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Abstract

10  Organosulfates (OSs) constitute an important component of secondary organic aerosols (SOA).
11 Although previous studies have investigated the aerosol nucleation of OSs such as glycolic acid
12 sulfate and methyl hydrogen sulfate, exploring the aerosol nucleation behavior of additional OSs
13 remains essential. Herein, the formation mechanism of nitric sulfuric acid (NSA) from the reaction
14 of sulfur trioxide (SO3) with nitric acid (NA)and its role in sulfuric acid (SA)-ammonia (A) aerosol
15  nucleation was investigated using quantum chemical calculations combined with kinetic simulations.
16 Our results demonstrate that NSA can be formed rapidly and stably in the gas phase with a low
17  barrier of 3.61 kcal-mol™. The SO3 + HNOj reaction remains competitive with major atmospheric
18  SOs loss pathways, including reactions of SO; + HCOOH, SO; + CsHsCOOH and NHs-catalyzed
19  reactions, and even H>O-catalyzed hydrolysis under dry conditions. Kinetic simulations further
20  demonstrate that NSA significantly accelerates SA-A nucleation, with rates reaching ~ 10~ cm™ s°!
21 under heavily polluted urban conditions (e.g., Beijing), corresponding to a five-order-of-magnitude
22 enhancement over binary clusters and a 10'-10''-fold increase relative to nitric acid. These findings
23  underscore the importance of incorporating NSA into atmospheric aerosol models.
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24 1 Introduction

25 Atmospheric aerosols exert profound effects on both public health and the global climate ( Sun
26 et al., 2025; McNeill, 2017; Chu et al., 2019; Lee et al., 2019)). Inhalation of fine particulate matter
27 has been linked to elevated risks of cardiorespiratory diseases (Pdschl, 2005;Brook et al., 2010;
28  Pope et al., 2018;), broader systemic disorders (Zhao et al., 2025), and premature death. Within the
29  climate system, aerosols influence radiative forcing directly by modifying the interaction between
30  atmospheric particles and incoming radiation (Haywood and Boucher, 2000) and indirectly by
31 acting as cloud condensation nuclei (CCN) (Duan et al., 2018; Casans et al., 2025; Silva et al., 2025;
32  Williamson et al., 2019), which influence cloud optical properties and persistence. New particle
33  formation (NPF) (Lee et al., 2019; Kulmala et al., 2013; Zhang et al., 2012) constitutes an important
34  pathway for atmospheric aerosol production, beginning with the formation of molecular clusters
35  from gaseous precursors and progressing toward particles large enough to exert climatic effects.
36  However, the inherent complexity of NPF presents a central challenge, as its core mechanisms resist
37  full elucidation through either field observations (Mékel et al., 1997) or laboratory studies (Chen
38 et al., 2017; Kiirten et al., 2014) alone. Thus, a molecular-level (Zhang et al., 2022; Wang et al.,
39  2017) understanding of the processes governing NPF (Lee et al., 2019; Kulmala et al., 2013) is
40  essential to accurately predict aerosol impacts and to formulate effective haze mitigation policies.
41 Sulfuric acid (SA) is well established as a critical precursor in NPF (Sipil4 et al., 2010). In the
42 lower atmosphere, its nucleation is enhanced by ammonia (A) (Almeida et al., 2013; Yu et al., 2018),
43  the dominant alkaline gas, promotes nucleation by stabilizing acid-base cluster formation.
44 Nevertheless, nucleation rates predicted from the binary SA-A system (Kirkby et al., 2011) are
45  consistently and significantly lower than those observed in the ambient atmosphere. This systematic
46 underestimation implies the involvement of additional stabilizing species in the nucleation clusters.
47  Inrecent years, considerable research has focused on ternary systems incorporating organic amines
48 (Zuo et al., 2021; Xu et al., 2020), other acids (Li et al., 2024a; Li et al., 2024b), and highly oxidized
49  organic compounds (Berndt et al., 2016; Dam et al., 2023), which have successfully explained NPF
50  events in certain environments. Yet, the exceptionally high nucleation rates characteristic of many
51  SA-dominated environments continues to challenge current mechanistic understanding, suggesting
52 that critical aspects of the nucleation process remain unresolved.
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53 Beyond conventional precursors, recent studies have highlighted the importance of novel
54  species generated from the reactions of SO3; with trace species in driving NPF (Yang et al., 2021;
55  Liuetal., 2019). For instance, Liu et al. (Liu et al., 2019) demonstrated that methanol reacts with
56  SO; to form methyl hydrogen sulfate (MHS), which markedly enhances SA-dimethylamine (DMA)
57  nucleation under the dry, polluted, and CH3OH-rich conditions typical of northern China in winter.
58  Similarly, Zhang et al (Zhang et al., 2024) demonstrated that glycolic acid sulfate (GAS),
59  generated through the interaction of glycolic acid with SOs3, vigorously promotes SA-DMA
60  nucleation. This enhancement is particularly low SA concentrations, where the nucleation rate can
61  be amplified up to 800 at 278 K. Another relevant product is nitric sulfuric acid (NSA), formed via
62 the SO3; + HNO; reaction (Long et al., 2022). The molecular structure of NSA, featuring both -OH
63  and -SOs3H functional groups, enables it to act as a versatile bridge, forming multiple hydrogen
64  bonds with nucleation precursors. This distinctive structural characteristic motivates a systematic
65  investigation into the role of NSA in NPF.

