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Abstract. Marine new particles significantly impact the global atmosphere, yet the key nucleation process underlying their
formation remains unclear. Sulfur-, nitrogen-, and iodine-containing species are expected to coexist in the marine atmosphere,
including the canonical precursors methanesulfonic acid (MSA), iodic acid (IA), and dimethylamine (DMA). To elucidate
how they interact to drive NPF, we performed high-level quantum chemical calculations and cluster dynamics simulations to
investigate their synergistic nucleation mechanism at the molecular level. The results show that IA, MSA, and DMA form
stable pre-nucleation clusters via intermolecular hydrogen and halogen bonding, with acid-base reactions during clustering,
forming ion pairs. The proposed IA-MSA—DMA ternary nucleation is thermodynamically more favorable in regions rich in
sulfur and nitrogen but poor in iodine. Its cluster formation rate is notably higher than that of any corresponding binary
nucleation, showing a synergistic enhancement of 4—8 orders of magnitude. Moreover, this rate even exceeds that of the well-
established efficient iodine oxoacids nucleation under sulfur-rich conditions. In polar coastal regions such as Aboa and
Marambio, the inclusion of the IJA-MSA-DMA nucleation pathway brings simulated nucleation rates closer to field
measurements than considering the established IA-DMA nucleation alone, identifying it as a critical mechanism in these
environments. Accordingly, the proposed IA-MSA-DMA nucleation mechanism is expected to be important in the marine
boundary layer, helping to explain the missing sources of marine particles, especially in cold polar marine regions.
Incorporating this mechanism into atmospheric modelling can potentially improve aerosol formation simulations and refine

climate predictions.

1 Introduction

Marine aerosols represent the largest aerosol system on Earth, influencing global radiative balance and climate change
(O'Dowd and Leeuw, 2007; Zhang et al., 2012). Notably, aerosols are the primary source of uncertainty in climate forcing
(Gettelman and Kahn, 2025). Aerosols originate primarily from new particle formation (NPF), initiated by nucleation processes

that involves the gas-to-particle transition—a critical yet elusive stage (Kulmala et al., 2013). Field studies have shown that
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marine NPF events are closely linked to iodine-bearing precursors, with iodic acid (HIOs, IA) playing a key role in driving
nucleation (Sipild et al., 2016; Baccarini et al., 2020; Beck et al., 2021; He et al., 2021; He et al., 2023).

Although IA is abundant and widespread, its self-nucleation is insufficient to explain the fast nucleation observed (Ning
et al., 2022a; Ma et al., 2023). Even with the effective stabilization by iodous acid (HIO,), the predicted nucleation rates cannot
fully account for the high values measured in previous experiments (Engsvang and Elm, 2025). As an acidic precursor, IA is
readily stabilized by atmospheric base such as ammonia (NH3) and amines (e.g., dimethylamine, DMA) (Rong et al., 2020;
Xiaetal., 2020; Ning et al., 2022b; Ma et al., 2023; Li et al., 2024) via acid-base reactions. Among these bases, DMA stabilizes
IA more efficiently—by 1000-fold compared to NH3 (Ning et al., 2022b). Accordingly, when NH3 and DMA coexist, IA—
DMA clusters play a more important role in nucleation under ambient conditions of boundary layer (Li et al., 2024). A recent
study has also confirmed that [A—amine nucleation is efficient enough to be comparable to the well-established sulfuric acid—
amine nucleation, provided that IA exceeds sulfuric acid by a factor of 10 (Engsvang and Elm, 2025). However, IA-DMA
mechanism overlooks the roles and effects of other effective nucleation precursors, failing to capture the complexity of real
atmospheric scenarios.

Alongside the aforementioned efficient iodine (IA) and nitrogen (DMA) precursors, historically, sulfur-containing
compounds have also been regarded as vital nucleation agents over oceans, primarily the oxidation product of dimethyl sulfide
(DMS) (Hodshire et al., 2019; Hoffmann et al., 2016). As the typical oxidation product of DMS, methanesulfonic acid (MSA)
is ubiquitous in marine atmospheres, often present at considerable concentrations (Chen et al., 2018; Dal Maso et al., 2002;
Yan et al., 2019; Eisele and Tanner, 1993), and existing observational data may even underestimate its true levels (Yan et al.,
2019). More importantly, MSA shows effective nucleation potential, even comparable to that of H,SO4 (Liu et al., 2022;
Perraud et al., 2015; Dawson et al., 2012), and can individually bind with IA and DMA to form binary clusters, respectively
(Ning et al., 2022a; Chen et al., 2016; Chen and Finlayson-Pitts, 2017). Nevertheless, theoretical studies suggest that
electrically neutral clusters consisting solely of MSA (as the clustering acid) are unlikely to form and grow under realistic
atmospheric conditions (Elm, 2021). Moreover, field observations indicate that MSA frequently coexists with A and DMA in
the marine atmosphere, and all three species are simultaneously detected in aerosol particle (Salignat et al., 2024). Collectively,
the evidence points to the coexistence and potential interactions of these typical marine sulfur-(MSA), iodine-(IA), and
nitrogen-(DMA) precursors, implying their possibility to jointly participate in particle nucleation. However, whether these
three precursors exhibit synergistic effects, as well as the underlying molecular mechanisms and their atmospheric implications,
remains unclear. Thus, elucidating the IA-MSA—-DMA ternary nucleation process is crucial for a deeper understanding of the
underlying origins of marine NPF events.

