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Abstract. New particle formation (NPF) significantly influences aerosol burden and cloud condensation nuclei in the 

atmosphere, but whether amine ozonation products retain nucleation activity remains unclear. This study combines quantum 15 

chemical calculations and cluster dynamics simulations to investigate how OH‑amine and CHO‑amine promote sulfate 

formation and subsequent cluster growth. Both type amines are found to dominantly reduce SO₂ hydrolysis barrier in the 

presence of water clusters, and rate-limiting step is changes to ozonation step. Further analysis of growth pathways reveals 

NH₂OH and CH₂NOH exhibit flexible multi‑core routes that accelerate progression toward critical sizes, whereas CH₃NHOH 

and CHO‑amines are largely confined to single‑ or double‑core pathways. Simulations of cluster formation rates show several 20 

ozonation products achieve rates comparable to their parent amines, indicating amine‑driven NPF can persist after ozonation 

rather than terminating with the consumption of the parent species. Humidity strongly activates all systems, while temperature 

effects diverge sharply. OH‑amine formation rates drop by 3 – 14 orders of magnitude from 280 to 320 K, whereas 

CHO‑amines decrease by only about one order over the same range. Together, these results demonstrate that OH‑ and 

CHO‑amines effectively accelerate sulfate‑based NPF through favorable kinetics in humid environments. 25 
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1 Introduction 

New particle formation (NPF) is a major source of atmospheric particulate matter, exerting significant impacts on air quality, 

climate regulation, and human health. Sulfates, as one of the most abundant components of particulate matters (Brean et al., 30 

2023; Li and Bourg, 2023), play a critical role in NPF (Brean et al., 2024; Deng et al., 2020). Amines have long been recognized 

as key contributors to sulfate formation, primarily through acid‑base neutralization with sulfuric acid, in which amines 

themselves are converted into amine salts (Almeida et al., 2013; Yao et al., 2018). Recently, an additional pathway through 

which amines promote sulfate formation has been identified (Wang et al., 2020). Mechanistically, amines lower the energy 

barrier of the hydrolysis step of SO2 from >30 kcal/mol to below the atmospheric feasibility threshold (~21 kcal/mol) (Wine 35 

et al., 1984; Lv et al., 2018; Liu et al., 2015), initiating the followed ozonation step (Wang et al., 2020). This pathway is 

especially favored during haze episodes, where humidity is high and ozone levels are elevated (Cai et al., 2024; Fang et al., 

2019). By contrast, the conventional •OH-initiated SO2 oxidation is thus suppressed (Brean et al., 2023; Brean et al., 2024) 

because •OH radical concentrations are low in dark condition during haze episodes. 

However, the promotion effect of amines on sulfate formation is inherently limited because amines themselves are rapidly 40 

consumed by ozone. Upon ozonation, amines are converted into derivatives containing hydroxyl (-OH) or carbonyl (-CHO) 

groups, such as hydroxylamines, oximes, and amides (Ge et al., 2016; Zhang et al., 2025; Shen et al., 2021). For example, 

methylamine and dimethylamine, the most abundant atmospheric amines, ozonation yields products including NH2OH, 

CH2NOH, NH2CHO, CH3NHOH, and CH3NHCHO (Ge et al., 2016; Zhang et al., 2025). These OH-/CHO-amines retain the 

amino group, and it is plausible that they possess chemical reactivity like their parent amines. Nevertheless, whether OH-45 

/CHO-amines can sustain the promoting effect on sulfate formation remains entirely unknown. 

To address this gap, we combine quantum chemical calculations and cluster dynamics simulations to investigate the five-

representative amine ozonation products mentioned above, namely NH2OH, CH2NOH, NH2CHO, CH3NHOH, and 

CH3NHCHO. We quantify their promotion effect on sulfate formation and evaluate their nucleation capability under broad 

temperature and humidity (RH = 20% – 100%, T = 280 – 320 K). Our results demonstrate that these amine ozonation products 50 

not only sustain but, in some cases, even enhance sulfate formation under typical winter haze conditions (RH >60%, T = 280 

– 300 K). Our findings offer a scientific basis for improving atmospheric model predictions of sulfate formation in dark 

conditions during haze, which is required for evaluating the relevant impacts on air quality, climate regulation and human 

health. 

