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Abstract.

Sulfuric acid (SA) together with base molecules such as ammonia (AM), methylamine (MA) and dimethylamine (DMA) is

known to play a central role in atmospheric new particle formation (NPF). NPF occurs through gas-to-particle conversion via

the formation and growth of molecular clusters. While previous studies have demonstrated that mixtures of bases can strongly

enhance nucleation rates, the influence of multiple acidic species for larger cluster stability and growth remains less explored.5

In this work, we investigate the role of mixed-acid systems in atmospheric cluster formation using quantum chemical cal-

culations, assisted by machine-learning. Cluster structures containing SA, methanesulfonic acid (MSA), and atmospherically

relevant bases (AM, MA, and DMA), with compositions up to 10 acid–base pairs, were generated through extensive config-

urational sampling using ABCluster and metadynamics simulations with CREST. The resulting structures were subsequently

optimized at the B97-3c level of theory, while a PaiNN machine-learning model was used to accelerate the calculation.10

Our results show that, in contrast to previously reported base synergy, the acid synergy between SA and MSA is weak and

highly system dependent. SA consistently dominates the thermodynamic stability of the smallest clusters, and MSA-only acid–

base interactions are insufficient to explain efficient initial particle formation. In particular, for systems involving DMA, the

strong SA–DMA interaction governs the cluster energetics, with little contribution of MSA to the stability. However, MSA can

influence cluster stability at larger sizes in systems involving weaker bases such as AM and MA, especially under conditions15

where the relative abundance of MSA is high. These findings indicate that MSA does not act as a primary nucleating acid, but

rather as a secondary species that participates in the early growth of clusters.

Overall, this work highlights that the roles of different atmospheric acids in NPF are fundamentally distinct: SA controls the

initial nucleation step, whereas MSA may enhance subsequent cluster growth under specific atmospheric conditions.

1 Introduction20

Atmospheric aerosol particles play a central role in air quality and climate. Aerosols originate from both primary emissions

and secondary formation processes. While primary aerosols are emitted directly into the atmosphere, secondary aerosols are

formed through gas-to-particle conversion processes that can produce freshly nucleated particles (FNPs). The initial step of this

process involves the formation of molecular clusters stabilized by strong hydrogen-bonding interactions between atmospheric
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vapors (Kulmala et al., 2013). Clusters that are sufficiently stable against evaporation can grow through condensation and25

coagulation processes, eventually forming particles with diameters exceeding roughly 2 nm.

Fine particles (<1 µm) and ultrafine particles (<100 nm) are particularly important due to their impacts on both human

health and the Earth’s radiative balance. Fine particulate matter is one of the leading contributors to air pollution-related

mortality worldwide (Pelucchi et al., 2009; Cromar and Lazrak, 2023). In addition to their health effects, aerosols influence

climate directly by scattering and absorbing solar radiation and indirectly by acting as cloud condensation nuclei (CCN),30

thereby affecting cloud formation and properties (Loeb and Kato, 2002; Rosenfeld et al., 2014; Zhao et al., 2024). Despite

their importance, aerosol–cloud interactions remain one of the largest uncertainties in current climate models (Cooley et al.,

2023).

Inorganic acids and bases are widely recognized as key contributors in the initial steps of cluster formation. Sulfuric acid

(SA), together with bases such as ammonia (AM) and amines, constitutes one of the most important nucleation pathways in35

many atmospheric environments (Spracklen et al., 2006; Sipilä et al., 2010; Kirkby et al., 2023; Almeida et al., 2013). Other

atmospheric components may further influence these processes, including ions produced by galactic cosmic rays (Kirkby et al.,

2016, 2011) and highly oxygenated organic molecules (HOMs) (Bianchi et al., 2016; Schobesberger et al., 2013; Riccobono

et al., 2014). Understanding new particle formation (NPF) therefore requires detailed knowledge of both the chemical compo-

sition of clusters and the concentrations of their precursor vapors.40

Experimental characterization of clusters smaller than 2 nm remains extremely challenging. Conventional condensation par-

ticle counters (CPCs) have detection limits of approximately 2–3 nm, which prevents direct observation of the smallest clusters

(McMurry, 2000). Particle size magnifiers (PSMs) can go down to ∼1.5 nm, but they provide limited chemical information

about cluster chemical composition (Vanhanen et al., 2011). Techniques such as chemical ionization atmospheric pressure

interface time-of-flight mass spectrometer (CI-APi-TOF) have enabled detailed investigation of cluster composition (Jokinen45

et al., 2012). However, they can easily alter cluster structures during ionization due to fragmentation effects (Zapadinsky et al.,

2018; Passananti et al., 2019; Alfaouri et al., 2022). Moreover, these measurements are typically limited to clusters containing

up to roughly ten acid–base pairs (20 molecules) (Almeida et al., 2013). As a result, the chemical composition and stability

of clusters in the size range between approximately 1.0 and 2.0 nm remain poorly understood. This size regime is partic-

ularly important because it corresponds to the transition from molecular clusters to stable aerosol particles (Kulmala et al.,50