Herein, we investigated the IA-MSA-DMA ternary nucleation system (denoted as (IA).(MSA),(DMA)., where x +y + z
< 6 and x +y = z) at the molecular level using quantum chemical (QC) calculations and cluster dynamics simulations. QC
calculations and wavefunction analyses were performed to clarify the physicochemical nature of clustering, while nucleation

rates under varying atmospheric conditions were calculated to reveal nucleation dynamics. By comparing nucleation

simulations with field observations (or other well-established nucleation systems), we assess and quantify the importance of
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IA-MSA-DMA nucleation mechanism. Furthermore, by analyzing the nucleation pathway under different marine conditions,

we quantify the contribution of IA-MSA-DMA ternary nucleation to particle formation.

2 Methods
2.1 Quantum Chemistry Calculations

In this study, a multistep conformation search was employed to identify the lowest-energy structures of (IA).(MSA),(DMA).
(1<x+y+z<6,x+y>2z)clusters. We considered only clusters in which the number of acid molecules equal to or greater
than that of base molecules, as prior computational and experimental studies indicate that clusters with excess base are
generally thermodynamically less stable and inefficient for nucleation under atmospherically relevant conditions (Myllys et
al., 2019; Ning et al., 2022b). A detailed description of the methodology is provided in the Supporting Information (SI). The
initial structures of pure IA clusters, as well as binary IJA-MSA, IA-DMA, and MSA-DMA clusters, were adopted from the
previous studies (Rong et al., 2020; Ning et al., 2022a; Ning et al., 2022b; Ning and Zhang, 2022). All lowest-energy structures
of IA-MSA-DMA ternary cluster were further optimized using the Gaussian 09 program (Frisch et al., 2009) at the ®B97X-
D/6-311++G(3df,3pd) (for C, H, O, N, and S atoms) + aug-cc-pVTZ-PP (for I atom) level of theory (Francl et al., 1982;
Peterson et al., 2003). Subsequent single-point energy calculations were carried out using the ORCA 5.0 software (Neese,
2012) at the DLPNO-CCSD(T)/aug-cc-pVTZ (for C, H, O, N, and S atoms) + aug-cc-pVTZ-PP (for I atom) level of theory,
with the TightPNO and TightSCF criteria applied to ensure high-accuracy electronic energies. Given the significant impact of
spin-orbit coupling (SOC) on energy calculations for heavy elements like iodine (Verstraete et al., 2008; Mohd Zaki et al.,
2023; Engsvang et al., 2024), we quantitatively evaluated SOC effects using the Gaussian 16 program (Frisch et al., 2016) at
the wB97X-D/6-311++G(3df,3pd) (for C, H, O, N, and S atoms) + dhf-TZVP-2¢ (for I atom) level of theory (Chan and Yim,
2013; Kuhn and Weigend, 2015; Sarr et al., 2021; Holzer et al., 2022). Gibbs free energies (AGier, kcal mol™) of the IA-MSA—

DMA clusters under standard pressure were calculated using Eq. (1):

wBI7X-D
AG,; =AG, + AEDLPNO—CCSD(T) +AEg O]

res thermal

where AG%E&Z;({D and AEp; pno-cesper) represent the thermal and electronic contributions to the Gibbs free energy, respectively.

AEgoc denotes the relativistic correction from SOC for iodine-containing clusters. Thermal corrections (AG;‘ﬁEﬁZé'D ) across the

temperature range of 258 — 298 K were obtained using Shermo 2.0 software (Lu and Chen, 2021). Final Gibbs free energies
are summarized in Table S1 of the SI. To account for the influence of precursor concentrations, the AGr.r was further converted
to the concentration-dependent Gibbs free energy (AG) using Eq. (2):

AG(E’PP”"P;?)ZAGM_kBTi]viln(Pi]’ )

i=1 ref
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where P is the reference pressure (1 atm), kg is the Boltzman constant, 7 is the temperature, &; is the number of molecules i
in the cluster, and P; is the partial pressure of vapor i.

In this study, the conducted ACDC simulations accounted for all feasible collision and evaporation processes. These
included interactions between monomer-monomer, monomer-cluster, and cluster-cluster pairs, in addition to the fragmentation
of parent clusters into monomers or into two smaller clusters. Furthermore, in our ACDC simulations, the largest clusters
considered consist of six molecules (~1.2 nm), which falls within the reported atmospheric nucleation critical cluster sizes of
1.1-1.9 nm (Kulmala et al., 2013). The current system size is large enough because the largest cluster included is stable, with
its collisions dominating evaporation. While a limited system size can, in principle, lead to a modest overestimation of the
nucleation rate, computational studies indicate that expanding the scheme (e.g., from 3 X 3 to 4 x 4) yields only a minor change
in the particle formation rate (Kubecka et al., 2023). This suggests that the cluster size employed here is sufficient for capturing

the relevant nucleation behaviour; therefore, the present results are consequently reasonable.