2 Models and methods 55 

2.1 Potential energy surface calculations 

Quantum chemical calculations based on density functional theory (DFT) using Gaussian 09 (Vereecken and Francisco, 2012; 

Frisch et al., 2009; Li et al., 2017) are performed to elucidate the thermodynamic characteristics of SO2 ozonation in the 
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presence of OH-/CHO-amines. All geometries of reactants, intermediates and products are optimized at the M06-2X/6-

311G(d,p) level. To verify the connecting transition states, intrinsic reaction coordinate calculations are conducted. All single-60 

point energies are refined using the higher-level M06-2X/6-311++G(3df,3pd) basis set (Fukui, 1981). Each stationary point 

along PES is confirmed by frequency calculations: all reactants, intermediates, and products exhibit no imaginary frequencies, 

whereas each transition state (TS) has exactly one. On the same PES, we define the energy barrier (ΔE≠) as the single-point 

energy difference between the TS and reactants, and the reaction energy (ΔEr) as the difference between the product (or 

intermediate) and reactants. 65 

2.2 Kinetic rate constants 

The reaction rate constants (k) are determined from the PES results using variational transition state theory (VTST) via the 

KiSThelP software (Canneaux et al., 2014; He and He, 2020). The sulfate formation is treated as a two-step process. The 

overall rate constant corresponds to the rate-limiting step, expressed as krate-limiting = Keqk. Herein, Keq is the equilibrium constant 

for the formation of the reactant complex, expressed as: 70 

Keq=exp(-
∆E

RT
) 

To account for the influence of atmospheric humidity on the promotion effect of target amines, we calculated the apparent 

pseudo-first order reaction rate constant (kp). It is defined as: 

𝑘𝑝 = 𝑘[H2O]𝑛 

Here, k is the reaction rate constant for the five amine types under different temperature and humidity conditions (Tables 75 

S1 – S3), and [H2O]n denotes the concentration of water clusters (n = 1–3) under the corresponding humidity conditions 

(Anglada et al., 2013). 

2.3 Hygroscopic growth pathway 

The hygroscopic growth pathways of sulfate clusters containing OH-/CHO-amines are identified by calculating the energy 

reduction upon water addition. First, a global structural optimization of the sulfate clusters is performed using the artificial bee 80 

colony (ABC) algorithm (Zhang and Dolg, 2015; Bai et al., 2025). The ABCluster program is employed to automatically 

generate and pre-optimize 500 initial configurations with semi-empirical methods (Doye and Wales, 1998; Kirkpatrick et al., 

1983; Stewart, 2007). From this set, the lowest-energy configuration is selected as the candidate structure and re-optimized at 

the M06-2X/6-311G(d,p) level. Its single-point energy is calculated using the higher-level M06-2X/6-311++G(3df,3pd) basis 

set. This procedure yields the globally energy-minimized configuration for a cluster at a specific water content. The pathway 85 

showing the steepest energy decrease is identified as the most favorable growth route. 

As atmospheric humidity critically influences sulfate clusters (Loukonen et al., 2010; Ge et al., 2020), Their hydration 

distribution under different relative humidity (RH) conditions is analyzed to determine stable states. The relative abundance, 

xₙ, of a hydrate containing n water molecules is given by (Henschel et al., 2016): 
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𝑥𝑛 = (
𝑝(H2O)

𝑝0
)

𝑛

𝑥0𝑒
−△𝐸(𝑛)/𝑅𝑇 90 

where p(H2O) is the partial pressure of water vapor, p⁰ is the reference pressure (1 atm), n is the number of water molecules, 

ΔE is the energy change during cluster formation, R is the universal gas constant, T is the temperature, and x0 is the fraction of 

the dry cluster under the normalization condition ∑ 𝑥𝑛 = 14
0 . 

2.4 ACDC simulation 

The Atmospheric Cluster Dynamics Code (ACDC) (Mcgrath et al., 2012; Liu et al., 2022) is used to simulate the collision-95 

evaporation balance, formation rates, and growth pathways of the sulfate clusters. The simulated system comprises clusters of 

the form (OH-/CHO-amine)m(H2O)n, with m ranging from 0 to 3 and n from 0 to 4. In these simulations, the concentration of 

OH-/CHO-amine is fixed at 1 ppt, while the water concentration ([H2O]) is varied from 1015 to 1017 molecules cm-3 to assess 

its influence on nucleation. The primary simulations are run at 300 K, with additional sets at 280 K and 320 K to evaluate 

temperature effects. ACDC calculates the steady-state cluster formation rate and identifies dominant growth pathways by 100 

birth-death equation: 