2013; Wu et al., 2024). Computational approaches have therefore become essential for bridging this gap. For example, Wu

et al. (2023) introduced a framework that enables systematic exploration of atmospheric cluster formation from individual

molecules to clusters approaching 2 nm in size. Such methods allow detailed investigation of cluster thermodynamics, inter-

molecular interactions, and growth pathways, providing insights into the mechanisms governing the formation of atmospheric

freshly nucleated particles (FNPs).55

AM and amines are emitted from a wide range of anthropogenic and natural sources, including agriculture, industrial activ-

ities, combustion processes, and marine environments (Ge et al., 2011). Among these, AM, methylamine (MA) and dimethy-

lamine (DMA) play a particularly important role in enhancing SA-driven nucleation, significantly increasing particle formation

rates compared to pure SA or SA–water systems (Sipilä et al., 2010; Almeida et al., 2013). This enhancement arises from pro-
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ton transfer reactions between acids and bases, leading to salt formation and increased cluster stability. Numerous quantum60

chemical studies have confirmed the stabilizing effect of AM (Ianni and Bandy, 1999; Larson et al., 1999; Nadykto and

Yu, 2007; Kurtén et al., 2007; Loukonen et al., 2010; Herb et al., 2011; DePalma et al., 2012, 2014), MA (Nadykto et al.,

2011, 2014, 2015), and DMA (Kurtén et al., 2008; Loukonen et al., 2010; Kupiainen-Määttä et al., 2012; Ortega et al., 2012;

Olenius et al., 2013; Nadykto et al., 2014; Henschel et al., 2014; DePalma et al., 2012, 2014; Henschel et al., 2016; Ma et al.,

2016) in stabilizing initial SA clusters.65

Methanesulfonic acid (MSA), which is frequently observed in atmospheric aerosol particles, has been proposed as an impor-

tant contributor to NPF alongside SA (Sorooshian et al., 2009; Facchini et al., 2008). MSA is primarily produced through the

oxidation of organosulfur compounds, often concurrently with SO2 (the main precursor of SA), from sources such as marine

biological activity, biomass burning, and industrial emissions (Bates et al., 1992; VanderGheynst et al., 1998; Rosenfeld et al.,

2001; Meinardi et al., 2003; Barnes et al., 2006). Typical atmospheric gas-phase concentrations of MSA are on the order of70

∼ 105–107 molecules cm−3, corresponding to approximately 10–100 % of SA concentrations (Eisele and Tanner, 1993; Napari

et al., 2002).

Both experimental and theoretical studies have demonstrated that MSA can participate in cluster formation with bases

such as AM and amines (Shen et al., 2019, 2020; Liu et al., 2022), particularly under conditions where SA concentrations are

limited. Recent computational studies have further highlighted the role of MSA in stabilizing acid–base clusters and influencing75

their growth pathways, suggesting that its contribution to NPF may be more significant than previously assumed (Shen et al.,

2019, 2020; Liu et al., 2022).

Despite significant recent progress, several important questions regarding mixed SA–MSA systems remain unresolved.

Previous computational work has demonstrated that incorporating MSA into SA clusters can substantially enhance cluster

formation potential by up to approximately 20-fold and identified the SA–MSA–DMA system as a particularly promising80

candidate for extending investigations to larger cluster sizes (Elm, 2022). Experimental studies have likewise demonstrated

co-condensation of SA, MSA, and atmospheric bases, providing direct evidence for the formation of mixed-acid clusters

under laboratory conditions (Johnson and Jen, 2023). More recently, Baalbaki et al. (Baalbaki et al., 2026) reported that

MSA can substantially enhance both nucleation and particle growth through synergistic interactions with sulfuric acid under

cold marine conditions. Consistently, Ning et al. (Ning et al., 2026) showed through quantum-chemical calculations, cluster-85

dynamics simulations, and global modeling that MSA can enhance SA–NH3 nucleation rates by 1–3 orders of magnitude and

may dominate marine upper-tropospheric new particle formation. However, the molecular-level thermodynamics, preferred

compositions, and structural evolution of large mixed-acid clusters beyond the smallest cluster sizes remain largely unexplored.

In particular, it is still unclear how the incorporation of MSA influences the stability and composition of particle-like clusters

during the transition from initial molecular clusters toward freshly nucleated particles. The present work addresses this gap by90

extending quantum chemical calculations to mixed-acid clusters containing up to ten acid–base pairs (20 molecules).