2.2 Wavefunction Analysis

The stability of clusters is largely determined by intermolecular forces between constituent molecules. To gain deeper insight
into these interactions within the JA-MSA-DMA clusters, wavefunction-based analyses were performed using the Multiwfn
3.7 program (Lu and Chen, 2012). Specifically, the electrostatic potential (ESP) was projected onto the molecular van der
Waals (vdW) surface to identify favorable interaction regions of the nucleating species, namely 1A, MSA, and DMA.

2.3 Atmospheric Clusters Dynamic Simulations

The atmospheric cluster dynamic code (ACDC) (McGrath et al., 2012) was utilized to explore the cluster formation rates,
growth pathways, and steady-state concentrations of the IA-MSA-DMA system by solving the birth-death equation (see the
SI for details).

In the ACDC simulation, an enhancement factor of 2.3 was applied to the collision rate coefficient (;;) to account for
enhanced intermolecular vdW forces (Halonen et al., 2019), consistent with its validated application in previous nucleation
studies (Stolzenburg et al., 2020; Cai et al., 2021; Li et al., 2023; Ning et al., 2024). Additionally, the coagulation sink (S;)

(Lehtipalo et al., 2016), which varies with cluster size, was calculated using Eq. (3):
S, =CSyx(d,/dy) ", (3)

where CSrr is the condensation sink (CS) of the reference monomer (i.e., A monomer), and d denotes the diameter of either
the monomer or the cluster. The exponent m, set to 1.7, is dependent on the background aerosol distribution and falls within
the typical range reported for atmospheric particles (Lehtinen et al., 2007). A cluster was defined as stable when the product
of its collision rate coefficient and concentration (5-C) surpasses the sum of its evaporation rate constants (Zy, Table S2). Such
stable clusters were assumed to grow outside the simulated box without evaporating back into the system, and this criterion

was applied to set the simulation boundary conditions (detailed in Table S3).
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The condition settings for the ACDC simulations were based on data from field measurements, Cosmics Leaving Outdoor
Droplets (CLOUD) experiments, and atmospheric modelling. For the marine boundary layer (MBL), the temperature (7) was
primarily set within the range of 258 — 298 K (Almeida et al., 2013), and the CS was set as 2.0 x 1073 s™! (He et al., 2021). The
concentration range of precursors was specified as: [IA] = 10°— 108 molec. cm 3 (Sipild et al., 2016), [MSA] = 10° — 10® molec.

cm > (Berresheim et al., 2002; Chen et al., 2018), and [DMA] = 0.025 — 2.5 pptv (Yu and Luo, 2014), respectively.

3 Results and Discussion
3.1 Cluster Structure

Strong intermolecular noncovalent interactions are critical in governing the formation and stability of molecular clusters. To
assess the synergistic nucleation potential of IA, MSA, and DMA, the surface electrostatic potential (ESP) mapped on van der
Waals (vdW) surfaces of these molecules was analyzed using the Multiwfn 3.7 (Lu and Chen, 2012), based on the calculated
wavefunctions at the @B97X-D/6-311++G(3df,3pd) (for C, H, O, N, and S atoms) + aug-cc-pVTZ-PP (for I atom) level of
theory. The resulting ESP maps are presented in Fig. 1, where regions of positive and negative potential are depicted in red
and blue, respectively. A positive ESP indicates an electrophilic region, suggesting a propensity to function as a donor in
hydrogen bond (HB) or halogen bond (XB) interactions. In contrast, a negative ESP denotes a nucleophilic region, which is
likely to serve as an acceptor in HB or XB interactions. A more detailed analysis is provided in the SI. ESP analysis
demonstrates the potential for intermolecular interactions among 1A, MSA, and DMA, thereby leading to further clustering.

To structurally elucidate the physicochemical nature of clustering, conformational analysis was performed to reveal the
characters of intermolecular interactions within the identified ternary IA-MSA-DMA clusters (Fig. S1), where the red and
black dashed lines denote XBs and HBs, respectively. The Cartesian coordinates of the optimized cluster structures are listed
in Table S4. Overall. the resulting [A-MSA-DMA clusters are stabilized by a network of HBs and XBs. HBs are the most
prevalent interaction type, constituting ~74% of all identified non-covalent interactions across all optimized ternary IA-MSA—
DMA clusters. Two types of HBs (N—H---O and O-H---O) are observed, with N-H---O HBs dominating (71%) among the
total HB interactions identified and typically forming between acids (IA and MSA) and base (DMA). On the contrary, in the
binary [A-DMA system, N—H:--O HBs represent a slightly lower proportion (~60%) and are exclusively formed between IA
and DMA. Additionally, both MSA and DMA has methyl groups (—CH3) that are generally located on the periphery of IA—
MSA-DMA clusters. This spatial arrangement facilitates the formation of HBs and XBs, reducing steric hindrance, promoting
clustering, and enhancing stability.