66 In this work, we comprehensively examine the nucleation mechanism of the
67  (SA)(A)(NSA): (y <x +z<3) system using a combined approach of density functional theory
68  (DFT) calculations and the atmospheric clusters dynamic code (ACDC). To clarify the distinct
69  roles of inorganic acids and sulfates in enhancing SA-A nucleation, we performed a
70  comparative analysis of the NSA-SA-A and NA-SA-A systems. This study aims to (i) quantify
71 the enhancement of SA-A-driven NPF rates by NSA and (i7) clarify the influence of NSA on

72 the evolution pathways of these clusters.

73 2 Computational details

74 2.1 Electronic structure calculations. The molecular clusters of (SA).(A),(NSA). (y <x
75  +z<3) were examined using quantum chemical calculations coupled with a multi-step global
76  minimum search. Specifically, initial structures were stochastically generated using the
77  ABCluster program (Zhang and Dolg, 2015, 2016) producing n x 1000 (1 < n < 4) candidates
78  for each system. These structures were first pre-optimized at the PM6 semi-empirical level
79 (Stewart, 2013; Partanen et al., 2016). Given the reliable performance of the M06-2X functional
80  for noncovalent interactions and atmospheric cluster systems, the 100 lowest-energy
81  configurations from the n x 1000 (1 <n < 3) were selected for further optimization at the M06-
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82  2X/6-31G(d,p) level (Elm et al., 2012). Subsequently, the 10 most stable structures were refined
83  at the M06-2X/6-311++G(2df,2pd) level (Elm and Mikkelsen, 2014), and the global minimum
84  was identified based on Gibbs free energy. Finally, high-accuracy single-point energy for the
85  gas-phase and aerosol structures were subsequently evaluated using ORCA 4.2.0 (Neese, 2018)
86  atthe CCSD(T)-F12/cc-pVDZ-F12 and DLPNO-CCSD(T)/aug-cc-pVDZ computational levels,
87  respectively.

88 In addition, the proton transfer parameter ppr (Hunt et al., 2003; Wang et al., 2021; Liu et
89 al., 2018) was used to quantify proton transfer in hydrogen bonds. This parameter was
90  calculated from interatomic distances and applied to assess the degree of ionization in the
91  clusters, considering both the contraction of hydrogen bonds (HB) and the elongation of

92  covalent HB bonds. The expression for ppris given below:

— 0 0
93 Per = (Fon = Ton) = (Fex — i) Q)
94 Here, ron and 73, denote the O-H lengths in NSA or SA and in the corresponding isolated

95  monomer, respectively. Likewise, ru..~ and 7 denote the HB distances within the NSA-A

96  and SA-A clusters and the H-N bond length in fully protonated A. In HB clusters, the initial
97  term approaches zero, resulting in a negative value of ppr. When complete proton transfer to A
98  occurs, the second term vanishes and ppr becomes positive. A ppr value close to zero indicates
99  an approximately symmetric sharing of the proton between the acid and base (Hunt et al., 2003;
100 Wang et al., 2021; Liu et al., 2018).
101 2.2 ACDC simulations. The Atmospheric Cluster Dynamics Code (ACDC) model (McGrath
102  etal., 2012) was applied to describe the temporal evolution of nucleation rates, steady-state cluster
103  populations, and cluster growth pathways within the SA-A-NSA system. Thermodynamic data
104  obtained from the M06-2X/6-311++G(2df,2pd) (Elm and Mikkelsen, 2014; Holtomo et al., 2021)
105  calculations served as input parameters for the simulations. The birth-death equations, governing
106  the temporal evolution of cluster concentrations, were numerically integrated using by the odelSs
107  solver in the MATLAB-R2013a program (Shampine and Reichelt, 1997). The general form of the
108  birth-death equations is given by Eq. (2).
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110 Here, ¢; denotes the concentration of cluster 7, f;; is the collision coefficient between clusters i
111 andj, and yg+j - signifies the evaporation coefficient for the dissociation of i + j into i and j. The
112 term Q; accounts for any extra source for cluster i/, while the sink term S; reflects the losses associated
113 with cluster i. [SA] fluctuated between 10* to 10® molecules-cm™ (Rong et al., 2020; Almeida et
114  al., 2013; Kuang et al., 2008), while [A] ranged from 107 to 10! molecules-cm™ (Liu et al., 2021)
115  and the corresponding [NSA] was between 10° and 107 molecules-cm™. An external loss rate,
116  represented by a coagulation sink value of 2 x 102 s! (Yao et al., 2018) was adopted,
117  corresponding to the median value observed in polluted regions. A more detailed description of
118  the collision and evaporation rates will be provided in the corresponding section, specifically

119  in Part S2 of the Supplementary Information.