In this work, we address this challenge by extending computational investigations to chemically complex mixed-acid–base

clusters. Specifically, we perform quantum chemical calculations on clusters of the form (MSA)n(base)n and (SA)n−1(MSA)1(base)n,

considering systems up to n= 10 acid-base pairs (20 molecules).
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2 Methods95

2.1 Computational details

Density functional theory calculations used during the configurational sampling workflow — including single-point energies,

geometry optimizations, and vibrational frequency calculations — were carried out with the empirically corrected B97-3c

method (Brandenburg et al., 2018) as implemented in the ORCA 5.0.4 quantum chemistry package (Neese, 2022). Semi-

empirical calculations were performed with the xTB 6.4.0 program (Bannwarth et al., 2021) using both the original GFN1-100

xTB method (Grimme et al., 2017) and a reparameterized variant, GFN1-xTBre-par, developed by Knattrup et al. (2024) on

the basis of previously reported FNP structures (Wu et al., 2024). Initial cluster geometries were generated with ABCluster

version 3.2 (Zhang and Dolg, 2015, 2016) employing the CHARMM force field (Huang and MacKerell Jr, 2013). Additional

conformational exploration was performed using CREST in non-covalent interaction mode through metadynamics simulations

(Pracht et al., 2017, 2020; Pracht and Grimme, 2021; Grimme, 2019; Spicher et al., 2022).105

2.2 Configurational sampling of (MSA)1(SA)n−1(AM/MA/DMA)n, with n = 1− 5 clusters

We initially studied (MSA)1(SA)n−1(AM/MA/DMA)n clusters with n=1 to 5 acid molecules. The configurational sampling

of the clusters were performed using our recently developed improved configuration sampling workflow (Wu et al., 2023, 2024).

The configurational sampling procedure can be outlined as follows:

ABC
N=10,000−−−−−−→ xTBOPT N=10,000−−−−−−→ B97-3cSP N=1,000−−−−−−→

filter
B97-3cPART OPT N=100−−−−−−→

filter
B97-3cFULL OPT (ABC track)110

Initial cluster geometries were generated using 10 parallel ABCluster runs, generating 10,000 local minimum configurations.

Previous works (Wu et al., 2023, 2024) have shown that performing several parallel ABCluster searches improves the likelihood

of finding the global minimum of large molecular clusters compared with a single extended search. Ionic monomers were

employed while maintaining overall charge neutrality of the clusters. This enforces proton transfer processes observed in

the lowest free-energy structures. All generated structures were subsequently optimized using the semi-empirical GFN1-xTB115

method (Grimme et al., 2017). DFT single-point energies were then evaluated at the B97-3c level of theory (Brandenburg et al.,

2018) on the GFN1-xTB optimized conformers.

To reduce the number of total conformers, high-energy configurations were removed by retaining only the 1,000 lowest-

energy conformers for further refinement. These structures were subjected to partial geometry optimization with n×2 iterations

(n being the number of acid–base pairs) at the B97-3c level to efficiently eliminate energetically unfavorable configurations.120

From this subset, the 100 most stable structures were selected for full geometry optimization followed by vibrational frequency

calculations.

The lowest free energy conformer was then selected for additional CREST exploration as suggested by Knattrup et al.

(2024), using the following workflow:

CREST N=100−−−−→ B97-3cFULL OPT (CREST track)125
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The configurational exploration was then carried out using CREST at the GFN1-xTB/GFN1-xTBre-par level in the non-covalent

interaction mode. Then, the 100 lowest-energy geometries were selected for full optimization, and vibrational frequency cal-

culations.

2.3 Machine learning-enhanced configurational sampling of (MSA)1(SA)n−1(AM/MA/DMA)n, with n = 6− 10

clusters130

The PaiNN (Schütt et al., 2021) architecture, as implemented in SchNetPack (Schütt et al., 2019, 2023), was used to learn

the energy and forces at the B97-3c level of theory. We used the hyperparameters suggested by Kubečka et al. (2024), who

found the PaiNN model to perform well in reproducing the geometries at the B97-3c level of theory for atmospheric molecular

clusters. The (MSA)1(SA)n−1(AM/MA/DMA)n cluster structures with n= 1–5 identified in the previous section were used as

a training/validation set. A separate model was trained for each base system. The training data consisted of out of equilibrium135

structures (the initial GFN1-xTB structures with B97-3c single point energies and forces) and equilibrium structures calculated

at the B97-3c level. The number of structures were filtered based on gyration radius, electronic energy and dipole moment using

arbitrary thresholds until a manageable amount of data was left. This resulted in a training/validation set of 9645, 6746, and

8681 structures for the SA–MSA–AM, SA–MSA–MA, and SA–MSA–DMA models, respectively. The models were trained

for 600 epochs using the loss function described by Kubečka et al. (2024), yielding the validation metrics reported in Table 1.140

Table 1. Mean absolute errors (MAEs) and root mean squared errors (RMSEs) for the validation set at the final epoch. Here, ∆E denotes

the per-cluster binding electronic energy ( kcal mol−1), and F denotes the force components ( kcal mol−1 Å−1).