𝑑𝐶𝑖
𝑑𝑡

=
1

2
∑𝛽𝑗,(𝑖+𝑗)𝐶𝑗𝐶𝑖−𝑗
𝑗<𝑖

+∑𝛾(𝑖+𝑗)→𝑖𝐶(𝑖+𝑗)
𝑗

−∑𝛽𝑖,𝑗𝐶𝑖𝐶𝑗
𝑗

−
1

2
∑𝛾𝑖→𝑗𝐶𝑖
𝑗<𝑖

+ 𝑄𝑖 − 𝑆𝑖 

where i denotes a cluster whose concentration is given by this equation, j is another cluster in the system, Ci is the number 

density of cluster i, βi,j is the collision coefficient between clusters i and j, and γi→j is the evaporation coefficient for the 

fragmentation of a cluster i into two smaller clusters (one of which is j). The ratio of the cluster collision coefficient βi to the 105 

evaporation rate γ₍i₊j₎→i is denoted by R, which is expressed as βcluster Cwater /∑γ. Qi represents the external source term for i, and 

Si includes other possible sink mechanisms for cluster i. 

3 Results and discussion 

3.1 Reaction kinetics of sulfate formation catalyzed by OH-/CHO-amine 

Previous reports have established that sulfate formation proceeds via SO₂ hydrolysis and ozonation in sequence, with SO₂ 110 

hydrolysis identified as the rate-limiting step (Wang et al., 2020). Consistent with this framework, our PES results show that 

both OH- and CHO-substituted amines effectively promote sulfate formation by lowering the energy barrier for the SO₂ 

hydrolysis step when assisted by water clusters (Fig. S1 – S9 for OH-amines and Fig. S10 – S18 for CHO-amines). Taking the 

single-water system as an example, CH₃NHOH, NH₂OH, and CH₂NOH lower the hydrolysis barrier from the uncatalyzed 

value of 33.11 kcal/mol to 2.57, 5.36, and 19.42 kcal/mol, respectively (Fig. 1a), thereby rendering this step kinetically 115 

accessible. Interestingly, however, while OH-amines are highly effective in catalyzing hydrolysis, they do not similarly reduce 

the barrier for the subsequent ozonation step (Fig. 1b). As a result, the presence of OH-amines shifts the rate-limiting step from 

the high-barrier hydrolysis (33.11 kcal/mol) to the ozonation stage, which now features a considerably lower barrier of 17.20 
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– 24.25 kcal/mol. Beyond the single-water case, this promotional efficiency is further amplified by larger water clusters. For 

instance, the barrier of the SO₂ hydrolysis step decreases from positive values (as seen with a single H₂O) to negative values 120 

when (H₂O)₃ clusters participate in the reaction (Fig. 1c), indicating that the hydrolysis can become nearly barrierless under 

such conditions. As a net result, the overall effective barrier for the coupled hydrolysis–ozonation process drops to 17.27 – 

17.86 kcal/mol (Fig. 1d and 1e), since the preceding hydrolysis is no longer rate-limiting. Given that atmospheric 

concentrations of (H₂O)₂ and (H₂O)₃ clusters increase with relative humidity (Anglada et al., 2013; Xiong et al., 2025), the 

OH-amine-mediated SO₂ hydrolysis pathway becomes particularly efficient under humid conditions, thus strongly favoring 125 

sulfate formation. 

 

Figure 1 PESs and energy barriers for sulfate formation mediated by OH-amines. PES for (a) the SO2 hydrolysis reaction and (b) the 

subsequent ozonation reaction in the presence of an OH-amine alone. Variation of the energy barrier (ΔE≠) in (c) hydrolysis (step C1→P1), 

and (d-e) ozonation (step P2→P3 and P3→P4) with (H2O) n. aValue from Liu, et al. J. Phys. Chem. A 2015. 130 

In comparison with OH-amines, CHO-substituted amines also exhibit a catalytic effect on sulfate formation, but their 

promotion effect is considerably more limited. For example, in the single-water system, NH₂CHO and CH₃NHCHO reduce 

the hydrolysis barrier from 33.11 kcal/mol to 29.09 and 22.30 kcal/mol, respectively, the values that are noticeably higher than 

those of OH-amines (which range from 2.57 to 19.42 kcal/mol, Fig. 2a). These reduced barriers remain above the commonly 

accepted threshold of ~21 kcal/mol for kinetically efficient gas-phase processes under ambient conditions, indicating that the 135 

hydrolysis step is still too slow to proceed effectively in the atmosphere. Furthermore, unlike the case of OH-amines (where 

the rate-limiting step shifts to ozonation with barriers of 17 – 24 kcal/mol), CHO-amines do not lower the ozonation barrier at 

all under single-water conditions (Fig. 2b). The ozonation step therefore remains highly unfavorable, and the overall reaction 

is still hindered by both high barriers. However, when larger water clusters, particularly (H₂O)₃, participate in the reaction, the 

situation changes dramatically. The hydrolysis barrier drops markedly to 11.51 and 9.51 kcal/mol for NH₂CHO and 140 

CH₃NHCHO, respectively (Fig. 2c). Concurrently, the overall barrier of the rate-determining step is defined by the ozonation 
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or the combined process, and falls to 16.6 and 9.9 kcal/mol (Fig. 2d and 2e) that are well below the kinetic threshold. 