120 3 Results and discussion

121 3.1 Gas-phase formation of NSA and its atmospheric concentration

122 Fig. 1 presents the intrinsic reaction coordinate pathway for the reaction between SOz and
123 HNOs, accompanied by interaction region indicator (IRI) analysis to elucidate the evolution of
124  atomic interaction strengths along the reaction pathway. Fig. 1 illustrates that the reaction follows a
125  mechanism consisting of two successive steps. At the first stage of the reaction, the appearance of a
126  blue region on the IRI isosurface between SO; and HNOj; indicates the formation of a weakly bound
127 SO;---HNOs reactant complex (a). This complex adopts a six-membered ring configuration,
128  exhibiting a stabilization energy of 6.70 kcal-mol™, in close agreement with the previously reported
129  value of 6.94 kcal-mol™! (Long et al., 2022). As the system evolves along the reaction coordinate,
130  the blue region on the isosurface becomes more pronounced, reflecting a gradual strengthening of
131  the attractive interaction. Subsequently, the reaction crosses transition state (c) with an associated
132 energy barrier of 3.61 kcal-mol™!, comparable to the value of 3.75 kcal-mol™! reported by Long et al
133 (Longetal., 2022). Concurrently, the original O4-H bond progressively weakens, while a new bond
134 forms between the O6 atom of HNOj3 and the S atom of SOs. At the final stage of the reaction, the
135  IRI isosurface is dominated by a large green region, indicating the generation of a stable nitric
136  sulfuric acid (O2NOSOsH, NSA) characterized by typical covalent bond features.

137 To evaluate the relative significance of the SO; + HNOj3 reaction under a wide range of

138 atmospheric conditions, rate ratios were calculated for the SO3 + HNOj3 reactions relative to the
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139  reactions of SOz + HCOOH (Eq. 3), SO; + CsHsCOOH (Eq. 4), NH;z-catalyzed SO3; + NH3 (Eq. 5)
140  and HxO-catalyzed hydrolysis of SO3 (Eq. 6). The calculations considered H>O at 20%-80% relative
141  humidity (RH), HNO; at 10°-10'> molecules-cm™, HCOOH at 10°-10'> molecules-cm?,
142 Ce¢HsCOOH at 10°-10' molecules-cm™ and NHj at 10'°-10'® molecules-cm™.

” Vi __ku[SOLJHNO,] _ &y [HNO,] 5

Ve kg, [SO;]J[HCOOH]  k,,[HCOOH]
144 Vi _ fx;[SO,][HNO, ] _ kg, [HNO,] @)
Ve kg3[SO,][C{H;COOH]  k,,[C;H,COOH]
145 Vri _ Iz, [SO,][HNO,] )
Vre  hpg[SO;---NH;][NH;]
146 Vri _ kg, [SO,][HNO,] ©
Ves  ks[SO, ---H,0][H,0]

147 Here, kri, kr2, kr3, kr4, and krs denote the rate coefficients for the reactions of SOs + HNOs,
148  SO; + HCOOH, SOs3 + CsHsCOOH and NHjs-catalyzed SO; + NH3, HyO-catalyzed hydrolysis of
149 SOs, respectively (Table S2), while [HNOs] (Long et al., 2022), [H,O] (Wang et al., 2025), [HCOOH]
150  (Hazra and Sinha, 2011), [CsHsCOOH] (Smith et al., 2020) and [NH3] (Li et al., 2018) represent the
151  corresponding reactant concentrations.

152 As shown in Fig. 2, the SO3; + HNOjs reaction remains more efficient than the SO; + HCOOH
153  reaction even under conditions of low HNO; (< 10° molecules-cm™) and high HCOOH (> 10'2
154 molecules-cm™) concentrations, with a rate ratio (vri/vr2) approaching 50. Under elevated HNO;
155  concentrations (10'°-10'? molecules-cm™) and relatively low CsHsCOOH (107-10% molecules-cm™)
156  and NH; (10'°-10'" molecules-cm™) concentrations, the SO; + HNO; reaction can effectively
157  compete with both the SO3 + CsHsCOOH and NH3-catalyzed SOz + NHj3 reactions, with vri/vrs and
158 VR1/vra reaching values of up to 10'-10%. More importantly, when the HNOs concentration exceeds
159 102 molecules'cm™ under dry conditions (RH = 20%), the SO; + HNOs3 reaction becomes
160  competitive with the H>O-catalyzed hydrolysis of SO3, yielding vr1/vrs values of 1-3. Taken together,
161  these results demonstrate that the SO3 + HNO; reaction can compete with several major atmospheric
162  SOs loss pathways over a wide range of atmospherically relevant conditions. Therefore, the reaction
163  between SO; and HNO; may represent an important atmospheric sink of SOs, particularly in
164  polluted urban and industrial environments with elevated HNO; levels, where it may substantially