During cluster formation, acid-base reactions between acid molecules (IA and MSA) and the base molecule (DMA) often
occur, resulting in proton transfer and the formation of ion pairs such as [0;—DMAH" and CH3SOs;—DMAH". Another distinct
feature compared to the binary IA-DMA pathway is the preferential protonation of DMA by the stronger acid MSA (pKa = —
1.9 vs. 0.8 for IA), leading to a dominant CH3SO3—DMAH" ion pair in the ternary system. This provides a different anionic
center (CH3SO37) for interaction compared to the I0;—DMAH" pair within the binary IA-DMA system. This acid-base
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interaction not only strengthens the cluster via enhanced electrostatic stabilization but also introduces additional interaction
sites for noncovalent bonding. As shown in Fig. S2, numerous unoccupied HB and XB sites are present in (IA)3(MSA)i(DMA),
cluster, which can further promote the condensation of atmospheric precursors and the growth of the cluster. These results
indicate that A, MSA, and DMA can form molecular clusters stabilized by a network of HBs and XBs, accompanied by acid-

base reactions that produce ion pairs.
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Figure 1. The ESP-mapped molecular vdW surface of (a) MSA, (b) DMA, (c¢) 1A, and (d) (IA)2(MSA)i(DMA); cluster at the wB97X-D/6-
311++G(3df,3pd) (for C, H, O, N, and S atoms) + aug-cc-pVTZ-PP (for I atom) level of theory. The golden and cyan dots represent the
positions of maximums and minimums of ESP values (unit: kcal mol™'), respectively. The gray dashed arrows signify the site-to-site

interaction tendencies.

3.2 Cluster Stability

To evaluate the thermodynamic stability of the [A-MSA-DMA clusters, concentration-dependent Gibbs free energies (AG,
Eq. (2)) were calculated, and free-energy profiles of the IA-MSA-DMA (ternary) and IA-DMA (binary) pathways were
compared under varying precursor concentrations (Fig. 2). Overall, cluster formation energy barriers decrease with increasing
precursor concentrations. The key distinction between the IA-MSA—-DMA ternary and IA-DMA binary pathway arises in the
step where the (IA)2(DMA); cluster grows into either a (IA);(DMA); or a (IA)2(MSA)(DMA); cluster. Thus, our discussion

focuses on this critical step.
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Figure 2. Gibbs free energies of cluster formation (AG, kcal mol™) based on the formation pathway of IA-MSA-DMA ternary (solid lines)
and IA-DMA binary (dashed lines) pathways at 7= 278 K, (a) [MSA] = 10°— 10® molec. cm™, (b) [IA] = 10° - 10® molec. cm™, (¢) [DMA]
=0.025-2.5 pptv. I: IA, M: MSA, D: DMA.

In Fig. 2(a) (T = 278 K), as [MSA] increases from 10° to 10® molec. cm™, the barrier for the (IA),(DMA); + IA —
(IA);3(DMA), remains constant at 2.54 kcal mol™', as this step is unaffected by MSA. In contrast, (IA)2(DMA); + MSA —
(IA)2(MSA)(DMA), requires 3.73 kcal mol™ at [MSA] = 10° molec. cm™, decreases to a level comparable to (IA);(DMA),
formation at [MSA] = 107 molec. cm™ (but yields the more stable (IA)2(MSA)(DMA); cluster), and further declines to 1.20
kcal mol™! at [MSA] = 108 molec. cm=. These results clearly indicate that higher [MSA] facilitates the IA-MSA-DMA ternary
pathway. As shown in Fig. 2(b), at [IA] = 10° molec. cm™, formation of (IA),(MSA)i(DMA); cluster (2.47 kcal mol™) is
energetically more favorable than (IA);3(DMA); cluster (3.80 kcal mol™"), whereas at [IA] = 10® molec. cm™, the opposite
occurs. This suggests that, unlike [MSA], lower [IA] makes the IA-MSA-DMA pathway comparatively less disfavored than
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the IA-DMA pathway. In Fig. 2(c), the energy barriers of the IA-MSA-DMA and IA-DMA pathways are identical at the
same [DMA], as the transformation from (IA)>(DMA); cluster to either (IA)3(DMA); or (IA)2(MSA)(DMA); cluster proceeds
without the involvement of an additional DMA monomer. However, the resulting (IA)2(MSA),(DMA), cluster is more stable
than (IA)4DMA),, indicating that as [DMA] increases from 0.025 to 2.5 pptv, the [A-MSA-DMA pathway predominates.
These results indicate that under the conditions where MSA and DMA are abundant but IA is limited, the IA-DMA pathway
becomes thermodynamically unfavorable more rapidly, making the IA-MSA—-DMA pathway relatively more favorable.