System MAE(∆E) RMSE(∆E) MAE(F ) RMSE(F )

SA–MSA–AM 0.12 0.15 0.08 0.14

SA–MSA–MA 0.10 0.19 0.10 0.15

SA–MSA–DMA 0.07 0.15 0.08 0.11

Using the trained neural networks, the configurational sampling of the n= 6− 10 clusters was performed as follows:

ABC
N=10,000−−−−−−→ xTBOPT N=10,000−−−−−−→ NNOPT N=10,000−−−−−−→ B97-3cSP N=100−−−→

filter
B97-3cFULL OPT (NN track)

where the optimization using the neural network was performed using ASE (Larsen et al., 2017), with the BFGS optimizer, for

600 steps. Although we found the geometries to be reliable and closer to the true B97-3c minimum, a single-point calculation

at the B97-3c was needed to get the correct energy order. The 100 lowest electronic energy geometries were selected for full145

optimization, and vibrational frequency calculations were performed. This was followed by the CREST track workflow.

2.4 Configurational sampling of (MSA)n(AM/MA/DMA)n, with n = 1− 10 clusters

The pure (MSA)n(AM/MA/DMA)n clusters were sampled without machine learning using the full workflow in section 2.2 for

the set of clusters with n up to 10. The SA–base clusters were taken from Wu et al. (2024). Nevertheless, all three cluster series
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underwent extensive configurational sampling protocol, and the final selected candidate structures were optimized consistently150

at the reference quantum-chemical level. Moreover, the ML-assisted optimization is expected to improve the candidate ge-

ometries relative to those obtained from the initial xTB sampling, bringing them closer to low-energy regions of the reference

potential-energy surface.

2.5 Cluster Binding Free Energies

The thermodynamic stability of the clusters was calculated through their standard binding free energies defined as the difference155

between the Gibbs free energy of the cluster and the sum of the Gibbs free energies of the isolated monomers. The binding free

energy is therefore expressed as

∆Gbind =Gcluster −
∑
i

Gmonomer,i. (1)

Equation (1) above describes the intrinsic thermochemistry of the clusters under standard conditions. The quasi-harmonic

approximation, with a 100 cm−1 threshold was employed to calculate the vibrational entropy contribution (Grimme, 2012).160

To evaluate effective binding free energies under specific atmospheric conditions, we employ the self-consistent distribution

formalism (Wilemski and Wyslouzil, 1995; Halonen, 2022),

∆Gbind(p) = ∆Gbind −RT ·
(
1− 1

n

)
·
∑
i

ln

(
pi
pref

)
. (2)

Here, n denotes the total number of molecules in the cluster, pref denotes the reference pressure (1 atm) and pi represents

the partial pressure of monomer i. This self-consistent formulation ensures that the reference free energies of the isolated165

monomers are properly defined as zero under the chosen thermodynamic reference state.

3 Results and discussion

3.1 Binding free energies under standard conditions

Using the configurational sampling workflow described above, we studied clusters containing SA, MSA, and atmospherically

relevant bases, focusing on the (acid)n(base)n stoichiometries up to n= 10. We studied SA–MSA–AM, SA–MSA–MA,170

and SA–MSA–DMA clusters, as well as the corresponding limiting case containing only MSA as the acidic component. The

mixed-acid clusters investigated in this work represent a systematic substitution pathway designed to isolate the effect of incor-

porating a single MSA molecule into growing sulfuric acid clusters. In our previous work (Rasmussen et al., 2022), we found

that clusters containing a single MSA molecule represented the most likely composition under most conditions. Consequently,

the present calculations provide molecular-level insight into the thermodynamic role of MSA incorporation rather than pre-175

dicting the most abundant mixed-acid cluster compositions under atmospheric conditions. The calculated standard binding free

energies at 298.15 K and 1 atm are shown as a function of the number of molecules in the cluster m, and each point is labeled

according to the acid composition, e.g. (SA, MSA).
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Figure 1. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory under standard conditions (STD) for clusters containing SA,

MSA, and bases (AM, MA, DMA). The shaded region represents the range between minimum and maximum values for each cluster size,

while annotations indicate the acid composition (SA, MSA).

Based on the standard binding free energies (Figure 1), we observe a clear hierarchy: clusters containing SA are consistently

more stable than the corresponding clusters containing only MSA. This trend is observed for all three bases studied here. This is180

expected chemically, since SA is a considerably stronger acid than MSA and therefore leads to stronger acid–base interactions.

As a result, SA-containing clusters are thermodynamically stabilized against evaporation. This trend also persists as cluster

size increases. Replacing one SA molecule with MSA does not provide any substantial energetic benefit and, in many cases,

leads to less favorable binding free energies. This behavior is particularly pronounced for the DMA-containing systems, where

the strong SA–DMA interaction already defines the thermodynamic landscape, leaving little room for MSA to contribute185

meaningfully to stabilization. Hence, for DMA-containing systems, MSA does not appear to participate in any notable acid

synergy at the earliest stages of cluster formation.