6



https://doi.org/10.5194/egusphere-2026-3682
Preprint. Discussion started: 12 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

165  influence the atmospheric fate of SOz and associated sulfur chemistry.

166 In the absence of atmospheric field measurements for gas-phase NSA, thermodynamic
167  equilibrium calculations were applied to estimate its atmospheric concentration and to assess its
168  potential impact on NPF. The concentration of its key precursor, SO3, exhibits pronounced regional
169  variability. SO; concentrations in regions such as Beijing, are around 10° molecules-cm™ (Yao et
170  al, 2020), while substantially higher levels, are observed in in industrial emission zones.
171  Atmospheric NA concentration can similarly approach 10'?> molecules-cm™. By combining the
172 plausible concentration ranges of both precursors within the anthropogenically influenced
173  troposphere (258.15-298.15 K), the atmospheric concentration of NSA is estimated to range from
174 10° to 107 molecules-cm™. The detailed calculation of the calculation procedure can be found in
175  Part S1 of the Supplement.

176 3.2 The vital role of NSA in SA-A nucleation: impacts of urban pollutants

177 Here, a systematic conformational analysis was initially conducted to examine the influence of
178  NSA on intermolecular interactions within NSA-SA-A clusters. The stability of the resulting
179  clusters was subsequently assessed through thermodynamic analysis. Furthermore, to provide
180  deeper insight into the nucleation mechanisms and the enhancement strength of NSA, a series of
181  ACDC simulations was conducted under a range of representative atmospheric conditions.

182  3.2.1 Geometrical structure analysis

183 Electrostatic potential (ESP) mapped on the molecular van der Waals (vdW) surface was first
184  employed to identify potential active binding sites (Fig. S6). Owing to its dual hydrogen-bond donor
185  and acceptor capabilities, NSA readily forms stable clusters with SA and A via hydrogen-bonding
186  interactions. To further quantify these interactions, reduced density gradient (RDG) analysis was
187  performed (Fig. S7). Compared with the binary SA-A cluster, NSA-containing clusters exhibit
188  progressively enhanced intermolecular interactions, as indicated by the emergence of additional
189  blue spikes in the SA-A-NSA cluster and a further leftward shift of the blue spike upon successive
190  NSA incorporation. These findings indicate that NSA strengthens noncovalent interactions and
191  promotes cluster stabilization. Building on these interaction characteristics, Fig. 3 presents the
192  lowest-energy structures of the ternary NSA-SA-A clusters identified from the potential energy
193  surface. Notably, these global minimums provide structural support for the interaction analysis
194  discussed above. With increasing cluster size, the molecular architecture generally evolves from
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195  ring-like to cage-like configurations. Within these lowest-energy clusters, NSA molecules are
196  incorporated into the SA-A framework primarily through HBs (blue dashed lines) and proton
197  transfer interactions. Both SA and NSA can act as proton donors to A, leading to the formation of
198  stabilized ion pairs, including [HSO4] [NH4]" and [NSA][NH4]".

199 To further elucidate the proton-transfer behavior, the proton transfer parameter (ppr) was
200  calculated for each cluster. As listed in Table 1, all investigated NSA-SA-A clusters exhibit positive
201 per values, confirming that proton transfer takes place in every case. In general, the number of
202  protons transferred is consistent with the number of A molecules present in the cluster. While SA
203  remains the preferred proton donor, NSA also participates in proton donation upon incorporation of
204  additional A molecules. These molecular-level results highlight the crucial role of NSA in stabilizing
205  the ternary SA-A clusters. Overall, NSA functions analogously to SA as an effective proton donor,
206  thereby contributing to the stabilization of the most energetically favorable cluster configurations.
207 To further elucidate nucleation processes relevant to atmospheric aerosol formation, the Gibbs
208  free energy of formation (AG) a key thermodynamic descriptor governing nucleation propensity,
209  was calculated. Fig. 4 presents the AG values (kcal'mol™') at 278.15 K for (SA)x(A)(NSA), (y < x
210  +z < 3) clusters. For clusters containing the same total number of acid and base molecules, AG
211  decreases systematically with increasing numbers of NSA molecules, indicating NSA incorporation
212  progressively enhances thermodynamic stability. Furthermore, at a fixed number of base molecules,
213 AG decreases with increasing acid abundance, further reinforcing the stabilizing role of acid-base
214  interactions. Importantly, the stability trend observed at 278.15 K is consistent across other
215  atmospherically relevant temperatures (258.15 K, 268.15 K, 288.15 K and 298.15 K; Table S3),
216  where lower temperatures generally favor stronger stabilization of cluster structures. These
217  thermodynamic results are fully consistent with the structural and interaction analyses discussed
218  above, collectively confirming that NSA plays a significant role in enhancing the stability of
219  multicomponent acid-base clusters under atmospheric conditions.

