ-F12-CABS level (Tsona Tchinda et
al., 2022) in ORCA, using geometries optimized for the sta-
ble clusters at the M06-2X/6-311++G(2df,2pd) level.

2.2 Rate coefficient calculations

The rate coefficients of MSA-mediated CH2OO hydroly-
sis were investigated through a two-step approach. Initially,
high-pressure-limit (HPL) rate coefficients were obtained us-
ing the VRC-VTST (Zhang et al., 2023, 2024) approach im-
plemented in Polyrate 2017-C (Meana-Pañeda et al., 2024).
Subsequently, MESMER (Master Equation Solver for Multi-
Energy Well Reactions) (Glowacki et al., 2012) was em-

ployed to calculate the rate coefficients of MSA-catalyzed
CH2OO hydrolysis across the temperature range of 280.0–
320.0 K. The rate coefficients for the barrierless transition
from separated reactants to pre-reactive complexes were es-
timated using the Inverse Laplace Transform (ILT) (Kumar
et al., 2021) method. Concurrently, RRKM theory was em-
ployed to calculate the rate coefficients describing the con-
version of the pre-reactive complex into the post-reactive
species through the transition state. Further descriptions of
the ILT methods and RRKM theory are provided in Sects. S1
and S2 of the Supplement, respectively.

2.3 Born-Oppenheimer Molecular Dynamic (BOMD)
simulation

BOMD calculations were carried out in CP2K program (Hut-
ter et al., 2014), with exchange and correlation interactions
described by the BLYP functional (Becke, 1988). Disper-
sion effects were incorporated through Grimme’s dispersion
(Grimme et al., 2010) (BLYP-D3) method. The Goedecker-
Teter-Hutter (GTH) (Goedecker et al., 1996) pseudopoten-
tial was adopted for the core region, whereas the valence
electrons were represented through a Gaussian DZVP ba-
sis (Phillips et al., 2005) in conjunction with an auxiliary
plane-wave set. The calculations employed a plane-wave en-
ergy cutoff of 280 Ry together with a 40 Ry cutoff for the
Gaussian basis set. In the gas phase, a supercell with a side
length of 15 Å was employed to minimize periodic bound-
ary effects, and the integration was performed with a 0.5 fs
time step. A water droplet containing 191 molecules, serv-
ing as the interfacial model, was subjected to BOMD pre-
optimization for roughly 5.0 ps at 300 K. CH2OO and MSA
were then positioned at the air-water interface, followed by
10 ps of molecular dynamics simulation. A supercell length
of 35 Å was adopted to prevent interactions between periodic
images of the droplet, while the dynamics were advanced
with a timestep of 1.0 fs. The gas-phase and interfacial sim-
ulations were conducted under NVT conditions at ∼ 300 K,
with the temperature maintained via a Nosé-Hoover thermo-
stat.

2.4 Atmospheric Clusters Dynamic Code (ACDC) Model

ACDC (McGrath et al., 2012) was utilized to investi-
gate the cluster formation rates, steady-state cluster con-
centrations, and growth mechanisms within the extensive
MSA-MA-HMHP system. Thermodynamic data, calculated
at the DLPNO-CCSD(T)-F12/cc-pVDZ-F12-CABS//M06-
2X/6-311++G(2df,2pd) level of theory, were employed as
input parameters for the ACDC simulations. The temporal
progression of cluster concentrations was numerically re-
solved by solving the birth-death equations, employing the
ode15s solver within the MATLAB-R2013a program. The
birth-death equations are given below,
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dci
dt
=

1
2

∑
j<i

βj,(i−j )CjC(i−j )+
∑
j

γ(i+j )→iCi+j

−

∑
j

βi,jCiCj −
1
2

∑
j<i

γi→jCi +Qi − Si (1)

In this formulation, ci denotes the concentration of cluster
i,βi,j represents the collision coefficient of clusters i with
j and then γ(i+j )→i represents the evaporation coefficient
of clusters evaporating from i+ j to i and j clusters. rep-
resents the potential source for cluster i, while Si denotes
the sink term for cluster i. External losses of cluster i were
represented using a fixed condensation sink coefficient of
0.02 s−1 (Qiao et al., 2024; Zhang et al., 2022). Besides,
the clusters (MSA)4 · (MA)3 and (MSA)4 · (MA)4 were se-
lected as boundary clusters in the MSA-MA-HMHP system,
as boundary clusters in ACDC are required to be sufficiently
stable to allow continued growth.