A particularly clear example is the DMA system at the largest size studied (20 monomers, i.e. 10 acids + 10 bases): the

pure SA–DMA cluster has a binding free energy of roughly -264 kcal mol−1, while the pure MSA–DMA analogue is about

-183 kcal mol−1, a difference of ∼ 81 kcal mol−1 in favor of SA. The same qualitative pattern holds for AM and MA (e.g., at190

20 monomers, MSA-only clusters are ∼ 55–62 kcal mol−1 less stable than SA-only clusters for AM and MA, respectively).

We note that this mixed-acid behavior differs markedly from the mixed-base synergy previously observed in SA–AM–DMA

systems (Hasan et al., 2025). In those mixed-base systems, the introduction of one or two AM molecules into SA–DMA clusters

produced a clear stabilization effect for larger clusters, despite DMA being the intrinsically stronger base. This behavior was

attributed to the higher hydrogen-bond coordination capacity of AM, which enabled the formation of more favorable and195

increasingly particle-like bonding networks as the clusters grew.

In contrast, the present mixed-acid systems do not exhibit a comparable synergistic stabilization upon replacing SA with

MSA. Although mixed-acid clusters remain less stable than their pure-SA counterparts, the energetic penalty associated with

MSA substitution decreases systematically with increasing cluster size. This trend indicates that the stronger intrinsic acidity

of SA dominates the thermodynamics of the smallest clusters, whereas incorporation of MSA becomes progressively more200

favorable during growth. The effect is particularly evident for the SA–MSA–AM and SA–MSA–MA systems, where the free-
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energy differences relative to the pure-SA clusters diminish at larger sizes, suggesting a greater role for MSA in later growth

stages than in the initial nucleation process.

(a) (b)

  

(c) (d)

Figure 2. Comparison of pure and mixed-acid clusters for the MA system. (a) (SA)8(MA)8, (b) (MSA)1(SA)7(MA)8, (c) (SA)9(MA)9, (d)

(MSA)1(SA)8(MA)9.

This suggests that, although MSA does not enhance stability relative to pure-SA clusters, its incorporation becomes increas-

ingly favorable as cluster size increases. A plausible explanation is that larger clusters possess more extended hydrogen-bonding205

networks (Figure 2), allowing the methyl-group perturbation to be distributed across the cluster. In contrast, the more compact

bonding motifs of smaller clusters are less able to accommodate this perturbation, resulting in a larger energetic penalty for

MSA substitution.

Structurally, both the pure-SA and mixed-acid clusters exhibit a gradual transition from relatively compact molecular com-

plexes toward increasingly particle-like three-dimensional hydrogen-bonding networks as cluster size increases. The incorpo-210

ration of one MSA molecule does not qualitatively alter this cluster-to-particle transition behavior. Instead, the main effect
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of MSA appears to be a modest perturbation of the hydrogen-bonding arrangement due to the presence of the methyl group,

which slightly reduces the hydrogen-bond coordination efficiency compared to SA. This effect may be particularly important

in DMA-containing clusters, where the additional methyl groups of DMA already impose steric constraints on the cluster ge-

ometry. Consequently, simultaneous incorporation of both DMA and MSA may further reduce the ability of the cluster to form215

compact and efficiently coordinated hydrogen-bonding motifs.

Overall, the standard free energy data indicate that MSA is not a strong nucleating acid on its own, and SA remains the

dominant acid controlling the thermodynamics of initial cluster formation. However, MSA could potentially incorporate into

the cluster at larger sizes, thus contributing to the cluster growth. In general, the contribution of MSA to cluster stabilization is

highly dependent on both cluster size and base type.220

3.2 Binding free energies under given conditions

Based on the calculated standard binding free energies described above, we recalculated the binding free energies under at-

mospherically relevant monomer concentrations and temperatures using equation (2). Figures 3–6 present the binding Gibbs

free energies of the mixed-acid clusters at 278.15 and 298.15 K under four representative concentration regimes. These in-

clude high-concentration conditions at 278.15 K ([SA] = [MSA] = 108 molecules cm−3; denoted 278H), high-MSA conditions225

at 278.15 K ([SA] = 106 and [MSA] = 108 molecules cm−3; denoted 278Hmsa), low-concentration conditions at 298.15 K

([SA] = [MSA] = 106 molecules cm−3; denoted 298L), and high-MSA conditions at 298.15 K ([SA] = 106 and [MSA] = 108

molecules cm−3; denoted 298Hmsa).

In all cases, the base concentrations were fixed at AM = 10 ppb and amines (MA, DMA) = 5 ppt. These conditions were

chosen to mimic typical chamber and atmospheric environments, and to assess how the relative abundance of SA and MSA230

influences the stability and composition of the earliest clusters. In the following, we discuss each scenario separately.

3.2.1 Low SA–low MSA concentrations at 298.15 K

Under low-concentration conditions at 298.15 K, the calculated free energies (Figure 3) show that clusters containing SA

remain clearly favored over those dominated by MSA. This trend is particularly strong for the DMA-containing system, where

the SA–MSA–DMA clusters essentially show no energetic advantage from incorporating MSA. The lowest-free-energy clus-235

ters remain those with the highest SA content, demonstrating that MSA does not compete effectively with SA when paired

with a strong base such as DMA.