220  3.2.2 Cluster formation rates

221 Fig. 5 illustrates the effects of temperature (7) and precursor concentration on the formation
222 rates (J) of SA-A-NSA clusters under atmospherically relevant conditions. As shown in Fig. 5(a),
223  the Jexhibits a pronounced dependence on 7T over the range of 258.15-298.15 K. Specifically, under
224 all investigated [NSA] conditions, J increases significantly with decreasing 7, showing an
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225  enhancement of up to 10-15 orders of magnitude, which is primarily attributed to the reduced cluster
226  evaporation rate at lower 7. In addition to 7, the concentration of NSA plays a decisive role in
227  governing cluster formation. At 278.15 K, increasing [NSA] from 103 to 10” molecules-cm™ leads
228  to an increase in J from 107! to 10° em™ 57!, indicating a clear positive correlation between NSA
229  abundance and nucleation rates. These results highlight that lower 7" and elevated [NSA] jointly
230  promote SA-A-NSA cluster formation.

231 Fig. 5(b) further presents the dependence of J on [A] under different [SA] at 7=278.15 K and
232 [NSA] = 10° molecules-cm™. As [A] increases from 107 to 10'' molecules-cm™, J increases
233 continuously across all cases. For example, at [SA] = 10® molecules-cm™, .J increases 10 to 10°
234 cm?s, indicating that A, as a base, can effectively stabilize clusters via acid-base interactions and
235  thus plays a crucial role in the nucleation process. However, the enhancement is not strictly linear:
236 at lower [A] (107 molecules-cm™), J increases by approximately six orders of magnitude, whereas
237 at higher [A] (10" molecules-cm™), the increase is reduced to about four orders of magnitude,
238  suggesting a gradual saturation of the promoting effect. Overall, these results demonstrate that
239 increasing both [A] and [SA] significantly enhances cluster formation, consistent with the
240  strengthened intermolecular interactions and improved stability discussed above.

241 3.2.3 The nucleation mechanism

242 To elucidate the role of NSA in cluster formation, the primary growth pathways were further
243 analyzed at 278.15 K under representative atmospheric concentrations ([SA] = 10° molecules-cm?,
244 [NSA] = 10° molecules-cm™, [A] = 10° molecules-cm™; Fig. 6 (a)). Two distinct growth routes were
245  identified: one is governed primarily by SA-A interactions (black arrows), corresponding to the
246  classical binary nucleation mechanism reported previously. In contrast, the second pathway involves
247  NSA participation (orange arrows), indicating an alternative NSA-mediated growth channel. In the
248  NSA-involved pathway, cluster growth is initiated by the formation of an (A);*(NSA); dimer, which
249  subsequently grows via collisions with additional NSA molecules or other (A);*(NSA); cluster.
250 These intermediates further evolve via successive condensation with SA, A, NSA or additional
251  (A)1*(NSA); cluster, ultimately approaching larger stable assemblies beyond the size limit of the
252 present simulations. This distinct growth behavior demonstrates that NSA is not merely a spectator
253  species but actively participates in and facilitates cluster growth, thereby providing an additional