3 Results and discussion

3.1 The hydrolysis of CH2OO with MSA in the gas
phase

To evaluate the catalytic role of MSA in the CH2OO hydrol-
ysis reaction, the potential energy surface was investigated
both in the presence and absence of MSA and H2O. As de-
picted in Fig. 1a and b, the potential energy surfaces with
and without water closely match previously reported data
(Wang et al., 2021a, b), suggesting that the CCSD(T)-F12/cc-
pVDZ-F12//M06-2X/6-311++G(2df,2pd) method is suitable
for assessing MSA’s catalytic effect. The MSA-catalyzed
CH2OO hydrolysis reaction (Fig. 1c) follows a continu-
ous bimolecular process, involving CH2OO · · ·H2O+MSA
and MSA · · ·H2O+CH2OO. The stabilization energy
of MSA · · ·H2O is 9.8 kcal mol−1 higher than that of
CH2OO · · ·H2O. Considering the atmosphere concentra-
tions of MSA (Li et al., 2024b), H2O (Anglada et al.,
2013), and CH2OO (Khan et al., 2018), the concentra-
tion of MSA · · ·H2O is two orders of magnitude greater
than that of CH2OO · · ·H2O, as shown in Table S3,
predicting that the MSA · · ·H2O+CH2OO route is the
dominant pathway for the MSA-catalyzed reaction. Start-
ing from MSA · · ·H2O+CH2OO, the reaction proceeds
through the IM_MSA intermediate, which has stabiliza-
tion energy 6.5 and 0.7 kcal mol−1 higher than IM and
IM_WM, respectively. The increase in stabilization energy
is primarily due to the addition of MSA, which reduces
ring strain and favours C-O bond formation. Atoms in
Molecules (AIM) topological analysis results also show that
in IM_MSA (ρ= 3.74× 10−2), the strength of the den-
sity of all electrons (C-O) is 1.64 times stronger than in
IM_WM (ρ= 2.27× 10−2), further stabilizing the interme-
diate. The reaction then proceeds through the barrierless tran-

sition state TS_MSA, forming a nine-membered ring com-
plex HOCH2OOH · · ·MSA (labeled as IMF_MSA). This
process has a 1.4 kcal mol−1 lower energy barrier compared
to the H2O-catalyzed reaction, due to MSA’s enhanced abil-
ity to facilitate proton transfer. Additionally, IMF_MSA is
more stable by 7.6 kcal mol−1 compared to IMF_WM.

To further examine the impact of MSA on the CH2OO
hydrolysis reaction, we calculated the effective rate constants
for the CH2OO hydrolysis assisted by H2O ([H2O]= 1015–
1017 molec. cm−3), NH3 ([NH3]= 107–1011 molec. cm−3),
H2SO4 ([H2SO4]= 104–108 molec. cm−3) and MSA
([MSA]= 104–108 molec. cm−3) in Table S5. When the
MSA concentration ranges from 106 to 108 molec. cm−3,
its catalytic effect is substantially stronger than that of
NH3 ([NH3]= 107–1011 molec. cm−3), with k′MSA being
approximately 2–6 orders of magnitude over the tem-
perature range of 280.0–320.0 K. Similarly, for MSA
concentrations between 105 and 108 molec. cm−3, MSA
exhibits a significantly higher catalytic activity than SA
([SA]= 104–107 molec. cm−3). In this case, k′MSA exceeds
k′SA by about 1–3 orders of magnitude. Taken together,
these results demonstrate that MSA is a more effective
catalyst than both NH3 and SA under atmospherically
relevant conditions. Nevertheless, even under extreme
conditions, with MSA at its upper-limit concentration
([MSA]= 108 molec. cm−3) and H2O at its lower-limit
concentration ([H2O]= 1016 molec. cm−3), k′MSA is ap-
proximately five orders of magnitude smaller than k′WM,
indicating that the catalytic efficiency of MSA remains lower
than that of H2O.