Consequently, with the assistance of (H₂O)₃, the CHO-amine-mediated pathway becomes kinetically feasible under 

atmospheric conditions, despite its inferiority to the OH-amine routes. This finding reveals that high-humidity environments, 

in which (H₂O)₃ clusters are sufficiently abundant, are an essential prerequisite for initiating sulfate formation through 145 

CHO-amine pathway, because only under such conditions the hydrolysis barrier be lowered enough to allow the subsequent 

steps to proceed at appreciable rates. 

 

Figure 2 PESs and energy barriers for sulfate formation mediated by CHO-amines. PES for (a) the SO2 hydrolysis reaction and (b) the 

subsequent ozonation reaction in the presence of an OH-amine alone. Variation of the energy barrier (ΔE≠) in (c) hydrolysis (step C1→P1), 150 
and (d-e) ozonation (step P2→P3 and P3→P4) with (H2O) n. aValue from Liu, et al. J. Phys. Chem. A 2015. 

Beyond the above PES analysis, the kinetic behavior of the SO₂ hydrolysis step directly determines its competitiveness 

against other SO₂ transformation pathways in the atmosphere. To quantitatively assess this competition, the effects of 

temperature (T) and relative humidity (RH) on the apparent pseudo-first-order rate constant (kₚ) were evaluated for the 

hydrolysis step in both amine systems. Specifically, kₚ was computed from the intrinsic hydrolysis rate constants (Tables S1 – 155 

S3) combined with the equilibrium concentrations of water monomers, dimers, and trimers ([H₂O], [(H₂O)₂], [(H₂O)₃]) at each 

specified RH and T, because the hydrolysis proceeds through parallel channels involving different water clusters. The 

computed kₚ values, increase markedly with both rising T and RH for each amine specie (Fig. 3), revealing a positive 

synergistic effect. This synergy arises because higher T accelerates the intrinsic reaction rates, while higher RH also increases 

the populations of larger water clusters (especially dimers and trimers), which are more effective in lowering the hydrolysis 160 

barrier as already demonstrated in Fig. 1 and 2. Taking the OH-amine system as an example (Fig. 3a), for NH₂OH, raising T 

from 280 K to 320 K at a fixed RH of 60% increases kₚ from 3.64 × 10²⁴ to 9.62 × 10²⁵ s⁻¹, with a nearly 26-fold enhancement. 

Similarly, at a constant T of 300 K, an increase in RH from 20% to 100% elevates kₚ from 7.09 × 10²⁴ to 3.61 × 10²⁵ s⁻¹. That 

means CH₃NHOH exhibits a comparable trend, with kₚ values (1024 – 1026 s⁻¹) remaining consistently high across a wide range 
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of conditions, indicating that OH-amine-mediated hydrolysis is kinetically robust even under moderate temperature and 165 

humidity. 

In contrast, the CHO-amine pathway is less efficient, with kₚ values typically 3 – 6 orders of magnitude lower than those 

of OH-amines under equivalent conditions (Fig. 3b). Nevertheless, this pathway exhibits a striking sensitivity to humidity, 

which is crucial for its activation. For instance, for CH₃NHCHO, increasing T from 280 to 320 K at RH = 60% raises kₚ from 

2.50 × 10¹⁶ to 1.21 × 10¹⁹ s⁻¹, a gain of nearly three orders of magnitude. Even more notably, at 300 K, elevating RH from 20% 170 

to 100% boosts kₚ by more than two orders of magnitude, reaching 3.31 × 10¹⁸ s⁻¹. This dramatic RH-dependence explains that 

the CHO-amine pathway relies almost entirely on the participation of (H₂O)₃ clusters to overcome the hydrolysis barrier (Fig. 

2c). Consequently, the CHO-amine route is only viable under high-humidity conditions (e.g., RH > 80%), where the abundance 

of larger water clusters is sufficient to drive the reaction. Under such circumstances, it can serve as a supplemental, albeit 

secondary, source of sulfate, contributing to NPF in moist atmospheric environments. 175 

 

Figure 3 Effects of atmospheric temperature and humidity on kₚ for the SO2 hydrolysis reaction in (a) OH-amine and (b) CHO-amine systems. 