254 pathway for atmospheric nucleation.
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255 The relative contributions of NSA-involved and non-NSA pathways to cluster growth are
256  quantitatively evaluated using the flux-out branching ratio under different conditions. As shown in
257  Fig. 6(b), at 278.15 K with [SA] = 10° molecules-cm™ and [A] = 10° molecules-cm™, the nucleation
258  mechanism exhibits a strong dependence on [NSA]. At low NSA concentrations (103-10*
259  molecules-cm™), representative of conditions such as southern Ontario, Canada (Zbieranowski and
260  Aherne, 2012), cluster growth proceeds almost exclusively via the non-NSA pathway. As [NSA]
261  increases to 10° molecules-cm™ (e.g., Korea) (Jung et al., 2026), the NSA-involved pathway begins
262  to emerge but still contributes only marginally to the overall flux. When [NSA] further increases to
263 10°%-107 molecules-cm™, as in the North China Plain (Nair and Yu, 2020), the NSA-involved
264  pathway rapidly becomes dominant, with its contribution approaching unity, indicating that NSA
265  can substantially enhance nucleation in the NSA-SA-A system. In contrast, at [NSA] = 10°
266  molecules-cm™, T exerts a relatively minor influence on pathway partitioning (Fig. 6(c)). Over the
267 T range of 258.15-298.15 K, a slight increase in T marginally enhances the contribution of the non-
268  NSA pathway; however, the NSA-involved pathway remains dominant throughout, consistently
269  accounting for more than 80% of the total flux. These results further confirm that NSA plays a
270  decisive role in steering the cluster growth mechanism under atmospherically relevant conditions.
271 As shown in Fig. 6(d), the contribution of NSA to SA-A aerosol nucleation increases markedly
272 with decreasing [SA]. Under low-SA conditions (10* molecules-cm™), such as those observed in
273  Hyytiéld, the NSA-involved pathway dominates cluster formation, contributing approximately 98%
274 of the total nucleation flux. As [SA] increases to 10° molecules-cm™ (e.g., the western coast of
275  Ireland), the contribution of the SA-A-NSA pathway decreases slightly to 95%. However, at higher
276  SA levels (10" molecules-cm™), the NSA-involved pathway is strongly suppressed, accounting for
277  only 3% of the total flux, indicating that low [SA] are more favorable for SA-A-NSA nucleation.
278 In addition, the contribution of the SA-A-NSA pathway is negatively correlated with [A], as
279  illustrated in Fig. 6(e). In regions with low [A] (10% molecules-cm™), such as Baffin Bay and the
280  eastern Canadian Arctic Archipelago (40-870 pptv) (Wentworth et al., 2016), the NSA-involved
281  pathway contributes about 95%, while the binary SA-A nucleation is nearly negligible. As [A]
282  increases to an intermediate level, typical of Canada (0.8-2.6 ppbv) and America (1.6-4.9 ppbv)
283  (Yao and Zhang, 2016), the contribution of the NSA-involved pathway decreases slightly from 95%
284 to 92%. At even higher [A] (10'" molecules-cm™), such as those observed in Midwest US and the

10



https://doi.org/10.5194/egusphere-2026-3682
Preprint. Discussion started: 12 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

285  North China Plain (20-74 ppbv) (Nair and Yu, 2020), its contribution is further reduced to 88%,
286  although it remains the dominant nucleation route. So, the results demonstrate that the contribution
287  of the NSA-involved pathway is significantly enhanced with increasing [NSA] and 7, and
288  decreasing [SA] and [A]. These results suggest that NSA can act as an important promoter of
289  atmospheric NPF in the SA-A system. In particular, the SA-A-NSA pathway is favorable conditions
290  of relatively high T and elevated NSA emissions, particularly in regions with high SO3 and nitric
291  acid concentrations, such as Beijing and Qingdao.

292  3.2.4 Competitive effects of NSA and SA on nucleation rates under varying concentration

293  ratios

294 To evaluate the competitive interaction between NSA and SA, an additional set of ACDC
295 simulations was performed by systematically varying the concentration ratio ((NSA]/[SA]) and
296 the total concentration ([SA] + [NSA]). The nucleation rate, denoted as Jnsassa, was examined
297 over total acid concentrations from 10* to 10% molecules-cm™, with [NSA]/[SA] ratios of 1:99,
298 1:9, 1:1, 9:1, and 99:1. Fig. 7 shows that, at a total acid concentration of 10* molecules-cm?,
299 Jnsana remains nearly unchanged at low NSA substitution levels (1% and 10%). However, at 50%
300 substitution ([NSAJ/[SA] = 1:1), Jnsana increases by approximately one order of magnitude

301 relative to the pure SA system. When substitution reaches 99% ([NSAJ/[SA] = 99:1), Jnsana

302 attains a maximum value of 1.41 x 1015 cm™-s"!. Moreover, Jxsana increases by about 15 orders
303 of magnitude as the total acid concentration rises from 10* to 10® molecules-cm™. A similar trend
304 is observed under different ammonia concentrations (Fig. S12), with Jnsana consistently peaking
305 at 99% NSA substitution. Under this condition, the J is enhanced by nearly two orders of
306 magnitude relative to the pure SA system, suggesting that NSA may serve as a more effective
307 nucleation stabilizer than SA.

308 3.3 The comparison of enhancement effect between NSA and NA

309 To compare the respective contributions of NSA and NA to SA-A nucleation, we analyzed the
310  AG and total evaporation rates >y of the (SA).(A)3(NSA), and (SA)(A)3(NA), (y=0-3,x +y=3)
311  clusters at 278.15 K, as depicted in Fig. 8(a). The global minimum structure of the SA-A system,
312 (SA)3°(A)s, was selected as the reference. The AG values of all clusters show clear composition-
313 dependent trends. Specifically, the AG of the (SA).(A)3(NSA), clusters deviate only slightly from
314 the reference. Notably, (SA)i*(A)3*(NSA), and (A)3(NSA)s exhibit even more negative AG values.
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With the incorporation of 1 to 3 NSA units, the AG difference relative to the reference fluctuates
between 5.51 and -2.71 kcal'mol™. In contrast, all the (SA).(A)3(NA), clusters display AG values
higher than the reference, with a wider variation range. Importantly, AG values for NSA-containing
clusters are systematically lower than those of their NA-containing counterparts, indicating that
NSA enhances cluster stability more effectively than NA.