3.2 The hydrolysis of CH2OO with MSA at the air-water
interface

The mechanism of MSA-catalyzed CH2OO hydrolysis at
the air-water interface remained unclear. To elucidate this
process, BOMD simulations were employed to investigate
possible reaction pathways at the aqueous interface. Based
on analogies with CH2OO reactions involving other atmo-
spheric species (Ding et al., 2024; Li et al., 2023; Cheng et
al., 2025), three potential routes were considered: (i) MSA
interacting with adsorbed CH2OO at the air-water interface,
(ii) CH2OO interacting with adsorbed MSA at the air-water
interface, or (iii) the MSA-CH2OO complex reacting at the
air-water interface. Because both CH2OO and MSA exhibit
high reactivity toward interfacial water, their lifetimes at the
droplet interface remain very brief, making pathway (i) and
(ii) far less likely than pathway (iii). Therefore, only the reac-
tion of the MSA · · ·CH2OO complex at the aqueous interface
was considered, owing to its high stability in the gas phase.

As displayed in Figs. 2 and S1 and Movie S1 in the
Supplement, the MSA · · ·CH2OO complex initially interacts
with a water molecule at the aqueous interface. At 0.76 ps,
this water molecule forms both a van der Waals interac-
tion with the carbon atom in CH2OO (d(C-O3)= 4.00 Å)
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Figure 1. Potential energy surface for the hydrolysis of CH2OO without (a) and with H2O (b) and CH3SO3H (c) at the CCSD(T)-F12/cc-
pVDZ-F12//M06-2X/6-311++G(2df,2pd) level.

and a hydrogen bond with the oxygen atom in MSA (d(O4-
H2)= 3.27 Å), thereby generating a nine-membered ring
structure (CH2OO · · ·MSA · · ·H2O). As the reaction pro-
gresses, a hydration transition-state-like ring configuration
forms at 1.06 ps, with the C-O3, O4-H2 and O2-H1 bonds
shorten to 1.75, 1.27 and 0.97 Å, respectively, while the O3-
H2 and O1-H1 bonds elongate to 1.16 and 1.85 Å, respec-
tively. By 1.16 ps, the bond lengths of C-O3, O4-H2 and O2-
H1 further shorten to 1.43, 1.05 and 0.96 Å, while the O3-
H2 and O1-H1 bonds further increase to 1.61 and 1.93 Å, re-
spectively, indicating the formation of the hydrogen-bonded

CH2OOHOH · · ·MSA complex. During this process, the in-
terfacial water molecule acts as a reactant, with MSA serv-
ing as a proton transfer bridge. Notably, due to the higher
abundance of interfacial water molecules compared to MSA,
the formation of HMHP at the interface primarily proceeds
through the direct hydration of CH2OO. However, the source
of HMHP from MSA-catalyzed CH2OO hydrolysis at the
interface occurs at a significantly faster rate than its corre-
sponding gas-phase formation, with a computed ratio (r1) of
1.01× 102 at 298.0 K (Table 1), which is detailed computa-
tional results are provided in Sect. S3. Traditionally, the loss
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Figure 2. BOMD simulation trajectories and snapshots for
CH3SO3H-mediated CH2OO hydration at the water microdroplet
interface.

Table 1. The rate ratio (r1) between the interfacial MSA-catalyzed
CH2OO hydrolysis reaction and the corresponding reaction in the
gas phase as well as the rate ratio (r2) between the MSA-catalyzed
CH2OO hydrolysis reaction at the air-water nanodroplet interface
and the hydrolysis of CH2OO facilitated by H2O in the gas phase
at 298.0 K.

Rate ratio r1 r2

1.01× 102 13.4

of CH2OO in the troposphere has been primarily attributed to
its hydrolysis. Therefore, it is crucial to examine the rate ra-
tio r2 (Eq. S4) between interfacial MSA-catalyzed CH2OO
hydrolysis and the corresponding gas-phase process medi-
ated by water. At 298.0 K, r2 is 13.4 (Table 1), indicating
that the formation of HMHP from interfacial MSA-mediated
CH2OO hydrolysis is much closer to that catalyzed by wa-
ter in the gas phase. These results indicate that interfacial
MSA-catalyzed CH2OO hydrolysis is a significant source of
HMHP formation in MSA-polluted areas under relatively hu-
mid conditions. Consequently, when evaluating the compre-
hensive sources of HMHP in MSA-rich regions, it is essential
to consider the formation involving MSA-catalyzed hydroly-
sis of CH2OO at the air-water interface.

