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10 Abstract

11 Nitric acid (HNOs) is critically involved in aerosol formation, acid deposition, and atmospheric
12 nitrogen cycling. However, the mechanisms underlying its daytime formation, particularly the
13  influences of gaseous and interfacial water molecules, and its effect on methanesulfonic acid-
14 methylamine (MSA-MA)-driven nucleation remains poorly understood. Here, we employed
15  quantum chemical calculations, atmospheric cluster dynamics code (ACDC) simulations, and Born-
16  Oppenheimer molecular dynamics (BOMD) to investigate how water catalyzes HNO3 formation in
17  both gaseous and interfacial environments, as well as the contribution of HNO3 to MSA-MA-driven
18  new particle formation (NPF). Results show that water-catalyzed HNO3 formation in the gas phase
19  proceeds through a barrierless pathway and becomes significantly faster than the uncatalyzed NO»
20  + OH reaction under typical atmospheric water vapor concentrations. At the air-water interface, NO2
21 and OH not only show pronounced surface affinity, but also can lead to the rapid formation of HNO3
22 within picoseconds. Against the backdrop of declining global SO, emissions, this work further
23 reveals that HNO; substantially promotes NPF and acrosol particle growth via two main
24 mechanisms (i) in high HNO; concentrations (~ 1.0 x 10'2 molecules-cm™), such as the North China
25  Plain and New Delhi areas, HNOs-involved pathways contribute up to 10% of the total nucleation
26 flux; (if) NOs exhibits a markedly enhanced capacity to promote aerosol hygroscopic growth by
27  facilitating vapor uptake and stabilizing molecular clusters, thereby driving aerosol nucleation and
28  growth. These findings offer molecular-level insights into the formation pathways of HNO3 and the
29  growth of aerosol particles in polluted boundary layer.
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32 1. Introduction

33 Nitric acid (HNOs, NA), a key inorganic acid in atmospheric chemistry, plays an essential role
34 in both tropospheric and stratospheric processes by influencing aerosol formation, acid deposition,
35  and nitrogen cycling (Yang et al., 2019; Martins-Costa et al., 2019; Tang et al., 2024). It is primarily
36  formed from the oxidation of nitrogen oxides (NO,) emitted from anthropogenic and natural sources,
37  including vehicle exhaust, coal combustion, petroleum refining, photochemical smog, and lightning
38 (Hoffman et al., 2024; Mezuman et al., 2016; Driscoll et al., 2024). In heavily polluted regions,
39  gaseous HNO; concentrations can reach levels as high as 10'? molecules:cm™ (Driscoll et al., 2024;
40  Kumar et al., 2018), highlighting its atmospheric significance (Mondal et al., 2021; Alecu and
41  Marshall, 2014). Conventional pathways for atmospheric HNO; formation include the daytime gas-
42 phase reaction of NO> with OH radicals (He et al., 2018; Xin et al., 2023), as well as the nighttime
43 hydrolysis of N2Os on aerosol surfaces following the NOs + NOs reaction (He et al., 2018; Xin et
44 al., 2023; Hrdina et al., 2021). An additional pathway involves NOs radicals reacting with volatile
45  organic compounds (VOCs) or dimethyl sulfide (DMS) (Ye et al., 2016). Among these, the NO; +
46 OH reaction is widely recognized as the dominant source of gas-phase NA in the atmosphere
47  (Mondal et al., 2021; Mollner et al., 2010). Experimentally, Okimura et al. (Mollner et al., 2010)
48  reported a rate coefficient of 9.2 (+ 0.4) x 1072 cm*molecules™'-s! at 298 K using spectroscopic
49  techniques. In contrast, Percival et al. (Winiberg et al., 2020) obtained values ranging from 1.91 x
50 102 to 2.36 x 10" cm3molecules's! using laser photolysis coupled with laser-induced
51  fluorescence. Theoretically, Williams et al. (Williams et al., 2007) predicted a rate coefficient of
52 4.00 x 10" cm*molecules s at 300 K, which falls within the range of available experimental
53 values.