In summary, regardless of whether they are OH- or CHO-substituted, their kₚ values (ranging from 10²⁴ to 10²⁶ s⁻¹ for 

OH-amines and from 10¹⁶ to 10¹⁹ s⁻¹ for CHO-amines) indicate that the hydrolysis pathway has the kinetic capacity to compete 

with the •OH-initiated oxidation route, which has a reported kₚ of 1.3 × 10⁶ s⁻¹, under ambient conditions (Long et al., 2017). 180 

This comparison suggests that even the less efficient CHO-amine pathway can compete with the conventional oxidation 

channel in terms of reaction rate under favorable humidity conditions. More importantly, the catalytic efficiency of these amine 

derivatives with that of their parent amine, dimethylamine (DMA), were further compared. A previous study reported a rate 

constant of 4.53 × 10⁻⁹ molecules⁻¹ cm³ s⁻¹ for the DMA–(H₂O)₂-mediated SO₂ hydrolysis at 300 K and RH = 100% (Wang et 

al., 2020). Under identical conditions (300 K, RH = 100%), the corresponding rate constants for the ozonation products of 185 

DMA, namely CH₃NHOH and CH₃NHCHO, reach 2.34 × 10¹¹ and 2.04 molecules⁻¹ cm³ s⁻¹, respectively (Fig. S19–S20), that 

are approximately 20 and 9 orders of magnitude higher than that of the parent DMA. This dramatic enhancement indicates that 

the oxidation products of DMA retain, and in fact vastly exceed, the parent amine's ability to catalyze sulfate formation. 
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3.2 Hygroscopic growth of clusters containing OH-/CHO-amine–sulfate complexes 

To further evaluate the nucleation potential of the amines investigated above, we simulated the hygroscopic growth of clusters 190 

containing an OH-/CHO-amine–sulfate complex as the core, tracking their structural evolution, diameter, and binding energy 

as a function of added Core or H₂O units (Table 1). For clusters containing NH₂OH or CH₂NOH, the critical diameter of ~1.1 

nm is reached upon forming the (Core)₃·(H₂O)₄ structure. As more Core or H₂O units are added, the binding energy decreases 

markedly; this progressive decline in binding energy indicates that the growth process is thermodynamically spontaneous. 

Taking the NH₂OH system as an example, the binding energy at the critical size ((Core)₃·(H₂O)₄) reaches -106.48 kcal/mol, 195 

relative to a reference state of a single Core. In the CH₃NHOH-containing system, a similar critical diameter (~1.04 nm) is 

attained at the (Core)₂·(H₂O)₄ configuration with one fewer Core unit than required in the NH₂OH system. This reduced core 

requirement can be attributed to the larger molecular size of CH₃NHOH compared to NH₂OH, which enables the cluster to 

reach the critical dimension more efficiently with fewer core species. For the CHO-amine systems (NH₂CHO and 

CH₃NHCHO), the critical diameter (1.02 – 1.11 nm) is also achieved in the (Core)₂·(H₂O)₄ configuration. Their corresponding 200 

binding energies at this critical size are -76.15 and -74.23 kcal/mol, respectively, that are substantially more negative than 

those of their respective single-core, indicating that the multi-core clusters are more thermodynamically stable. Collectively, 

these results demonstrate that both OH- and CHO-substituted amines can serve as stable nucleation, guiding sulfate-containing 

clusters to the critical size through sequential uptake of water molecules or additional core species. This thermodynamic 

favourability, combined with the kinetic competitiveness established in the preceding sections, underscores the potential 205 

importance of these amine derivatives in atmospheric NPF. 

Table 1 Variations in diameter (D) and binding energy (ΔE) for the five sulfate–amine clusters across the simulated size range. 