3.3 Cluster Formation Rate

To assess the potential synergistic enhancement, the cluster formation rate (J, cm™ s7!) of the IA-MSA-DMA system was
calculated and compared with the previously reported efficient IA-DMA system (Ning et al., 2022b) using ACDC simulations.
As illustrated in Fig. 3(a), the simulated J of IA-DMA and IA-MSA-DMA systems exhibit a positive correlation with
increasing [IA] under the marine boundary layer (MBL) conditions of 7= 278 K, CS =2.0 x 107 s7!, [MSA] = 10° — 10®
molec. cm 3, and [DMA] = 0.25 pptv. In comparison, the IA-MSA-DMA system exhibits significantly higher J values than
the IA-DMA system, with similar J observed only at high [IA] (> 10" molec. cm™) and low [MSA] (10°molec. cm3), showing
a pronounced synergistic enhancement in nucleation. As long as [IA] drops below 107 molec. cm >, IA-MSA-DMA system
shows markedly faster nucleation than IA-DMA system, even at the low level of [MSA] (10° molec. cm™). At a moderate
[MSA] (107 molec. cm™), the JAA-MSA-DMA) reaches the order of 10°— 10? cm ™ s7!, which is up to 10* times higher than
J(IA-DMA) under the same conditions. Apart from the synergistic effects exhibited by IA-MSA-DMA ternary nucleation,
we further compared the nucleation efficiencies of the binary acid—base system: IA—-DMA and MSA-DMA systems.
Interestingly, although IA exhibits weaker acidity compared to MSA, the resulting J of IA-DMA system significantly exceeds
that of the MSA-DMA system by up to approximately four orders of magnitude at same acid levels (Fig. S3). The difference
arises from the generally lower AGs of [A—-DMA clusters relative to MSA—DMA clusters with the same number of molecules,
possibly due to the presence of not only HBs but also XBs, which provide additional structural stabilization. It should be noted
that this comparison is made under equal acid concentrations to evaluate their nucleation efficiency and does not assume equal
atmospheric abundances of IA and MSA. Their atmospheric concentrations are influenced by distinct sources and
environmental factors, resulting in temporal and spatial heterogeneity. Taken together, these findings highlight the enhanced
nucleation efficiency arising from the synergistic interactions among MSA, TA, and DMA.

To clarify atmospheric relevance of IA-MSA-DMA nucleation in the MBL, the simulated JIA-MSA-DMA) was
compared with that of the well-established [A-iodous acid (HIO,) system, which has been proposed as a key nucleation
mechanism in the MBL (He et al., 2021; Liu et al., 2023; Zhang et al., 2022). As shown in Fig. 3(b), at [MSA] = 107 molec.
cm3, the A-MSA-DMA system exhibits notably higher J values than the IA-HIO> system at lower [IA] (< 4 x 10®molec.
cm™), although the latter slightly surpasses the former under higher [IA] conditions. However, when [MSA] increases to 10%
molec. cm 3, the values of JIA-MSA-DMA) are almost higher than the J(IA-HIO,) at the range of [IA] (10°— 107 molec.

cm™), with rate enhancements reaching up to four orders of magnitude. This indicates that the proposed IA-MSA-DMA
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system also represents a highly efficient nucleation mechanism in the MBL. Furthermore, we compared the nucleation rates
of the IA-MSA-DMA system with those of the IA-MSA—-HIO; system. The results indicate that the inclusion of DMA as a
strong base in the ternary system markedly enhances cluster formation. Specifically, across the studied temperature and
concentration ranges, the calculated nucleation rate for the IA-MSA-DMA mechanism exceeds that of the IJA-MSA-HIO,
system by up to two orders of magnitude (Fig. S4). Collectively, these results highlight the critical role of the synergistic
nucleation involving MSA, IA, and DMA, suggesting that IA-MSA—-DMA nucleation could represent a key mechanism in the

MBL. This mechanism represents a potentially important and previously overlooked NPF nucleation pathway in the MBL.
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Figure 3. (a) Cluster formation rates J (cm ™ s™') of the IA-DMA and IA-MSA-DMA systems under conditions of =278 K, CS = 2.0 x
1073 571, [IA] = 10° — 3.0x107 molec. cm ™3, [MSA] = 10° — 10® molec. cm ™3, and [DMA] = 0.25 pptv; (b) J of the IA-HIO> and IA-MSA~
DMA systems under conditions of 7=278 K, CS =2.0 x 103 s7!, [IA] = 10° — 2.0x107 molec. cm 3, [MSA] = 107 — 10% molec. cm3, and
[DMA] = 0.25 pptv. [IA])/[ HIO] is fixed at a value of 50.

Additionally, to account for potential uncertainties in quantum chemical calculations and cluster dynamic simulations,
we also examined the effects of the calculated AG of clusters and the enhancement factor (sticking factor, SF) on J. As shown
in Fig. S5, under boundary-layer conditions, variations in the AG (0.2 kcal mol™) (Liakos et al., 2020) of clusters and the SF

(2.1 —2.5) in dynamic simulations lead to only minor changes in J.

3.4 Synergistic Nucleation of IA, MSA, and DMA

As discussed above, the IA-MSA-DMA system shows a synergistic effect on nucleation, resulting in an enhancement on J.
To assess this, the included binary acid-base systems, i.e., IA—-DMA and MSA-DMA nucleation, were selected as a reference
for comparison. Herein, we accordingly define the enhancement factor R as the ratio of J(IA-MSA-DMA) to [J(IA-DMA) +
JIMSA-DMA)] (Eq. (4)).