54 In atmospheric oxidation processes, gaseous water (H>O) can serve not only as a catalyst to
55 accelerate reaction rates but also as a direct reactant that alters chemical pathways (Sun et al., 2016;
56 Chen et al., 2025; Xu et al., 2024). For instance, in the HOSO + NO> reaction, H>O has been shown
57  to catalyze the formation of HONO and SO, while also participating directly in channels leading
58  to HNOs and H2SOs (Sun et al., 2016). This dual role highlights the complex role of water in the
59  atmospheric NO, cycle and suggests that the current models of HNO; formation may need

60  reassessment. A key unresolved question is whether H>O significantly lowers the energy barrier of
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61  the NO; + OH reaction and what detailed mechanisms are involved. Beyond homogeneous gas-
62  phase chemistry, a growing body of evidence has highlighted the distinctive reactivity occurring at
63 the air-water interface (Zhong et al., 2017a; Zhong et al., 2017b; Kumar et al., 2017; Anglada et al.,
64  2020). For instance, organic acids reacting with SOs at such interface can form ion pairs such as
65  carboxylic sulfuric anhydride and hydronium ions (Zhong et al., 2019), a mechanism fundamentally
66  different from the gas-phase pathway. Similarly, Dong ef al. (Dong et al., 2024) demonstrated that
67  the interfacial ammonolysis of glyoxal with amines on aqueous nanodroplets is both
68  thermodynamically and kinetically more favorable than the corresponding gas-phase and bulk-
69  phase reactions, resulting in more efficient glyoxal scavenging. Given these insights, it is essential
70  to explore the interfacial reaction mechanisms between NO2 and OH radicals and to systematically
71  compare it with gas-phase pathways. Such a comparative approach will yield a more complete
72 understanding of HNOs formation and its role in atmospheric chemistry.

73 The role of NA in aerosol nucleation is well established (Perraud et al., 2015; Knattrup et al.,
74 2023). Molecular simulations by Liu et al. (Liu et al., 2018) demonstrated that NA enhances the
75  formation of sulfuric acid (SA)-ammonia (NH3) cluster, particularly under low temperature, low-
76  SA and high-NH; conditions. This promoting effect was subsequently confirmed by Wang et al.
77  (Wang et al,, 2020) in CLOUD chamber studies, which revealed enhanced SA-NH3 nucleation
78  under clean and cold upper-tropospheric conditions. In polluted boundary layers, Liu et al. (Liu et
79  al, 2021b) further reported that NA can increase SA-dimethylamine (DMA) nucleation rates by up
80  to 80-fold. Against the backdrop of continually declining global SO, emissions, methanesulfonic
81  acid (MSA) is expected to play an increasingly important role in NPF (Perraud et al., 2015; Chen et
82  al,2016; Shen et al., 2020; Liu et al., 2022; Lee et al., 2019; Hu et al., 2023), underscoring the need
83  to clarify the nucleation mechanisms in MSA-dominated systems under the influence of NA.
84  Notably, MSA exhibits a stronger binding affinity for methylamine (MA) than for NH3 or DMA
85 (Chen et al., 2016; Chen and Finlayson-Pitts, 2017; Shen et al., 2019). Further studies indicated that
86  adding MA to MSA-based nucleation pathways significantly improves the efficiency of new particle
87  formation over the corresponding binary MSA mechanism (Zhang et al., 2022; Hu et al., 2023).
88  Despite these insights, the influence of NA on MSA-MA driven new particle formation (NPF)
89  remains unclear.

90 In this work, we elucidate the formation mechanism of HNO3, via the daytime NO, + OH
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91  reaction and its influence on NPF driven by MSA-MA. A multiscale computational strategy is
92  employed to achieve this objective. First, quantum chemical calculations are performed to assess
93  HNO; formation from the gaseous NO; + OH reaction, both in the absence and presence of H>O.
94 Subsequently, Born-Oppenheimer molecular dynamics (BOMD) simulations were employed to
95  probe the interfacial reaction between NO, and OH at the air-water interface (Zhong et al., 2017a;
96 Zhong et al., 2017b; Kumar et al., 2017; Limmer et al., 2024; Anglada et al., 2020). Finally, the
97  impact of HNO3 on MSA-MA-driven NPF under varied atmospheric conditions is quantitatively
98  assessed using the Atmospheric Clusters Dynamic Code (ACDC). Overall, this study will
99  provide molecular-level insight into daytime HNO3 formation and clarifies the role of HNO3 in

100  promoting particle nucleation within MSA-MA systems.