A closely related trend is observed in the evaporation rates. The total evaporation rates of
(SA)x(A)3(NSA), clusters remain consistently below those of corresponding (SA).(A):(NA),
clusters, further confirming the superior stabilizing role of NSA. Within the (SA)«(A)3(NSA),
series, the evaporation rate decreases significantly, spanning approximately seven orders of
magnitude, as more NSA molecules are incorporated. In particular, the (A)s;*(NSA); cluster
exhibits a lower evaporation rate than the reference (SA)3*(A); cluster. Conversely, evaporation
rates of (SA)x(A)3(NA), tends to increase with the addition of NA molecules. Overall, the SA-A-
NSA system exhibits both more negative AG and reduced evaporation rates compared to the SA-
A-NA system, highlighting its thermodynamic advantage in nucleation, which stems from the
stronger binding capacity of NSA toward the SA-A system relative to NA.

The enhancement factors (R) of NA and NSA in SA-A nucleation are compared
quantitatively in Fig. 8(b). Over the studied concentration range, NSA induces an enhancement
that is orders of magnitude greater than that of NA. As [NSA] increases from 10° to 10’
molecules-cm™, the enhancement factor Rsa-a-nsa rises dramatically from ~ 10 to over 10'2,
reflecting an extremely strong promotion of cluster formation. In contrast, the enhancement factor
for NA (Rsa-a-na) remains close to unity and shows negligible variation with increasing NA
concentration. Although atmospheric NSA concentrations are typically about five orders of
magnitude lower than those of NA, NSA exhibits substantially higher enhancement potential in
SA-A-based nucleation. These results clearly demonstrate that NSA is far more effective than NA
in enhancing SA-A nucleation, consistent with its superior capability to form intermolecular

hydrogen bonds and electrostatic capabilities.

4 Summary and conclusions

In this work, the gas-phase mechanism of NSA formation from the reaction of SO; with NA
was elucidated using quantum chemical calculations. The role of NSA in SA-A aerosol nucleation,
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344 as well as its nucleation capability relative to the precursor NA was examined through global
345  minimum-energy configuration searches combined with ACDC kinetic simulations.

346 Quantum chemical calculations indicate that the gas-phase NSA formation from the SOz +
347  HNOs reaction proceeds with a low energy barrier of 3.61 kcal-mol’!, consistent with previous
348 reports. At low HNO; concentrations (< 10° molecules-cm™), the SO3; + HNO; reaction remains
349  more efficient than the SO; + HCOOH reaction even under high formic acid levels (> 10'2
350  molecules-cm™; vri/vr2 = 50). At moderate HNO; concentrations (10'°-10'? molecules-cm™) and
351  relatively low benzoic acid (107-10% molecules-cm™) and NH; (10'°-10'! molecules-cm™) levels, it
352  effectively competes with both SO3 + C¢HsCOOH and NH3-catalyzed SO3; + NHj3 reactions (vri/vr3
353  and vri/vra up to 10'-10%). Under dry conditions (RH = 20%) with HNO; exceeding 10'?
354  molecules-cm, the reaction can even compete with H,O-catalyzed hydrolysis of SO3 (vri/vrs = 1-
355 3).

356 Geometrical structure analysis reveals that NSA strengthens noncovalent interactions and
357  promotes proton transfer, forming stabilized ion pairs, while thermodynamic analysis demonstrates
358  that NSA incorporation systematically lowers formation free energies, collectively enhancing
359  ternary cluster stability across atmospherically relevant temperatures. ACDC kinetic simulations
360  further demonstrate that NSA plays a significant role in SA-A nucleation, with nucleation rates of
361 SA-A-based clusters reaching approximately 10~ cm™ s under heavily polluted urban conditions
362  at 278.15 K such as in Beijing, corresponding to an enhancement of up to five orders of magnitude
363  relative to the binary SA-A clusters. NSA functions as a direct participant in cluster formation
364  pathways, with its contribution increasing markedly at higher concentrations. Compared with nitric
365  acid, NSA exhibits a substantially stronger enhancement effect on nucleation, as reflected by an
366  increase in the ratio R by 10'-10'! orders of magnitude, despite its much lower atmospheric
367  concentration abundance.