3.3 The significance of HMHP in MSA-MA nucleation

The role of HMHP on MSA-MA-driven ternary nucleation
was assessed. Initial assessments focused on the potential
interaction sites of HMHP with MSA and MA, followed
by an analysis of the conformation and stability of the
(MSA)x(MA)y(HMHP)z (0≤ y ≤ x+ z≤ 3) clusters. The
MSA-MA nucleation mechanism involving HMHP was then
examined, along with the effects of temperature and precur-
sor concentrations on the MSA-MA-HMHP system. Finally,
the atmospheric implication of HMHP for MSA-MA nucle-
ation were calculated for urban industrial areas.

3.3.1 Cluster conformational analysis

The formation of stable clusters is primarily dictated by the
pronounced coupling of nucleation precursors (Ning et al.,
2024; Li et al., 2024a, b). The electrostatic potential (ESP)-
mapped molecular van der Waals (vdW) surface was com-
puted to characterize the binding potential of HMHP with
MSA and MA and to locate the corresponding interaction
sites (Fig. 3a). The analysis revealed that HMHP exhibits
a positive ESP value (+54.09 kcal mol−1) at the H atom of
its –OH group, indicating its role as a hydrogen bond (HB)
donor, while the oxygen atom of the –COOH shows a nega-
tive ESP of −32.68 kcal mol−1, indicating its role as a hy-
drogen bond acceptor. Thus, HMHP possesses dual func-
tionalities as a HB donor and acceptor, allowing its associ-
ation with the nucleating precursors MSA and MA, thereby
generating HBs that stabilize the MSA-MA-HMHP clusters.
Based on the ESP analysis, the most stable configurations
of (MSA)x(MA)y(HMHP)z clusters were obtained (Fig. S2),
and the actual binding sites within the ternary clusters were
found to be consistent with the predictions from the ESP
analysis.

To further access the non-covalent interactions within the
(MSA)x(MA)y(HMHP)z clusters, the reduced density gradi-
ent (RDG) analysis was performed on representative clus-
ters, including (MSA)1 · (MA)1, (MSA)1 · (MA)1 · (HMHP)1
and (MSA)1 · (MA)1 · (HMHP)2 cluster (Fig. 3b). In the
RDG analysis, the blue region corresponds to strong attrac-
tions, similar to HBs, within the system. When compared to
the (MSA)1 · (MA)1 cluster, the (MSA)1 · (MA)1 · (HMHP)1
cluster exhibits two additional blue spikes, suggesting that
HMHP forms strong interactions, particularly HBs, with
MSA and MA. Moreover, the dominant blue spike in the
(MSA)1 · (MA)1 · (HMHP)2 cluster is shifted further left-
ward compared to that in the (MSA)1 · (MA)1 · (HMHP)1
cluster, indicating the introduction of HMHP molecules
strengthens the HB interactions within the system. Besides,
in clusters involving HMHP (Fig. S2), HMHP facilitates the
formation of cage-like clusters with MSA and MA through a
spatial network of HBs. Notably, proton transfer is observed
in ternary clusters involving HMHP. Taken together, these
findings suggest that HMHP forms stable clusters with MSA
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Figure 3. (a) Electrostatic potential (ESP)-mapped molecular van der Waals (vdW) surface of MA, HMHP, and MSA calculated at M06-
2X/6-311++G(2df,2pd) + aug-cc-pVTZ level of theory. The orange and blue dots indicate the positions of ESP maximums and minimums
(in kcal mol−1), with the corresponding values labeled in red and blue numbers, respectively. (b) The reduced density gradient (RDG)
color-filled maps and isosurface of (MSA)1 · (MA)1, (MSA)1 · (MA)1 · (HMHP)1, and (MSA)1 · (MA)1 · (HMHP)2 clusters.

and MA via both HBs and proton transfer, thereby enhancing
the stability of the MSA-MA-HMHP clusters.