3 J(IA-MSA-DMA) a J([TA]=x,[MSA] = y,[DMA] =z) . (@)
~ J(IA-DMA)+J(MSA-DMA) J([IA]=x,[MSA]=0,[DMA]=z)+J ([IA]=0,[MSA] = y,[DMA] = z)
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where x, y, and z denote the concentrations of [A, MSA, and DMA, respectively.
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Figure 4. Enhancement factor R for IA-MSA-DMA cluster formation under conditions of 7=278 K, CS =2.0 x 1073 57!, [IA] = 10° - 10?
molec. cm 3, [DMA] = 0.025 — 2.5 pptv, and (a) [MSA] = 10, (b) 107, and (¢) 10® molec. cm™3, respectively. Function dependence of the
cluster formation rate (J) on (d) [IA] (» = 0.99), (e) [MSA] (r = 0.98), and (f) [DMA] (» = 0.99), showing a linear relationship.

As shown in Fig. 4(a)-(c), the calculated R increases with rising MSA levels (10° to 10® molec. cm™), spanning 1 to 4
orders of magnitude, highlight the efficiency of ternary nucleation. In contrast, with [MSA] and [DMA] held constant, R
decreases markedly as [IA] increases. This trend aligns with Fig. 3(a), where the gap between JIA-MSA-DMA) and J(IA—
DMA) narrows with rising [IA]. It may be explained by IA’s higher efficiency in binding DMA compared to MSA (recalling
Sect. 3.3 and Fig. S3), coupled with higher [IA], which amplifies the role of IA-DMA nucleation. It is noteworthy that the
contribution of J(MSA-DMA) is negligible, as it is 47 orders of magnitude lower than J(IA-DMA). While R is less sensitive
to [DMA] compared to [IA], likely due to the relatively narrow range of [DMA] in atmosphere, which constrains its impact.
Overall, the R gradually decreases with increasing [IA]. However, at higher [MSA], a slight increase in R is observed, as the
presence of MSA counteracts the dominance of the strong IA-DMA binding and enhances the stability of the ternary clusters.
These findings suggest that IA-MSA-DMA synergistic nucleation is most relevant in iodine-limited, sulfur-, and nitrogen-
rich regions. In addition, the IA-MSA-DMA synergistic nucleation rate shows a sensitivity ranking of IA > DMA > MSA

with respect to their concentration variations (Fig. 4(d)-(f)). The three-dimensional response surface also shows that when the
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concentration of any one precursor is held constant, the J increases with the concentration of the other two precursors,
indicating significant sensitivity to variations in each component. However, J responds most rapidly to changes in [IA],

followed by [DMA], while the response to [MSA] is the slowest (Fig. S6).

3.5 Cluster Formation Pathway

As indicated by the rate analyses, the IA-MSA-DMA synergy enhances nucleation; however, the underlying clustering
pathways and their corresponding contribution to particle formation remain unresolved, necessitating further analysis to clarify
nucleation dynamics.

As illustrated in Fig. 5(a), under the potential MBL conditions of 7=278 K, CS=2.0 x 103 s7!, [IA] = 107 molec. cm >,
[MSA] =107 molec. cm 3, and [DMA] = 0.25 pptv, the cluster formation pathways of IA-MSA-DMA system can be classified
into two types: [A—-DMA binary pathway and IA-MSA—DMA ternary pathway. Specifically, [A—-DMA clustering pathway
proceeds primarily by sequential collisions of IA and DMA monomers, ultimately forming (IA)4(DMA), cluster that is
recognized as the boundary cluster (see details in the SI), which can grow beyond the simulation system. The dominant
nucleation mechanism identified in the ternary IA-MSA—-DMA system involves two types of pathways: the ternary [A-MSA—
DMA pathway and the binary IJA-DMA pathway, the latter of which is similar to the pattern reported by Ning et al. (2022b).

In contrast, the ternary IA-MSA-DMA clustering pathway is more complex. In addition to a stepwise growth route
similar to the binary IA—-DMA pathway via (IA),(DMA); cluster, IA monomer can also collide with MSA monomer to form
a (IA)iI(MSA), heterodimer. The formed (IA)i(MSA); cluster can further collide with DMA monomer to form a
(IA)1(MSA)i(DMA); heterotrimer, which can grow via two routes: a) colliding with an IA monomer to produce a
(IA)2(MSA)i(DMA); cluster; b) colliding with a MSA monomer to form a (IA)i(MSA),(DMA); cluster. The two clusters can
continue to grow, ultimately yielding a (IA)>(MSA)2(DMA); cluster, which can grow larger to contribute to particle formation.
At elevated temperatures of 288 — 298 K, the JA-MSA—-DMA ternary nucleation pathway exhibits notable modifications. As
illustrated in Fig. S7, both IA and MSA monomers are capable of alternately colliding with other monomers, ultimately
yielding the (IA)i(MSA)>(DMA); cluster that subsequently undergoes further growth.