101 2 Computational methods

102 2.1 Quantum Chemical Details. The M06-2X functional (Mardirossian and Head-Gordon,
103 2016; Pereira et al., 2017) has proven effective in accurately describing weak intermolecular
104 interactions and reliably predicting thermochemical properties and equilibrium geometries in
105 atmospheric cluster systems. To explore the NO2 + OH reaction, both in the absence and
106 presence of H>O, we conducted geometry optimizations and vibrational frequency calculations

107 at the M06-2X/6-311++G(2df,2pd) level using Gaussian 09 (Frisch et al., 2009). Intrinsic

108 reaction coordinate (IRC) calculations were further performed to verify the connectivity
109 between transition states and their associated reactant or product complexes. The relative
110 Gibbs free energies were subsequently refined through single-point calculations at the

111 DLPNO-CCSD(T)/aug-cc-pVTZ level using ORCA (Neese, 2012).

112 The energetically favored geometries of (MSA)(MA),(NA): (z < x +y < 3) clusters were
113  obtained through a systematic multi-step approach. First, the ABcluster program (Zhang and Dolg,
114 2015) was employed to generate n x 1000 random isomers (1 < n < 3), which were pre-screened
115  at the PM6 level using MOPAC 2016 (Partanen et al., 2016). From this set, the n x 100 lowest-
116  energy candidates were selected and optimized at the M06-2X/6-31+G(d,p) level. The top n x 10
117  structures then underwent further refinement via preoptimization at the M06-2X/6-311++G(2df,2pd)
118  level to determine the global minima. Finally, single-point energies calculations were performed at

119  the DLPNO-CCSD(T)/aug-cc-pVTZ level (Tchinda T. N. et al., 2022) using ORCA (Neese, 2012).
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120  Theresulting lowest-energy geometries and their corresponding Gibbs free energies are summarized
121 in Fig. S12 and Table S7. In addition, electrostatic potential (ESP) and localized orbital locator (LOL)
122 maps were analyzed using the Multiwfn 3.8 program (Lu and Chen, 2012), with computational
123 details provided in Supporting Information Part S3.

124 2.2 Classical Molecular Dynamics Simulation. The solvation behavior of NO> and OH at
125  the air-water interface was investigated using classical molecular dynamics (MD) simulations. A
126 periodic water slab model with two interfaces was constructed, containing 2165 TIP3P water
127  molecules and a single NO, or OH molecule,ina4 x 4 x 9 nm? simulation box. The generalized
128  GAFF force field (Li et al., 2024a; Zhao et al., 2019) was used to model NO; and OH. The free
129  energy profile for transferring each molecule from the gas phase across the air-water interface into
130  bulk water was computed using umbrella sampling coupled with MD simulations. Each sampling
131  window included 10 ns of equilibration under a harmonic restraint applied along the Z-axis between
132 the center of mass (COM) of the molecule and the COM of the water slab. Free energy profiles were
133 reconstructed using the weighted histogram analysis method (WHAM) (Hub et al., 2010).
134 Additionally, 150 ns NVT simulations were performed to monitor molecular diffusion and estimate
135  phase-specific residence probabilities. All simulations were conducted with the GROMACS
136 package (Abraham et al., 2015) under the NVT ensemble, maintained at 300 K using the Nosé-
137  Hoover chain thermostat. Electrostatic interactions were treated with the particle-mesh Ewald (PME)
138  method (Darden et al., 1993) using a 1.0 nm real-space cutoff. The LINCS algorithm (Hess et al.,
139 1997) was applied to constrain bond lengths, and a 1 fs time step was used.

140 2.3 BOMD simulations. BOMD simulations based on density functional theory (DFT) were
141 performed using the CP2K package (Varandas and Pansini, 2014). Cubic simulation cells with side
142 lengths of 15 A (gas phase) and 35 A (air-water interface) were constructed to minimize periodic
143  image interactions. The interfacial system, consistent with previous studies (Kumar et al., 2018;
144 Kumar and Francisco, 2019; Ma et al., 2020b; Ding et al., 2024), contained 191 water molecules,
145  NO; and OH. The BLYP functional (Becke, 1988; Lee et al., 1988) combined with Grimme’s D3
146  dispersion correction (Grimme et al., 2010) was adopted to describe exchange-correlation and van
147  der Waals interactions, respectively. Valence electrons were treated with a double-{ Gaussian basis
148  set (DZVP) (Vandevondele and Hutter, 2007), while core electrons were represented using GTH
149  pseudopotentials (Goedecker et al., 1996; Hartwigsen et al., 1998). A constant-volume NVT
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150  ensemble at 300 K was employed using a Nosé-Hoover chain thermostat (Zhong et al., 2019; Kumar
151  etal., 2018; Kumar et al., 2017) to control the temperature. The plane-wave and auxiliary basis set
152  cutoffs were set to 280 Ry and 40 Ry, respectively. All simulations were conducted in the NVT
153  ensemble at 300 K with a time step of 1 fs. Metadynamics simulations were performed using the
154  CP2K package interfaced with PLUMED package (Tribello et al., 2014), with Gaussian bias
155  potentials of 0.1 kcal-mol " height and 1.0 A width deposited every 0.05 ps. Each gas-phase BOMD
156  simulation lasted 100 ps, while interfacial runs were 10 ps. To mitigate potential bias from initial
157  configurations, five independent gas-phase and twenty interfacial simulations were conducted.