3.3.2 Cluster stability analysis

To evaluate the effect of HMHP on the thermodynamic sta-
bility of MSA-MA-clusters, the Gibbs free energy (1G) (Ta-
ble S7) and total evaporation rates (6γ ) (Table S10) of clus-
ters in the MSA-MA-HMHP system were calculated. The
1G of HMHP-involved clusters are consistently lower than
those of the corresponding pure MSA-MA clusters, indicat-
ing that the participation of HMHP enhances cluster thermo-
dynamic stability. Consistent with the 1G analysis, HMHP-
containing clusters also exhibit markedly reduced 6γ val-
ues. In addition to thermodynamic stability, cluster growth
tendencies play a crucial role in atmospheric cluster forma-
tion. From a kinetic perspective, cluster formation is gov-
erned by the competition between molecular collisions and
evaporation processes. When the ratio of the collision fre-
quency between a cluster and a monomer at concentration

C to the total evaporation rate, expressed as βC/6γ , is
higher than 1, the cluster is considered capable of sustained
growth. Accordingly, as shown in Fig. 4, the βC/6γ ra-
tios were evaluated under various atmospheric conditions
to assess the influence of HMHP on the growth behav-
ior of MSA-MA clusters. Among the clusters examined,
(MSA)2, (MSA)2 · (MA), (MSA)2 · (MA)2, (MSA)3 · (MA)2,
(MSA) · (MA) · (HMHP) and (MSA)2 · (MA)2 · (HMHP) dis-
play sufficient stability against evaporation, enabling further
growth through collisions with additional monomers. Over-
all, these results suggest that HMHP is likely to participate
in the nucleation process of MSA-MA clusters by enhancing
their thermodynamic stability and increasing their potential
for sustained cluster growth.

3.3.3 Cluster formation pathways

To track the detailed nucleation pathways of HMHP in-
volved in the formation of MSA-MA clusters, ACDC
simulation were conducted at four different temper-
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Figure 4. The log(βC/6γ ) of (MSA)x (MA)y (HMHP)z (0≤ y ≤ x+z≤ 3) clusters at 238.15 K. (a) without HMHP monomer, (b) contain-
ing a HMHP monomer. The βC/6γ is the ratio of collision frequency between the cluster and monomer molecule at the concentration C to
the total evaporation frequency at C= 2.5× 108 molec. cm−3.

atures (238.15, 258.15, 278.15 and 298.15 K), with
concentrations set as [MSA]= 1.0× 106 molec. cm−3,
[MA]= 2.5× 108 molec. cm−3 and
[HMHP]= 1.0× 1011 molec. cm−3. The results are pre-
sented in Fig. 5a. At 238.15 K, the primary growth of the
MSA-MA-HMHP system can be divided into two distinct
routes. One pathway involves MSA-MA clustering alone,
while the other incorporates HMHP molecules in the cluster
formation process. In the HMHP involving pathway, HMHP
initially interacts with the heterodimer (MSA)2 · (MA)2,
resulting in the formation of a (MSA)2 · (MA)2 · (HMHP)
trimer. This trimer then grows out of the simulated sys-
tem. Following this, the (MSA)2 · (MA)2 · (HMHP) trimer
collides with an MSA monomer, forming the cluster
(MSA)3 · (MA)2 · (HMHP). Subsequently, HMHP evapo-
rates from this cluster, leaving behind the (MSA)3 · (MA)2
cluster. Finally, the (MSA)3 · (MA)2 trimer interacts with
an MA monomer, resulting in the (MSA)3 · (MA)3 cluster,
which eventually exits the system. These processes illustrate
HMHP’s dual function: it acts both as a “catalyst” that
promotes the formation of MSA-MA clusters and as a “par-
ticipant” in the assembly of critical clusters. This dual role
is also observed at 258.15 K. However, at 278.15 K, HMHP
acts only as a “participant” in the formation of critical
clusters. With increasing temperature, the contribution of
HMHP to cluster formation diminishes, and at 298.15 K
(Fig. S3) cluster formation occurs exclusively through the
pure binary MSA-MA pathway. The higher evaporation
coefficient of clusters at elevated temperatures leads to their
faster evaporation. Together, these findings underscore the
significant and direct role of HMHP in MSA-MA nucleation,
effectively facilitating cluster formation across different
temperatures.