 

NH2OH CH3NHOH CH2NOH NH2CHO CH3NHCHO 

D 

(Å) 

ΔE 

(kcal/mol) 

D 

(Å) 

ΔE 

(kcal/mol) 

D 

(Å) 

ΔE 

(kcal/mol) 

D 

(Å) 

ΔE 

(kcal/mol) 

D 

(Å) 

ΔE 

(kcal/mol) 

Core 5.68 0.00 6.28 0.00 6.87 0.00 6.00 0.00 6.85 0.00 

Core·H2O 6.13 -12.56 7.11 -12.55 7.27 -11.34 6.31 -13.95 6.81 -14.91 

Core·(H2O)2 6.31 -25.04 7.44 -22.75 7.53 -13.86 6.88 -27.12 7.32 -26.01 

Core·(H2O)3 6.92 -34.81 7.78 -29.62 8.00 -29.57 7.20 -38.44 7.73 -33.66 

Core·(H2O)4 7.62 -42.73 8.22 -40.01 8.15 -33.76 7.62 -43.44 8.28 -45.06 

(Core)2 8.19 -42.03 8.24 -35.31 7.90 -15.73 8.28 -33.80 8.74 -43.87 

(Core)2·H2O 8.48 -48.97 8.67 -39.80 8.14 -23.99 8.65 -45.07 8.96 -51.32 

(Core)2·(H2O)2 8.57 -63.14 9.35 -54.39 8.31 -36.51 8.89 -59.65 9.75 -59.51 

(Core)2·(H2O)3 8.74 -68.63 9.94 -59.08 8.52 -45.85 9.41 -69.01 10.09 -66.88 

(Core)2·(H2O)4 8.94 -76.17 10.39 -71.28 8.73 -56.32 10.20 -76.15 11.09 -74.23 

(Core)3 9.57 -65.51   9.40 -37.30     

(Core)3·(H2O)1 9.84 -72.47   9.70 -49.09     

(Core)3·(H2O)2 10.40 -89.88   10.47 -57.50     

(Core)3·(H2O)3 10.74 -96.89   10.96 -79.01     

(Core)3·(H2O)4 11.01 -106.48   11.27 -84.29     

https://doi.org/10.5194/egusphere-2026-4704
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

 

Figure 4 Collision-to-evaporation coefficient (R) along the growth pathways of sulfate clusters containing OH-/CHO-amines at 300 K and 

[H2O] = 1017 molecules cm-3. (a–c) OH-amine systems: NH2OH, CH3NHOH, and CH2NOH. (d–e) CHO-amine systems: NH2CHO and 210 
CH3NHCHO. 

To systematically identify the dominant growth pathways under atmospheric conditions, we first calculate the collision 

coefficient (R) between a cluster (Core)m·(H2O)n and a single Core or H2O molecule at 300 K and [H2O] ≈ 10¹⁷ molecules 

cm⁻³. We adopt R > 10² as a criterion for feasible growth steps, because such a high collision frequency ensures that the 

addition event occurs rapidly enough to compete with other loss processes (e.g., evaporation or coagulation) under typical 215 

tropospheric conditions. The resulting pathway networks (Fig. 4) then reveal significant differences among amine derivatives. 

For the OH-amines (NH₂OH and CH₂NOH), they exhibit flexible single-, double-, and triple-core cooperative pathways (Fig. 

4a and c) through multiple parallel routes. In stark contrast, CH₃NHOH, although also an OH-amine, follows exclusively a 

single-core addition route (Fig. 4b), revealing that even within the same functional class, the methyl substitution severely 

restricts the accessible pathways. For the CHO-amines (NH₂CHO, CH₃NHCHO), the networks are largely confined to 220 

single- and double-core routes (Fig. 4d and e) with no evidence of triple-core cooperation. This restriction implies that their 

growth is less adaptable to varying environmental conditions or cluster compositions. Overall, the broader growth flexibility 

observed for the OH-amines (except CH₃NHOH) underscores their potentially greater importance in facilitating the later stages 

of atmospheric particle formation. Specifically, the availability of multi-core pathways enables clusters to increase in size and 

mass more efficiently through simultaneous addition of multiple core species, which may accelerate the transition from clusters 225 

to critical sizes, which is a key step in NPF. In contrast, the limited route diversity of CHO-amines likely hinders their ability 

to sustain rapid growth, making them less influential in NPF. 
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3.3 Humidity-driven formation rates of critical clusters 

Building on the growth pathway networks identified above, we employed the Atmospheric Cluster Dynamics Code (ACDC) 

model to simulate how temperature and humidity control the formation rate (J) of critical clusters containing OH-/CHO-amines. 230 

Since humidity has been established as the dominant factor promoting sulfate formation in the preceding sections, we first 

investigated its role in the subsequent critical cluster formation. 

At 300 K, the formation rate J for all amine systems increases strongly with atmospheric water concentration ([H₂O]) 

(Fig. 5), consistent with the humidity-enhanced hydrolysis kinetics demonstrated earlier. Specifically, when [H₂O] increases 

from 10¹⁵ to 10¹⁷ molecules cm⁻³, J rises by 3 – 6 orders of magnitude for critical clusters containing OH-amines (NH₂OH, 235 

CH₃NHOH, CH₂NOH) (Fig. 5a), and by approximately 3 orders of magnitude for those containing CHO-amines (NH₂CHO, 

CH₃NHCHO) (Fig. 5b). This pronounced humidity dependence reflects the combined effect of increased water cluster 

concentrations, which facilitate both hydrolysis and subsequent cluster growth, and the enhanced collision frequencies under 

humid conditions. 