158 2.4 Atmospheric Cluster Dynamics Code (ACDC) Model. The ACDC (Mcgrath et al.,
159  2012) was applied to simulate the formation rates and growth pathways of (MSA).(MA)y(NA).
160  clusters. Thermodynamic parameters, including binding free energies, were derived from
161  quantum chemical calculations at the MO06-2X/6-311++G(2df,2pd) level. The temporal
162  evolution of cluster populations was described by a set of birth-death equations, which

163 explicitly consider all possible collision and evaporation processes:

de, 1 1
164 dr :EZﬂf,(i—_f>CjC(i—/> +Z7<f+_/>—>icf+./ —Zﬁ[’jC[Cj _EZ%—»/CI +0, -5, @
Jj<i J J J<i
165 Here, c; represents the concentration of cluster i; f;;is the collision coefficient between clusters

166  iandj; and ya+—i—i denotes evaporation rate coefficient for the dissociation of cluster i + j into i
167  andj. Qi represents external source of cluster i, while coagulation losses were modeled with a sink
168  coefficient of 2 x 102 s°!, reflecting polluted atmospheric conditions (Liu et al., 2021a). Detailed
169  procedures for calculating the collision and evaporation rates are provided in Supporting
170  Information Part S4. Within the ACDC framework, boundary clusters were defined as sufficiently
171 stable to permit sustained atmospheric growth. So, the clusters of (MSA)s(MA); and

172 (MSA)+(MA)s were selected as boundary clusters in the MSA-MA-NA system.

173 3. Results and Discussion

174 3.1 Reactions in the gas phase
175 To evaluate the catalytic effect of water in the gas phase as well as at the air-water interface,
176 we first reinvestigated the gas phase NO2 + OH — HNOj3 reaction using quantum chemical methods

177  of DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(2df,2pd) and master equation modeling.
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178  Asshown in Fig. 1(a), the potential energy surface (PES) features no distinct transition state, which
179  is consistent with the relaxed scan of the weakly bound NO;***HO complex and previous calculation
180  results at different levels (Mollner et al., 2010; Golden et al., 2003). The reaction is strongly
181 exothermic, with a reaction energy of -47.1 kcal-mol’, in close agreement with earlier theoretical
182  values (Williams et al., 2007). The computed rate coefficient at 298 K is 5.10 x 102 cm3-molecules
183  l.s7! (Table 1), consistent with experimental values (9.2 (+ 0.4) x 107> cm*molecules™-s') '4 and
184  previous theoretical results (4.00 x 107! cm3-molecules'-s™") (Williams et al., 2007). Additionally,
185  BOMD simulations (Fig. 1(b) and Movie S1) confirmed rapid HNO3 formation from the NO, + OH
186  reaction within 1 ps.
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188 Fig. 1 (a) Potential energy surface for the NO2 + OH reaction at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-
189 311++G(2df;2pd) level, along with a scan of the loose NO2+**OH complex at the M06-2X/6-311++G(2df,2pd) level;
190 (b) BOMD trajectories depicting the reaction dynamics of NO2 + OH in the gas phase; (c) Potential energy profiles
191 for the H2O-assisted NO2 + OH — HNO; reaction calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-
192 311++G(2df;2pd) level of theory.
193 Given its typical atmospheric abundance (~ 10'” molecules-cm™ (Anglada et al., 2013)), water
194  vapor serves as both a hydrogen-bond donor and acceptor, effectively catalyzing numerous proton-
195 transfer reactions (Ding et al., 2024; Cheng et al., 2025; Mu et al., 2024). We identified two
196  sequential bimolecular routes: (/) NOz-*H,O + HO (Path 1) and (i) HO***H20O + NO; (Path 2).
197  Under typical atmospheric concentrations ([NO>] = 8.80 x 10° molecules-cm-> (Dieudonné et al.,
198  2013), [OH] = 3.00 x 10° molecules-cm- (Fuentes et al., 2000), and [H,O] = 7.70 x 10"
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199  molecules-cm (Anglada et al., 2013)) the calculated concentrations of NO»***H,0, H,O+--HO and
200  HO-*H,O complexes at 298 K are 2.67 x 10% 5.81 x 103 and 7.13 x 103 molecules-cm?,
201  respectively (Table S3). Notably, Path 1 is barrierless and exhibits an activation energy 11.2
202 kcal-mol! lower than that of Path 2, establishing it as the favorable route for water-catalyzed HNO;3
203  formation. At a water vapor concentration of 7.70 x 10'” molecules-cm~ (Anglada et al., 2013), as
204 listed in Table 1, the effective rate coefficients for Path 1 obtained using the Master Equation Solver
205  for Multi-Energy Well Reactions (Supporting Information Part S1) are calculated to be in the range
206 of2.21 x 1013 - 6.67 x 107"* cm*molecule™'-s”!, which are comparable to that of the uncatalyzed
207  reaction (5.10 x 1012 cm*molecule’-s!). These results indicate that the H,O-catalyzed pathway
208  makes a non-negligible contribution to atmospheric HNO; formation. Detailed effective rate
209  coefficients are summarized in Table S4.