To further investigate the influence of temperature (T )
on HMHP’s participation role in the MSA-MA nucleation
process, we analyzed the contribution of different cluster-

ing pathways to the outward flux under varying T . As
shown in Fig. 5b, with increasing T , the dominance of
HMHP-involved pathways gradually diminishes. At 238.15–
258.15 K, the HMHP-involved pathway accounts for 63 %,
whereas at 278.15 K, the contribution decreases to 21 %.
These results highlight the significant role of low temper-
atures in facilitating HMHP’s participation in MSA-MA
nucleation. In addition to T , the contribution of nucle-
ating precursor flux also significantly affects trace sub-
stances’ involvement in the MSA-MA nucleation process.
The contribution of HMHP to the MSA-MA system was
found to be relatively insensitive to [MA], as illustrated in
Fig. S3. In contrast, it is strongly influenced by [MSA],
as depicted in Fig. 5c. As [MSA] increases from 104 to
108 molec. cm−3, the contribution of HMHP-involved path-
ways decreases from 65 % to 40 %. At the low [MSA] (104–
106 molec. cm−3), HMHP involvement remains substantial,
accounting for 65 % of the pathway. Overall, this study re-
veals that HMHP’s contribution to MSA-MA nucleation is
most pronounced under conditions of low T , and low con-
centrations of both MSA and MA.

3.4 Atmospheric implications of HMHP to MSA-MA
system

Building on the above findings, low T coupled with
low [MSA] and [MA] appear to favor an enhanced role
of HMHP in MSA-MA nucleation. To assess the at-
mospheric significance of these variations, we quanti-
fied the contributions of MSA-MA cluster growth path-
ways, with and without HMHP involvement (Fig. 6), un-
der favorable conditions of temperature (T = 258.15 K) and
precursor concentrations ([MSA]= 1.00× 104 molec. cm−3,
[MA]= 2.50× 107 molec. cm−3). Indeed, substantial vari-
ability in atmospheric HMHP concentrations has been ob-
served across diverse environments worldwide. For example,
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Figure 5. Nucleation mechanism of the HMHP-MSA-MA system. (a) Cluster formation pathway at different temperatures; (b) the branch
ratio of outward flux under varying T (238.15–298.15 K); and (c) the branch ratio of outward flux under varying [MSA] (1.0× 104–
1.0× 108 molec. cm−3).

levels range from 2.50× 109 to 6.25× 109 molec. cm−3 in
Central Portugal, Pabstthum, and Beijing. Higher concentra-
tions, between 1.15× 1010 to 3.00× 1010 molec. cm−3, have
been observed in Guang Zhou and Niwot Ridge, while the
Southeastern United States exhibit the highest concentra-
tions, reaching up to 1.25× 1011 molec. cm−3. As shown in
Fig. 6, in low [HMHP] regions such as Pabstthum and Bei-
jing, HMHP-involved pathways account for only 11 % and
12 % of total NPF, respectively. In contrast, in environments
characterized by high HMHP concentrations, such as the
southeastern United States (1.25× 1011 molec. cm−3) and
Niwot Ridge (3.00× 1010 molec. cm−3), HMHP-involving
nucleation pathways become dominant. Under these condi-
tions, HMHP acts both as a “catalyst”, facilitating the forma-
tion of MSA-MA clusters, and as an “participant” in the as-
sembly of critical clusters (Figs. S5 and S6). These two roles
contribute up to 59 % and 42 %, respectively, to the overall
nucleation process. These results highlight that HMHP ex-

erts a markedly stronger influence on MSA-MA nucleation
at elevated concentrations, particularly in urban industrial re-
gions, where its contribution to NPF can be substantial.