368 This study not only deepens the understanding of the gas-phase formation mechanisms of NSA
369  but also provides new insights into the roles of OSs in aerosol nucleation under heavily polluted
370  urban conditions.
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614 Figure Caption

615  Fig. 1 Interaction Region Indicator (IRI) analysis of representative structures along the reaction
616  pathway. Shown are sign (A2)p-mapped isosurfaces at IRI = 1.0, where sign (A2) is the sign of the
617  second largest eigenvalue (A2) of the electron density Hessian matrix, and p represents the electron
618  density (higher p values indicate stronger bonding interactions). Energies are relative values
619  obtained at the CCSD(T)-F12/cc-pVDZ-F12//M06-2X/6-311++G(2df,2pd) level of theory. (a), (c)
620 and (f) represent reactant complex (SOs---HNOs3), transition state (TS) and product (NSA),
621  respectively, while (b), (d), and (e) represent unstable points along the IRC pathway.

622

623

624  Fig. 2 Rate ratios of vri/vr2 (a), Vri/vr3 (b), Vri/vr4 (¢) and vri/vrs (d) at 298 K.

625

626

627  Fig. 3 The most stable configurations of ternary clusters of (NSA).(SA),(A): (z<x +y < 3) clusters
628  identified at the M06-2X/6-311++G(2df,2pd) level. The white, red, yellow, and blue spheres
629 represent the H, O, S, and N atoms, respectively.

630

631

632  Fig. 4 Gibbs formation free energies (AG, kcal'mol™) of the growing clusters in the SA-A-NS (A =
633  acid, B = base) at 278.15 K at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(2df,2pd)
634  level of theory.

635

636

637  Fig. 5 (a) Cluster formation rates J (cm™ s™!) against the of NSA monomer concentration under
638  different temperatures (258.15, 268.15, 278.15, 288.15, and 298.15 K), where [SA] = 10°
639  molecules-cm™ and [A] = 10° molecules-cm™; (b) Cluster formation rates J (cm™ s™!) as a function
640  of sulfuric acid concentration [SA] (10*-10% molecules-cm™) and base concentration [A] (107-10"!
641  molecules-cm™) at 7= 278.15K, where [NSA] = 10° molecules-cm™.

642

643

644  Fig. 6 Nucleation mechanism of the SA-A-NSA system. (a) cluster formation pathway at 7=278.15
645 K, [SA] = 10° molecules-cm?, [A] = 10° molecules-cm™ and [NSA] = 10° molecules-cm™; (b)
646  contribution of pathway to flux out and (c) enhancement of cluster formation rate J (cm™ s™).
647  Simulations in (b and c) were conducted at T = 278.15 K, [SA] = 10° molecules-cm?, [A] = 10°
648  molecules-cm™ and [NSA] = 103-107 molecules-cm™.

649

650

651  Fig. 7 The cluster formation rate as a function of the ratio [NSA]/[SA] at a simulated temperature
652  of278.15 K and A molecular concentrations of 10° molecules-cm™. The concentrations of NSA and
653  SA are collectively maintained constant (10*-10° molecules-cm).

654

655

656  Fig. 8 (a) Gibbs free energies AG (kcal'mol”)and total evaporation rates Yy (s') for
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657
658
659
660

(SA)(A)(NSA):; and (SA)«(A)(NA): (x = 0-3, x + y = 3) clusters calculated at the DLPNO-
CCSD(T)/aug-cc-pVTZ//M06-2X/6311++G(2df,2pd) level of theory and 278.15 K, (b) Cluster
formation rate (J) for NSA as a function of monomer concentrations [NSA] and [NA])) at 238.15
K, with [SA] fixed at 10* molecules-cm™ and [A] at 107 molecules-cm™.
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687
688

689

number of proton transfers (n) and the proton donor and acceptor are also listed.

EGUsphere\

Table 1 Proton-transfer parameter (op1/A) of the nitrogen-hydrogen bond in the clusters. The total

Cluster ron - P Proton Proton
donor acceptor

SA-A-NSA 1.699 1.048 0.697 NSA A 1

(SA)A-NSA 2.571 1.032 1.585 SA A 1
1.721 1.040 0.727 NSA A

SA-(A)NSA 1.464 1.101 0.409 SA A 2

SA-A-(NSA), 1.869 1.034 0.881 SA A 1
1.785 1.039 0.792 NSA A

(SA)(A)NSA 1.530 1.082 0.494 SA A 2
1.578 1.061 0.563 NSA A

SA(A(NSA): 1 gn3 1.031 0.938 SA A 2
1.683 1.043 0.686 NSA A

SA-(A)3*(NSA) 1.903 1.031 0.918 NSA A 3
1.583 1.066 0.563 SA A
1.848 1.034 0.860 NSA A

(SA)*(A)s"NSA 2229 1.023 1.252 SA A 3
2.704 1.015 1.735 SA A
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