210 To quantitatively assess the catalytic effect of water molecules, the total rate coefficient kit Was
211  defined according to Eqns (2). As summarized in Table 1, the resulting enhancement factor & wwm1/ktot
212 ranges from 3.71% to 13.15% across 280-320 K, indicating that the role of H2O is non-negligible

213  in atmospheric HNO3 formation.

214 ko, = ky + kg )
215 3.2 Reactions at the air-water interface
216 Molecular uptake at the air-water interface. To determine whether the reaction between NO,

217  and OH preferentially occurs at the air-water interface, we first evaluated their surface affinity by
218  computing the free energy profile as a function of the vertical distance (Z-axis) from the geometric
219  center of the water slab to each molecule (Fig. 2). As the molecule moves from the gas phase toward
220  the aqueous interior, the free energy decreases, reaching a minimum in the interfacial region (Z =
221 19.0-24.0 A), before rising again into the bulk water phase. Complementing these findings, 150 ns
222 molecular dynamics simulations show that NO» and OH reside within the interfacial region for 29.2%
223  and 41.7% of the time, respectively (Fig. S1). In addition, independent 5 ps BOMD simulations at
224 the droplet interface confirm that both NOz and OH can stably reside at the interface. Together, these
225  results confirm a clear interfacial preference for both NO, and OH, supporting the likelihood of

226 interfacial reaction initiation.
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228 Fig. 2 Schematic diagram of umbrella sampling and free energy profile for the migration of NO2 and OH from the
229 gas phase into bulk water along the Z axis.

230 Mechanistic insights of reactions at the air-water interface. Similar to previously studied
231 interfacial reactions involving SO3 or Criegee intermediates (Sun et al., 2016; Li et al., 2024a; Lv
232 and Sun, 2020; Ma et al., 2020a), three potential pathways were initially considered for the NO, +
233 OH reaction at the air-water interface: (i) collision of gaseous NO: with adsorbed OH, (if) collision
234 of gaseous OH with adsorbed NO, and (iii) reaction via the NO>:-*-HO complex at the interface.
235  However, as demonstrated in Fig. 1(b), the NO*-*-HO complex rapidly converts to HNOs in the gas
236  phase before reaching the surface. Consequently, only pathways (i) and (i) were considered in the
237  subsequent analysis.

238 Radial distribution functions (RDFs) analysis (Fig. 3(a) and Fig. 3(b)) indicates that NO>
239  adsorption at the interface is primarily driven by van der Waals interactions between the nitrogen
240  atom of NO; and oxygen atoms of interfacial water molecules. So, collision of gaseous OH with
241  interfacial NO: on the aqueous surface (Path 3), illustrated in Fig. 3, Fig. S2 and Movie S2, begins
242  with the reaction of gaseous OH with hydrated NO2 ((NO2)N--O(H20)) at the interface. As HO
243  gradually approaches a water molecule within the hydrated NO; at the air-water interface, proton
244 transfer from interfacial water to HO. At 0.23 ps, a new water molecule and an OH radical are
245  formed, accompanied by N-O1 shortening to 2.78 A and crossing a free energy barrier of 2.10
246 kcal-mol'. Subsequently, at 0.76 ps, the N-O1 bond shortened further to 1.75 A, indicating the
247  formation of HNO;s with an energy release of 16.84 kcal-mol!. As compared to the gas phase
248  formation of HNOj assisted by water molecule (Fig 1(c)), the reaction barrier of Path 3 at the air-