Previous studies have revealed that SA-MA and SA-A nu-
cleation mechanisms are widely regarded as key contributors
to new particle formation in urban industrial regions (Yin et
al., 2021; Liu et al., 2021). To underscore the importance
of MSA-MA-HMHP nucleation in urban industrial regions,
the cluster formation rates (J ) of the MSA-MA-HMHP
system have been compared with those of the SA-MA and
SA-A systems (Qiao et al., 2024) (Fig. S7). The results
show that, over the temperature range of 238.15–298.15 K,
the J of MSA-MA-HMHP system is 1–5 orders of mag-
nitude higher than that of SA-MA system at equivalent
precursor concentrations ([SA]= 1.00× 106 molec. cm−3

and [MA]= 1.00× 108 molec. cm−3). Similarly, under
the conditions of [SA]= 1.00× 106 molec. cm−3 and
[A]= 1.00× 1010 molec. cm−3, the J of MSA-MA-HMHP
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Figure 6. The branch ratio of the MSA-MA-HMHP (blue pie) and MSA-MA (light blue pie) growth pathways based on field data in different
regions with a different [HMHP]. The data recorded in [HMHP] are from field observations, whereas those in [MSA] and [MA] are set as
the median values in this study. [MSA]= 1.00× 104 molec. cm−3 and [MA]= 2.5× 107 molec. cm−3. Imagery © 2024 Google, Map data
© 2024 Google.

systems slightly exceeds that of SA-A system by ap-
proximately 5–6 orders of magnitude. These comparisons
suggest that HMHP plays a key role in enhancing MSA-MA
nucleation, particularly in urban industrial environments.

4 Conclusions

The hydrolysis of CH2OO by MSA, occurring in both the
gas phase and at interfaces and resulting in hydroxymethyl
hydroperoxide (HMHP) formation, was investigated. In ad-
dition, the role of HMHP in promoting MSA-MA nucleation
was elucidated.

Quantum chemical calculations suggest that the acti-
vation energy for HMHP formation via MSA-catalyzed
gaseous hydrolysis of CH2OO is relatively low, observed
to be 2.9 kcal mol−1. At a concentration of [MSA]= 106–
108 molec. cm−3, MSA exhibits a dominant catalytic effect
compared to other catalysts, such as NH3 ([NH3]= 107–
1011 molec. cm−3), within the temperature range of 280.0–
320.0 K. Notably, the computed effective rate constant for
MSA is larger by about 2–6 orders of magnitude compared
with that of NH3. Simultaneously, when [MSA]= 105–

108 molec. cm−3, k′MSA is found to be 1 to 3 orders of mag-
nitude larger than k′SA, which corresponds to [SA]= 104–
107 molec. cm−3. BOMD simulations further demonstrate
that the MSA-catalyzed CH2OO hydrolysis at the gas-liquid
interface follows a ring-based reaction mechanism on a pi-
cosecond timescale. Remarkably, HMHP formation through
MSA-catalyzed CH2OO hydrolysis occurs rapidly and stably
at the interface.

HMHP participates in MSA-MA-driven ternary nucleation
through its bifunctional hydrogen-bonding capacity, which
allows direct association with both MSA and MA. Thermo-
dynamic analysis shows that MSA-MA-HMHP trimers pos-
sess lower Gibbs free energy than MSA-MA dimers, indi-
cating enhanced cluster stability. Cluster formation pathways
analysis reveals a temperature-dependent role: at 238.15 and
258.15 K, HMHP functions as both catalyst and participant,
whereas at 278.15 K it acts solely as a participant due to
increased evaporation rates. Under low temperature, low
[MSA] and [MA], and high [HMHP] conditions, particularly
in Niwot Ridge and the southeastern United States, HMHP-
involved pathways contribute up to 59 % and 42 % of to-
tal nucleation flux. These results predict that HMHP sub-
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stantially enhances MSA-MA-driven NPF in urban indus-
trial regions, helping to explain previously unaccounted NPF
sources and improve nucleation models.

Overall, this work deepens the understanding of hydroper-
oxide formation in MSA-polluted regions, especially at the
gas-liquid interface. It also reveals the potential contribution
of other organic peroxides to NPF, offering a plausible ex-
planation for part of the unaccounted particle fluxes in urban
industrial regions.
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