To further quantify the relative contributions of different clustering pathways, we performed ACDC simulations to track
the molecular-level clustering processes under varying precursor concentrations and temperatures. As shown in Fig. 5(b), the
contribution of the IA-MSA-DMA pathway (yellow bar) exhibits a pronounced positive dependence on both [MSA] and
[DMA]. Specifically, as [MSA] increases from 5.0 x 103 to 5.0 x 107 molec. cm, the contribution of IA-MSA-DMA pathway
rises sharply from 3% to 98%. Similarly, increasing [DMA] from 2.5 x 107 to 2.5 x 1072 pptv results in a substantial
enhancement of the pathway contribution from 20% to 67%; however, further elevation of [DMA] to 2.5 x 107" and 2.5 x 10°
pptv induces only marginal changes, suggesting a base saturation effect. In contrast, the contribution of the IA-MSA-DMA
pathway is negatively correlated with [IA]. At[IA] below 107 molec. cm, the ternary IA-MSA-DMA pathway predominates,
whereas at [IA] above this threshold, the binary IA-DMA pathway becomes dominant. Temperature also exerts a significant

influence: as the temperature increases from 258 K to 298 K, the relative contribution of the IA-MSA-DMA pathway
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decreases markedly, with an abrupt decline observed between 278 K and 288 K. This may be attributed to a distinct change in

290 the growth pattern of the IA-MSA-DMA pathway when the temperature rises to 288 — 298 K (Fig. S7). Specifically, the
dominant growing cluster shifts from (IA)2(MSA),(DMA), at 278K to (IA)i(MSA),(DMA); at 288-298 K, indicating
temperature would influence the cluster growth pathway.

(a) Cluster growth path .
‘ (IA)ADMA),\
. . . . IA-DMA p.!th
/ (IA), \ / (IA),(DMA), (IA),(DMA), (IA),(DMA),
IA-MSA-DM. \pllh
w8 8 §
1A N (1A),(DMA), AANDMA)  (JA)MSA,DMA),  (ALMSAN(DMA);  (IA)(MSA)(DMA),
c w9 & &
MSA (IA),(MSA), (TA),(MSA)(DMA), (IA),(MSA),(DMA), (IA),(MSA),(DMA),
(b) Branch ratio of flux out IA-MSA-DMA ™ [A-DMA | others
m’; 5.0 x 107 | o 50107 |
g 10 107 I 5 25% 107 |
E S0 0t I — 2 00 u
2 10 10° U —— = sox 100 F——
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O‘I’A: Zd% 40I% 60I% 80% 106% 0% 2(,’;% 4(;% 60% 80I"/o 1 0\:)%
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T=278 K, [IA] = 107, [MSA] = 107 molec. cm™ [IA] = 107, [MSA] = 107 molec. em?, [DMA| = (.25 pptv
Figure 5. (a) The simulated primary cluster growth pathways of IA-MSA-DMA system at the conditions of 7=278 K, CS =2.0 x 1073 s7!,

295 [IA] = 107 molec. cm™, [MSA] = 107 molec. cm ™3, and [DMA] = 0.25 pptv; (b) Branch ratio of different flux out under the varying [MSA]
(5.0 x 10° = 5.0 x 107 molec. cm™), [IA] (1.0 x 10° = 5.0 x 107 molec. cm™3), [DMA] (2.5 x 1073 — 2.5 x 10° pptv), and temperatures (258
—298 K).
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Overall, these results demonstrate that the IA-MSA-DMA pathway is highly sensitive to precursor concentrations and
temperatures. Its contribution increases strongly with [MSA] and moderately with [DMA] until a saturation effect is reached,
while exhibiting a negative dependence on [IA]. Temperature rise significantly suppresses the role of this ternary pathway,
especially around 278 — 288 K. Therefore, this synergistic nucleation involving sulfur (MSA), iodine (IA), and nitrogen (DMA)
precursors is most prevalent in cold environments that are rich in sulfur and nitrogen but scarce in iodine, such as polar marine
regions. This is consistent with previous studies indicating that the MSA formation is highly temperature-dependent and is
enhanced in polar areas (Chen et al., 2023; Scholz et al., 2023), while IA concentrations tend to decrease at high latitudes with
lower temperatures, as reflected in the observed decline of iodine monoxide (a key IA precursor) with increasing latitude

(Takashima et al., 2022).

3.6 Comparison with Field Observations

To better evaluate the potential atmospheric implications of the proposed IA-MSA-DMA nucleation mechanism, we
calculated the cluster formation rate under polar conditions, where the impact of IA-MSA-DMA nucleation is expected to be
significant, and further compared the simulations with field observations. As discussed earlier, the [A-MSA-DMA synergistic
nucleation is relatively impactful in the cold coastal regions, where [MSA] is relatively higher and [IA] is lower. Accordingly,
Marambio and Aboa were selected for a comparative analysis due to their shared characteristics: both sites are located in
coastal polar regions, exhibit high [MSA] levels but relatively low [IA], and have low annual mean temperatures (< 273 K)
(Quéléver et al., 2022; Xavier et al., 2024).