249  water interface is reduced by 10.0 kcal-mol!. Furthermore, owing to the strong acidity of HNO3,
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250  spontaneous proton transfer readily occurs at the interface, leading to the formation of a stable NO3
251 -“H30" ion pair. Notably, in Path 3, interfacial water molecules act not only as a reactant but also as
252 both a proton donor and acceptor, thereby facilitating the overall reaction process. The rate constant
253  for Path 3 was further calculated using Eqns. (3):
oTk AG,
254 k, = ——Fexp(-—") 3)
h RT
255  where, o is the reaction path degeneracy, T is temperature, kg is the Boltzmann constant, /4 is Planck
256 constant and AG; is the Gibbs free energy barrier. The calculated rate coefficient ki1 is 4.59 x 107
257  cm3molecule!s!, which is significantly higher than the rate constants of the gaseous NO, + OH
258  reaction without and with H>O, predict that the interfacial Path 3 represents a significant source of
259  atmospheric HNOs.
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261 Fig. 3 (a) Schematic illustration of the interaction modes between NO: and interfacial water molecules; (b) radial
262 distribution functions obtained for NO; at the air-water interface; (c) key reaction snapshots, (d) evolution of key
263 bond lengths and (e) corresponding free energy profiles for the reaction of HNOs formation at the air-water
264 interface from the collision of gaseous OH with interfacial NO2.
265 In contrast, Path 4 involves the direct reaction of gaseous NO; with adsorbed OH at the
266  interface, leading to the formation of HNOs (Fig. 4, Fig. S3, and Movie S3). Notably, the adsorption
267  of OH at the air-water interface is mainly stabilized through hydrogen-bond interactions involving

11
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268  the oxygen center of OH and nearby interfacial water molecules (Fig. 4(b)), producing a hydrated
269  HO ((OH)H--O(H20)). As NO; approaches the interfacial OH moiety of hydrated HO, the N-O1
270  bond gradually shortens to 1.46 A at 0.29 ps, accompanied by a significant energy release of 32.72
271  kcal'mol’!, indicating a barrierless reaction pathway as show in Fig. 4(e). Throughout Path 4,
272  interfacial water molecules act as proton acceptors, thereby facilitating the overall reaction. The
273  interfacial rate constant of Path 4 was evaluated using a reaction-diffusion framework (Johnson et
274 al.,, 2024). Detailed calculations are provided in the Supporting Information Part S2. The
275  corresponding rate constant ki is 3.36 x 10% cm*molecule’!s™!, which is seven times greater than
276  that for Path 3. Moreover, the rate ratio between Path 4 and Path 3 was evaluated (Supporting
277  Information Part S2), revealing that Path 4 is 4.50 x 10° times faster than Path 3. This result
278  indicates that HNO; is predominantly formed via the reaction of gaseous NO; with adsorbed OH at

279  the gas-liquid interface.
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281 Fig. 4 (a) Schematic illustration of the interaction modes between OH and interfacial water molecules; (b) radial
282 distribution functions obtained for OH at the air-water interface; (c) key reaction snapshots, (d) evolution of key
283 bond lengths and (e) corresponding free energy profiles for the reaction of HNOs formation at the air-water

284 interface from the collision of gaseous NO2 with interfacial OH.

285 Atmospheric implications of reactions at the air-water interface. To further evaluate the
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286  relative importance of gas-phase and interfacial pathways, the rate ratio between gaseous NO: reacts
287  with the adsorbed OH at the air-water interface (Path 4) and the reaction of NO> + OH in the gas

288  phase (Channel R) was compared using Eqns. (4):
k.

+C o C
i2 OH- NO,-g
T2 o N0

289 r= )