A key finding emerging from these simulations is the functional equivalence between certain amine oxidation products 240 

and their parent amines. For instance, over the same humidity range, the J values for clusters containing CH₂NOH and 

NH₂CHO (10¹¹–10¹⁴ cm⁻³ s⁻¹) (Fig. 5a) are of the same order of magnitude as those for clusters containing the parent 

methylamine (CH₃NH₂) (Fig. 5c), despite their distinct functional groups and reaction pathways. Similarly, under high 

humidity ([H₂O] = 10¹⁷ molecules cm⁻³), the J value for CH₃NHCHO reaches 5.00 × 10¹³ cm⁻³ s⁻¹ (Fig. 5a), which is comparable 

to that of the parent DMA system (~10¹³ cm⁻³ s⁻¹) (Fig. 5c). This functional equivalence demonstrates that OH- and 245 

CHO- amines can sustain cluster formation capacities comparable to their parent amines. Consequently, even as atmospheric 

amines undergo oxidative aging, their degradation products retain the ability to drive continuous NPF under humid conditions, 

thereby extending the effective lifetime of amine-mediated nucleation in the atmosphere. 

In contrast to the positive effect of humidity, elevated temperature exerts a suppressive effect on cluster formation. At a 

fixed water concentration of [H₂O] = 10¹⁷ molecules cm⁻³, J decreases in all systems as temperature rises from 280 K to 320 250 

K (Fig. 5d – f), but the magnitude of this suppression varies markedly between amine types. We first consider the CHO-amine 

systems (NH₂CHO and CH₃NHCHO). Over the 280 – 320 K range, their J values decrease by approximately 1 order of 

magnitude (Fig. 5e), and they remain within the same order of magnitude as those of their parent amine systems across the 

entire temperature range (Fig. 5f). This relatively modest thermal sensitivity indicates that CHO-amine-mediated nucleation 

can persist under both warm and cold atmospheric conditions. A possible explanation is that, although CHO-amine clusters 255 

possess weaker binding energies and are therefore easier to thermal dissociation, their nucleation pathways apparently 

compensate through alternative routes, keeping J from dropping sharply. We now turn to the saturated OH-amine systems 

(NH₂OH and CH₃NHOH). These exhibit extreme thermal sensitivity (Fig. 5d): their J values decrease by 1 – 5 orders of 

magnitude over the same temperature range, and at elevated temperatures they fall 3 – 14 orders of magnitude below those of 

their corresponding parent amine systems (Fig. 5f). This pronounced drop likely arises from the stronger hydrogen-bonding 260 
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networks formed by OH-amines. While these networks are thermodynamically favorable at low temperatures, they become 

rapidly destabilized by thermal agitation as temperature rises, leading to a steep decline in formation rates. 

 

Figure 5 Formation rates (J) of critical clusters from ACDC simulations. (a)–(c) J as a function of [H2O] at 300 K; (d)–(f) J as a function of 

temperature at [H2O] = 1017 molecules cm-3. (a,d) OH-amine systems; (b,e) CHO-amine systems; (c,f) Parent amine systems. 265 

3.4 Atmospheric implications 

Several implications for atmospheric new particle formation emerge from the combined kinetic, thermodynamic, and 

nucleation simulations presented above. With respect to the initial sulfate formation step, the hydrolysis rate constants (kₚ) 

range from 10¹⁶ to 10²⁶ s⁻¹ for OH-amines and from 10¹⁶ to 10¹⁹ s⁻¹ for CHO-amines. These values far exceed the •OH-oxidation 

sink of 1.3 × 10⁶ s⁻¹. This confirms that the sulfate formation pathway can effectively compete with the conventional 270 

•OH-oxidation route. Growth pathway analysis further reveals that NH₂OH and CH₂NOH possess flexible multi-core routes 

that accelerate cluster growth toward critical sizes. In contrast, CH₃NHOH and CHO-amines are largely confined to single- or 

double-core pathways. Beyond the sulfate formation and growth pathway levels, simulations of cluster formation rates (J) 

reveal functional equivalence between certain ozonation products and their parent amines. CH₂NOH and NH₂CHO achieve J 

values of 10¹¹ – 10¹⁴ cm⁻³ s⁻¹, comparable to that of methylamine. CH₃NHCHO reaches 5.00 × 10¹³ cm⁻³ s⁻¹ under high humidity, 275 

close to the dimethylamine system at ~10¹³ cm⁻³ s⁻¹. This implies that ozonation does not terminate amine-driven nucleation. 