As illustrated in Fig. 6(a), the JIA—MSA-DMA) was simulated under the representative atmospheric conditions of 7=
273 K, CS=10"s7!, [IA] = 10* — 10° molec. cm™3, [MSA] = 10° — 107 molec. cm, and [DMA] = 2.0 pptv (Quéléver et al.,
2022; He et al., 2021; Yu and Luo, 2014). The simulated values of J were then compared with field-measured nucleation rates
at the coastal Antarctic station Marambio. The results show that, for both the IA-DMA and I[A-MSA-DMA systems, the J
increases monotonically with [IA]. Notably, the incorporation of MSA markedly enhances the formation rates (orange-shaded
region), bringing them into closer alignment with the observed nucleation rate range (0.12 — 24 cm ™ s7!, black dashed lines)
(Quéléver et al., 2022). Even at the lower bound of [MSA] (10 molec. cm ™3, lower orange solid line), the simulated formation
rates still match or exceed the minimum observed value (0.12 cm™ 57!, lower black dashed line). Moreover, at lower IA levels,
the effect of MSA is pronounced, and ternary nucleation driven by synergistic effects can effectively capture the observed
nucleation rates. Conversely, under high [IA], the contribution of the IA-DMA pathway becomes increasingly prominent and
can account for a portion of the nucleation rate. Overall, the MSA-enhanced ternary nucleation appears capable of reproducing
the nucleation rates observed at Marambio across the measured range of [IA], particularly under high-rate conditions. Even at
the highest IA levels, this reproduction cannot be fully captured by the IA-DMA binary mechanism alone.

A further comparison was conducted under conditions representative of the Aboa station, at 7= 268 K, CS = 107* 57!,
[IA] =103 — 10% molec. cm 3, [MSA] = 10° — 107 molec. cm 3, and [DMA] = 0.055 pptv (Xavier et al., 2024; He et al., 2021;
Yu and Luo, 2014), with the corresponding results shown in Fig. 6(b). The simulated J values of the IA-MSA-DMA system
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partially overlap with the field observation rates (0.07 — 0.13 cm™ s, black dashed lines) (Xavier et al., 2024), whereas the
simulated J(IA-DMA) values deviate considerably from the observations. These results underscore the potential importance
of the synergistic nucleation of sulfur-, iodine-, and nitrogen-containing compounds in cold polar marine environments,
particularly during periods of elevated sulfur compound concentrations associated with NPF events.

It should be noted that the nucleation rates presented here, particularly at the upper end of the studied concentration ranges,
represent the theoretical results under ideal conditions of concurrently high precursor levels. In the marine atmosphere,
temporal and spatial variations in the concentrations of IA, MSA, and DMA will modulate the rates. Nevertheless, our proposed
synergistic mechanism of the ternary IA-MSA-DMA nucleation provides a critical mechanistic understanding for periods and

regions where these precursors co-exist at significant levels.
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Figure 6. Comparison with the simulated cluster formation rate (J, cm™ s') and field observations under the ambient conditions: (a)
Marambio (7=273 K, CS=10"*s"!, [IA] = 10* - 10° molec. cm3, [MSA] = 10° — 107 molec. cm3, and [DMA] = 2.0 pptv) and (b) Aboa
(T=268K,CS=10"*s"!, [TA] =10 - 10° molec. cm 3, [MSA] = 10° — 107 molec. cm3, and [DMA] = 0.055 pptv). The orange area, blue
line, and black line represent J(IA-MSA-DMA), JAA-DMA), and J(field observation), respectively. The shaded area corresponds to the
nucleation rates simulated at [MSA] = 10°— 107 molec. cm™. The dashed field-observation ranges for J at Marambio (0.1 — 24 ¢cm™ s7') and

Aboa (0.07 —0.13 cm™ s7!) are based on the reported J1.5 values from Quéléver et al. (2022) and Jokinen et al. (2018), respectively.

4 Conclusion

Marine aerosol significantly influences the Earth’s radiative balance and climate system, yet the fundamental nucleation
mechanism in aerosol formation is highly unclear. Despite the recognition of sulfur-, iodine-, and nitrogen-containing
chemicals as vital nucleating precursors, whether they can interact and synergistically contribute to nucleation remains
unknown.

To address this gap, we systematically investigated the ternary nucleation system involving methanesulfonic acid (MSA,

sulfur-containing), iodic acid (IA, iodine-containing), and dimethylamine (DMA, nitrogen-containing) via high-level quantum

14



355

360

365

370

375

chemical calculations and atmospheric cluster dynamics simulations. The main findings of this study are as follows: (1) the
stable prenucleation cluster composed of IA, MSA, and DMA is mainly stabilized by intermolecular hydrogen bonds (74%),
together with contributions from halogen bonding (XB) and electrostatic attractions between ion pairs produced via acid-base
reactions (i.e., CH3SO3; —DMAH" and IO0; —DMAH"). (2) The nucleation dynamics of the IA-MSA-DMA system exhibits a
pronounced synergistic effect, leading to an enhancement in nucleation rates by 4—8 orders of magnitude compared with the
included binary IA-DMA or MSA-DMA systems; under sulfur-rich conditions, the resulting rate even surpasses that of the
efficient [A—iodous acid (HIO,) nucleation mechanism. (3) Mechanistic analysis indicates that the IA-MSA-DMA ternary
nucleation is most evident under cold, sulfur- and nitrogen-rich conditions, and the simulated rates under polar-site conditions
(Marambio and Aboa) align well with field observations, advancing our understanding of NPF events.

These results advance our understanding of marine nucleation by highlighting the synergistic role of sulfur, iodine, and
nitrogen precursors—an effect that was previously ignored in binary nucleation frameworks. Incorporating the IA-MSA—
DMA mechanism into atmospheric models can refine parameterizations of marine aerosol formation, reducing uncertainties

in climate forcing predictions.
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