ke "Cong "Cno,-¢
290 where k> is the reaction rate constant of Path 4, while kg is the reaction rate constant of NO, + OH
291  at the gas phase. The gas-phase and interfacial concentrations of reactants are denoted as c.¢ (¢.g.,
292  cony) and cx.i (e.g., con-i), respectively. For typical cloud environments, the interfacial surface
293  density 5 and the corresponding water-film thickness d are taken as 4 x 10-* cm?-cm (Ravishankara,
294 1997) and 1 nm.
295 At 300 K, the calculated ratio (r) is 1.62 x 103, indicating that the reaction between NO; and
296  OH at the air-water nanodroplet interface is markedly faster than the corresponding gas-phase
297  reaction. These results demonstrate that, under humid conditions with elevated NO, and OH
298  concentrations (e.g., East Asia (Stone et al., 2012; Stavrakou et al.,, 2013) and the Indian
299  subcontinent (Li et al., 2018)), the reaction between gaseous NO2 and adsorbed OH at the air-water
300 interface constitutes a dominant pathway for HNO3 formation. This mechanism complements the
301  conventional understanding of daytime nitric acid production and highlights the critical role of air-
302  water interfaces in regulating multiphase atmospheric chemistry.
303 3.3 New particle formation and growth from atmospheric nitric acid
304  3.3.1 Enhancement effect of NA on NPF in the gas phase
305 Cluster structures and stability analysis. Intermolecular interactions are essential for
306  stabilizing nucleation precursors in molecular clusters. ESP analysis (Fig. S4) shows that the -OH
307  hydrogen atoms of NA (+72.10 kcal-mol ™) act as strong hydrogen-bond (HB) donors, while the
308  oxygen atoms of NA (-19.37 kcal-mol™!) serve as acceptors, enabling NA to form HBs with both
309  MSA and MA. As illustrated in Fig. 5(a), the lowest-energy MSA-MA-NA ternary clusters are
310  stabilized by extensive HB networks (blue dashed lines), with NA embedded within the MSA-MA
311  framework. As the cluster size increases, the structures evolve from ring-like to more compact cage-
312  like geometries, indicating enhanced stability. At the same time, steric hindrance from the -CHs
313  groups of MA drives these molecules to preferentially occupy peripheral positions, with the methyl
314  groups oriented outward. Beyond hydrogen bonding, proton transfer further contributes to cluster
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315  stabilization. Specifically, MA first undergoes proton transfer with the more acidic MSA, and the
316  remaining MA can subsequently interact with NA through additional proton transfer. This is
317  supported by LOL analysis (Fig. S5) , which shows no proton transfer in the binary MSA-MA cluster
318  but clear transfer in NA-containing clusters (MSA-MA-NA and MSA-MA-(NA)»), as evidenced by
319  the increase in the H1-N LBO from 0.581 to 0.739. Consistently, the higher electron density (o) and
320 more negative Laplacian (V?p) in MSA-MA-(NA), further confirm that NA strengthens
321  intermolecular interactions. In summary, NA enhances cluster stability by promoting both hydrogen-
322  bonding networks and proton transfer processes.
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323
324 Fig. 5 (a) The most stable configurations of ternary clusters of (MSA){(MA),(NA): (y < x + z < 3) clusters at the

325 MO06-2X/6-311++G(2df.2pd) level; (b) the actual Gibbs free energies of formation (AGactual, kcal-mol™!) of selected
326  clusters in MSA-MA-NA system.

327 To further elucidate the stabilizing role of NA in MSA-MA nucleation, the actual Gibbs free
328  energy of formation (AGacuwal, Fig. 5(b)) was evaluated for (MSA)«(MA),(NA). (y <x+z<3) clusters.
329  Asshown in Fig. 5(b), along the MSA-MA-NA growth pathway, the conversion from the MSA-MA
330 cluster to (MSA)2-(MA)s-NA is exothermic, indicating a thermodynamically favorable growth
331  process. Furthermore, with increasing NA concentration, the energy barriers are progressively
332  reduced and the Gibbs free energy become more negative, underscoring the energetic advantage of
333  NA incorporation. To further assess cluster stability from a kinetic perspective, total evaporation
334 rates (2y, Table S11) were analyzed. At 258.15 K, more than 20% of the investigated clusters exhibit
335 Xy < 10? s, indicative of relatively high stability. Notably, NA-containing clusters such as
336 (MSA)'(MA)3;*NA, MSA-(MA)'NA and (MA),*(NA): display particularly low evaporation rates
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337 (1.37 x 10 to 6.74 x 107 s, together with BC/>y > 1, suggesting favorable growth propensity.
338  Taken together, these results demonstrate that NA not only thermodynamically stabilizes MSA-MA
339  clusters but also kinetically promotes their growth, thereby playing an active role in atmospheric
340  nucleation.

341 Enhancement mechanism of NA. The growth pathways of MSA-MA-NA clusters were
342  investigated under varying temperatures and precursor concentrations. At 258.15 K (Fig. 6(a),
343  [MSA] = 10° molecules-cm™ (Berresheim et al., 2002; Davis et al., 1998), [MA] = 2.5 x 108
344 molecules-¢cm™ (Zhou et al., 2019; Hirai and Matsumoto, 2021; Du et al., 2021) and [NA] = 10!
345 molecules-cm (Brown et al., 2006; Xu et al., 2015; Acker et al., 2010)), pathway involving NA,
346  where it acts either as a “catalyst” or a “participant”, become dominant. In the participant route, MA
347  and NA monomers first collide to form the MA-NA complex. Subsequently, this complex
348  sequentially collides with (MSA)»(MA) and MA monomers, ultimately yielding
349  (MSA)3*(MA);'NA. In the catalytic route, the (MSA)'(MA);'NA trimer collides with MA
350 monomers to form (MSA):;(MA)s'NA. Subsequently, one NA molecule evaporates, yielding
351  (MSA);(MA);, which eventually grows beyond the system scope. At elevated temperatures
352  (278.15-298.15 K; Fig. 6(a)), NA did not participate in MSA-MA nucleation due to its enhanced