Rather, the products sustain particle formation downwind of emission sources, effectively extending the spatial footprint of 

amine emissions on aerosol populations. 

The strong humidity dependence also indicates that this mechanism operates most effectively in moist environments, such 

as marine boundary layers, tropical regions, and cloud or fog processing conditions. In these settings, abundant water clusters 280 

promote both the initial sulfate formation and subsequent cluster growth toward critical sizes. For CHO-amines especially, 
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their formation rates reach 10¹³ – 10¹⁴ cm⁻³ s⁻¹ only above RH ≈ 80%, confirming that high humidity is an essential prerequisite 

for their nucleation activity. Temperature further defines the relevance of individual species. Saturated OH-amines exhibit 

extreme thermal sensitivity. Their formation rates drop by 3 – 14 orders of magnitude from 280 to 320 K, confining their 

contribution primarily to cold climates or seasons. CHO-amines, by contrast, decrease by only about one order of magnitude 285 

over the same temperature range. They remain comparable to their parent amines across a broad thermal range, making them 

more competitive under warm conditions. Humidity and temperature together shape distinct environmental preferences for 

different ozonation products. OH-amine-mediated pathways may be feasible in polar regions and wintertime, while 

CHO-amine-mediated ones become more relevant in the tropics and summer months. 

The above distinct cluster growth behaviors among amine derivatives preclude simplified lumped parameterization in 290 

aerosol models. For example, CH3NHOH lacks the multi-core flexibility of NH2OH and CH2NOH and follows exclusively a 

single-core addition route. Apart from differences in cluster growth pathways, species-specific humidity and temperature 

sensitivities will create substantial biases in simulated NPF rates. To mitigate these biases, future aerosol modeling efforts 

should implement species-specific parameterization for amine ozonation byproducts rather than uniform lumped parameters, 

to capture their divergent cluster growth and meteorological responses. Continuous field measurements of ambient OH- and 295 

CHO-amines are also needed to better constrain model simulations of regional NPF and relevant impacts. 

4 Conclusions 

In this work, we combine quantum chemical calculations and cluster dynamics simulations to quantitatively evaluate the 

nucleation activity of five amine ozonation products. Our results show that OH-amines lower the SO₂ hydrolysis barrier to 

2.57 – 19.42 kcal/mol, shifting the rate-limiting step to ozonation (17.20 – 24.25 kcal/mol), while CHO-amines require (H₂O)₃ 300 

clusters to bring the hydrolysis barrier down to 9.51 – 11.51 kcal/mol, making the overall process kinetically accessible. The 

apparent pseudo-first-order rate constants for hydrolysis range from 10²⁴ to 10²⁶ s⁻¹ for OH-amines and 10¹⁶ to 10¹⁹ s⁻¹ for 

CHO-amines, exceeding the •OH oxidation sink (1.3 × 10⁶ s⁻¹) by orders of magnitude, which underscores the dominance of 

this non-radical pathway under haze conditions. In terms of cluster growth, NH₂OH and CH₂NOH allow multi-core cooperative 

routes, whereas CH₃NHOH and both CHO-amines are restricted to fewer pathways, highlighting structural effects on growth 305 

flexibility. Humidity universally enhances cluster formation, with J increasing by 3–6 orders of magnitude as water 

concentration rises from 10¹⁵ to 10¹⁷ cm⁻³. Temperature sensitivity, however, is strongly species-dependent: for NH₂OH and 

CH₃NHOH, J falls by 3 – 14 orders of magnitude between 280 and 320 K, whereas CHO-amines drop by only about one order 

over the same interval. Notably, the J values of CH₂NOH and NH₂CHO (10¹¹ – 10¹⁴ cm⁻³ s⁻¹) match those of methylamine, 

and CH₃NHCHO reaches 5.00 × 10¹³ cm⁻³ s⁻¹ at high humidity, comparable to dimethylamine (~10¹³ cm⁻³ s⁻¹), confirming that 310 

ozonation products sustain NPF rather than terminating it. These findings, together with the species-specific responses to 

temperature and humidity, call for explicit treatment of amine oxidation products in aerosol models, rather than lumped 

parameterization, and for targeted field observations to constrain their regional NPF impacts. 
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