9



0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Cluster Size (m monomers)

0

10

20

30

40

50

60

70

80

G b
in

d (
AM

) (
kc

al
/m

ol
)

(0,0)

(0,1)

(0,2)

(0,3)
(0,4)

(0,5)
(0,6)

(0,7)

(0,8)

(0,9)

(0,10)

(0,0)
(1,0)

(2,0)
(3,0) (4,0) (5,0) (6,0) (7,0) (8,0)

(9,0) (10,0)

Cond: 298L | Base: AM

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Cluster Size (m monomers)

0

20

40

60

80

G b
in

d (
M

A)
 (k

ca
l/m

ol
)

(0,0)

(0,1)
(0,2)

(0,3)
(0,4)

(0,5)
(0,6)

(0,7)

(0,8)

(0,9)
(0,10)

(0,0)
(1,0)

(2,0)
(3,0)

(4,0) (4,1) (6,0)
(7,0) (8,0)

(9,0) (10,0)

Cond: 298L | Base: MA

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Cluster Size (m monomers)

0

20

40

60

80

100

120

140

G b
in

d (
DM

A)
 (k

ca
l/m

ol
)

(0,0)
(0,1)

(0,2)

(0,3)

(0,4)

(0,5)

(0,6)

(0,7)

(0,8)

(0,9)

(0,10)

(0,0)(1,0) (2,0)
(3,0)

(4,0)
(5,0)

(6,0)
(7,0)

(8,0) (9,0)
(10,0)

Cond: 298L | Base: DMA

Figure 3. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory at 298.15 K under low concentration conditions (298L), with

[SA] = [MSA] = 106 molecules cm−3. Base concentrations are fixed at AM = 10 ppb and amines (MA, DMA) = 5 ppt.

The AM- and MA-containing systems are somewhat more sensitive to acid composition; however, even in these cases, the

pure or SA-rich clusters remain lowest in free energy at the smallest sizes. Thus, under warm and dilute conditions, MSA does

not appear capable of driving the initial formation of stable clusters. Instead, it behaves as a weaker auxiliary acid that may only240

enter the cluster after SA has already established the primary acid–base scaffold. Hence, at such conditions, it is expected that

MSA only affects the growth of FNPs. Overall, at ambient conditions and low concentration of the acids, the thermodynamic

landscape is uphill and thereby it is unlikely that FNP formation will occur.

This result has important implications for previous experimental observations (Perraud et al., 2020; Chen et al., 2015) re-

porting efficient particle formation in MSA–MA systems. The present calculations suggest that binary MSA–base interactions245

alone are unlikely to fully explain the experimentally observed particle formation efficiencies. In particular, our simulations

do not include additional stabilizing species such as water molecules or ions, which are commonly present under experimental

and atmospheric conditions and are known to substantially enhance cluster stability and suppress evaporation. Indeed, previous

experimental studies have also highlighted the important role of water in promoting particle formation in MSA-containing sys-

tems (Perraud et al., 2020; Chen et al., 2015). Therefore, the discrepancy between our calculations and experimentally observed250

particle formation rates is likely related to the simplified dry-cluster framework employed here rather than an inconsistency

with the experimental observations themselves.

3.2.2 Low SA–High MSA concentrations at 298.15 K

At 298.15 K and higher MSA concentrations, the overall cluster free energies (Figure 4) become less positive. Under these

conditions, the differences between cluster compositions narrow somewhat, and mixed-acid clusters become more competitive255

in the AM- and MA-containing systems.
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Figure 4. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory at 298.15 K under low SA and high MSA concentration

conditions (298Lmsa), with [SA] = 106 and [MSA] = 108 molecules cm−3. Base concentrations are fixed at AM = 10 ppb and amines (MA,

DMA) = 5 ppt.

In particular, the SA–MSA–AM and SA–MSA–MA clusters show that MSA can begin to contribute to cluster stabilization

when its relative abundance is sufficiently high. For instance, for SA–MSA–AM we see clusters containing one MSA being

most stable across almost all size ranges. This does not change the overall conclusion that SA remains the dominant nucleating

acid, but it suggests that MSA can influence the growth trajectory once the cluster has reached a sufficient size. Although this260

effect remains clearly weaker than that of SA, it indicates that MSA may become incorporated into growing clusters under

favorable concentration conditions.

For the SA–MSA–DMA system, however, the conclusions remain unchanged. Even at elevated MSA concentrations, the

strong SA–DMA interaction dominates the cluster energetics, and MSA contributes little to the stabilization. Thus, the presence

of a strong base suppresses any meaningful acid synergy between SA and MSA. Overall, we see role of MSA in cluster265

formation at 298.15 K, despite having a 100 times higher concentration than SA. However, the overall conclusion is similar to

the Low SA–low MSA concentrations, at 298.15 K, i.e. it is unlikely that FNP formation will occur at these conditions.

3.2.3 High MSA–Low SA concentrations at 278.15 K

At 278.15 K and high concentrations of MSA, the free-energy surfaces (Figure 5) become increasingly downhill for the

larger clusters containing AM and MA, indicating more favorable growth conditions under these low temperature and high270

concentrations of MSA. Nevertheless, both systems still exhibit an initial nucleation barrier at the smallest cluster sizes before

growth becomes thermodynamically favorable. In contrast, the DMA-containing clusters remain strongly stabilized primarily

by SA, while the pure MSA–DMA clusters remain purely uphill despite the enhanced MSA concentration.
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Figure 5. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory at 278.15 K under high MSA concentration conditions

(278Hmsa), with [SA] = 106 and [MSA] = 108 molecules cm−3. Base concentrations are fixed at AM = 10 ppb and amines (MA, DMA) =

5 ppt.

Under these conditions, the AM- and MA-containing mixed-acid systems again show the greatest sensitivity to MSA incor-

poration. In these systems, MSA can contribute to cluster stabilization at intermediate and larger sizes, especially when SA275

is not overwhelmingly dominant in the gas phase. However, even under the most favorable conditions for MSA participation,

the calculations do not support a scenario in which MSA replaces SA as the primary nucleating acid. Instead, MSA acts as a

secondary growth-modifying species, entering the cluster once the main SA-driven acid–base clusters are established. In the

SA–MSA–DMA system, the strong SA–DMA pair continues to dominate the thermodynamics, and MSA again contributes

negligibly. Thus, even when both low temperature and high concentration favor clustering, MSA cannot compete with sulfuric280

acid in the presence of the strongest base.

3.2.4 High MSA– High SA concentrations at 278.15 K

At the lower temperature of 278.15 K and high concentrations (Figure 6), all clusters become more stable compared to the

corresponding 298.15 K case. Nevertheless, SA-containing clusters are still significantly favored over MSA-only clusters,

confirming that the intrinsic weakness of MSA relative to SA is not compensated simply by lowering the temperature.285
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Figure 6. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory at 278.15 K under high concentration conditions (278H), with

[SA] = [MSA] = 108 molecules cm−3. Base concentrations are fixed at AM = 10 ppb and amines (MA, DMA) = 5 ppt.
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The SA–MSA–AM and SA–MSA–MA systems again exhibit compositions in which MSA becomes more competitive at

larger cluster sizes, indicating a possible role during the early growth stages. Under these conditions, the free-energy barriers

for the AM- and MA-containing systems are also go downhill after the initial dimer cluster is formed compared to the warmer

conditions, suggesting that particle formation may become thermodynamically more favorable. Nevertheless, the smallest

thermodynamically viable clusters remain predominantly SA-dominated.290

For the SA–MSA–DMA systems, the strong SA–DMA interaction continues to dominate the thermodynamics, and the

corresponding free-energy surfaces become nearly fully downhill under these conditions. In contrast, the pure MSA-containing

DMA clusters remain significantly less favorable, indicating that MSA still contributes only weakly to the stabilization pattern

in the presence of DMA.

Overall, these results suggest that, although lowering the temperature enhances clustering and reduces nucleation barriers295

in general, the relative importance of MSA is governed more strongly by composition and concentration than by temperature

alone. Thus, even under favorable low-temperature and high-MSA conditions, SA remains the key acid controlling the earliest

nucleation steps.

3.2.5 Low temperature and MSA-rich conditions at 258.15 K

Finally, we tested an additional condition at a relatively low temperature of 258.15 K with an SA:MSA ratio of 1:1000. How-300

ever, the highest MSA concentration considered in this work (109 molecules cm−3) was intentionally chosen as a sensitivity

test rather than to represent a typical atmospheric condition. This allows us to identify the concentration regime at which MSA

begins to noticeably influence cluster stability and to better understand its potential thermodynamic role. Under more represen-

tative atmospheric MSA concentrations, the effect of MSA is expected to be correspondingly smaller. Under low temperature

conditions at 258.15 K with a strong excess of MSA relative to SA (Figure 7), the stability of MSA-containing clusters in-305

creases substantially compared to warmer conditions. In particular, the pure MSA-containing systems become significantly

more competitive at larger cluster sizes, indicating that low temperature combined with high MSA abundance can enhance the

thermodynamic contribution of MSA to cluster growth.
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Figure 7. Binding Gibbs free energies (∆Gbind) at the B97-3c level of theory at 258.15 K under MSA-rich conditions (258Lmsa), with

[SA] = 106 and [MSA] = 109 molecules cm−3. Base concentrations are fixed at AM = 10 ppb and amines (MA, DMA) = 5 ppt.
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The effect is most pronounced for the DMA-containing clusters, where the free energies of the pure MSA systems decrease

considerably relative to the corresponding higher-temperature cases. Nevertheless, even under these highly MSA-favored con-310

ditions, mixed SA-containing clusters generally remain among the most stable configurations, particularly at smaller cluster

sizes. The SA–MSA–AM and SA–MSA–MA systems also exhibit enhanced stabilization from MSA incorporation at larger

sizes, suggesting that MSA may become increasingly relevant during the cluster growth regime.

Overall, while SA-containing clusters still dominate the earliest nucleation steps, these results indicate that the thermody-

namic importance of MSA increases strongly under cold and MSA-rich atmospheric conditions. This is consistent with the315

previous work by Rasmussen et al. (2022). The formation of MSA from the oxidation of DMS by OH radicals has been shown

to be temperature dependent (Barnes et al., 2006; Shen et al., 2022). Hence, under colder conditions, the MSA:SA ratio will be

high, due to a shift from the hydrogen abstraction pathway to the OH radical addition pathway. This indicates that MSA might

contribute to the early growth of FNPs, but is still unlikely to participate in the very initial particle formation steps, when SA

and DMA are present.320

4 Conclusions

Here, we find that the acid synergy between SA and MSA is qualitatively different and significantly weaker than the mixed-

base synergy previously observed for SA–AM–DMA clusters. In the mixed-base case, combining strong and weak bases

showed clear synergistic stabilization effects in larger clusters, whereas the present mixed-acid systems remain dominated by

the intrinsically stronger acidity of SA relative to MSA.325

Overall, the calculations show that within the neutral AM-, MA-, and DMA-containing systems and cluster compositions

investigated here, pure MSA-containing acid–base clusters are generally thermodynamically less stable than the corresponding

SA-containing clusters under most of the considered conditions. Instead, SA-containing clusters consistently dominate the

earliest cluster formation steps, particularly in systems involving DMA, where the strong SA–DMA interaction leads to nearly

barrierless cluster growth under favorable conditions. In contrast, the AM- and MA-containing systems exhibit larger nucleation330

barriers, although these barriers decrease substantially at lower temperatures and elevated MSA concentrations.

Within the specific neutral amine-containing systems and single-MSA compositions investigated here, the calculations in-

dicate that MSA incorporation becomes thermodynamically more favourable as the cluster size increases. This trend should

not, however, be interpreted as evidence that MSA contributes exclusively or predominantly to growth rather than initial nu-

cleation under all atmospheric conditions. An important limitation of the present calculations is the omission of water. Recent335

CLOUD experiments demonstrated that, between +10 ◦C and −10 ◦C, MSA drives rapid particle growth at high relative

humidity (> 50%), whereas its contribution is negligible under low-humidity conditions (< 16%) (Yu et al., 2026). The com-

paratively weak contribution of MSA predicted by our unhydrated calculations is therefore not necessarily inconsistent with

these experimental observations. Rather, the comparison highlights the important role of water in stabilizing MSA-containing

clusters and indicates that hydration should be included in future thermodynamic and kinetic investigations. In particular, MSA340

incorporation becomes increasingly favorable at larger cluster sizes, especially in SA–MSA–AM and SA–MSA–MA systems
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under conditions of low temperature and elevated MSA:SA ratios. Under the most MSA-rich and coldest conditions considered

here (258.15 K and SA:MSA = 1:1000), the thermodynamic stability of MSA-containing clusters increases substantially, and

the free-energy penalties associated with MSA incorporation decrease remarkably. Nevertheless, even under these strongly

MSA-favored conditions, SA-containing clusters remain among the most stable structures at the smallest cluster sizes.345

While these thermodynamic properties provide important insight into the potential role of MSA during cluster formation

and early growth, quantitative predictions of atmospheric formation rates and particle growth kinetics require comprehensive

kinetic modelling, which is beyond the scope of the present work.

From an atmospheric perspective, these findings suggest that the role of MSA in particle formation depends strongly on

environmental conditions. Over marine environments and colder atmospheric regions, where dimethyl sulfide oxidation may350

favor MSA formation relative to SA, MSA could become increasingly important for stabilizing growing clusters and enhancing

early particle growth. For the specific neutral amine-containing systems investigated here, the thermodynamic results indicate

that lower temperatures and high MSA:SA ratios increase the favourability of MSA incorporation. However, the present re-

stricted thermodynamic analysis cannot establish the atmospheric conditions under which MSA-containing pathways become

kinetically competitive with SA-driven nucleation.355

Finally, it is important to emphasize that this study does not include additional stabilizing species such as water molecules

or ions. Previous experimental studies have highlighted the important role of water in promoting particle formation in MSA-

containing systems, and inclusion of water may substantially reduce evaporation rates and enhance cluster stability. Thus,

while the present work isolates the intrinsic thermodynamic role of MSA in mixed-acid clustering, future studies including

hydration and ionic effects will be necessary for a more complete description of atmospheric particle formation under realistic360

marine conditions. Such studies should also consider NH3, clusters containing multiple MSA molecules, and cluster-dynamics

simulations.
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