353  evaporation, demonstrating the strong temperature dependence of its role in MSA-MA nucleation.
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355 Fig. 6 Nucleation mechanism of the MSA-MA-NA system: (a) proposed cluster formation pathway, and the branch
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To quantitatively assess the influence of temperature and precursor concentrations on NA
participation, we analyzed its contribution rate across conditions. As shown in Fig. 6(b), NA-
mediated pathways are negligible at 298.15 K but contribute up to 29% at 258.15 K, highlighting
its increased participation at low temperature. Beyond temperature, precursors (MSA and MA)
concentrations also modulate NA’s impact: its contribution declines with rising [MSA] (17% at 1 x
10* molecules-cm™) (Fig. 6(c)) but increases with [MA], from 0% at 2.5 x 107 to 12% at 2.5 x 10°
molecules-cm™ (Fig. S12), attributed to the greater availability of MA binding partners. Therefore,

NA exerts the strongest influence under conditions of low temperature, low [MSA], and high [MA].
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different regions with varying NA concentrations. Data in blue and black are from field observations and the optimal
concentration set in this work, respectively. Basemap © Google Maps (https://www.google.com/maps, last access:

15 July 2025).

Atmospheric implications. To further evaluate the influence of NA on atmospheric MSA-MA
nucleation, the contributions of MSA-MA cluster growth pathways to NPF, with and without the
involvement of NA, were quantified under the corresponding regional environmental conditions
(Fig. 7). The concentrations of MSA and MA employed in this analysis are selected to reflect typical
ambient levels in the corresponding regions, thereby ensuring the realism of the simulations. Field
measurements reveal considerable regional variability in [NA], ranging from 1.0 x 10%°
molecules-cm to 1.0 x 10'> molecules-cm. In low [NA] environments, such as Banizoumbou (1.2

x 10' molecules-cm?) (Ossohou et al., 2019), NA contributes negligibly to MSA-MA cluster
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379  formation. At moderate [NA] levels, observed in regions including Qingdao (2.1 x 10"
380  molecules:cm™) (Li et al., 2014), Houston (3.7 x 10! molecules:cm) (Neuman et al., 2002), and
381  Beijing (5.0 x 10'"" molecules-cm™) (Li et al., 2024b), the contribution of NA-involved pathway
382  increases markedly from 4% to 8%. Under high [NA] conditions, as in the North China Plain and
383  New Delhi (up to 1.0 x 10'? molecules-cm™) (Chen et al., 2024), NA-driven nucleation accounting
384  for up to 10 % of the total nucleation rate. These findings confirm that elevated [NA] strongly
385  promotes MSA-MA nucleation. Therefore, in regions characterized by low temperature, low [MSA],
386  high [MA] and high [NA], such as the Yangtze River Delta in China, southern Bangladesh, and
387  southern Italy, NA is expected to play a substantial role in NPF dynamics.

388  3.3.2 The contribution of interfacial NOs™ to aerosol hygroscopic growth

389 The formation of NOs3(H20), clusters listed in Table S16 is thermodynamically more
390  favorable than that of NO,-(H20), and OH-(H20),, indicating substantially stronger hydration of the
391  ionic product relative to its neutral precursors. This distinction is consistently supported by the
392  hydration distribution analysis (Fig. 8, Fig. S13-S14, and Table S17), which shows that NO3
393  remains predominantly hydrated across a wide range of conditions (T = 258.15-298.15 K; RH = 25-
394 100%), whereas NO; and OH largely persist in their bare forms. Specifically, at 258.15 K under dry
395  conditions (RH = 25%) (Fig. 8), NO, and OH exist almost exclusively as unhydrated species, while
396  HNO:s; exhibits only weak hydration, with a minor fraction forming HNO3-(H>O). In contrast, NOs
397  is already substantially hydrated, primarily forming clusters with 2-3 water molecules, along with a
398  non-negligible contribution from higher-order hydrates such as NO3*(H20)s. As relative humidity
399  increases, NOs™ progressively shifts toward larger cluster sizes, with » = 3-5 species becoming
400  dominant under humid conditions. With increasing temperature, as shown in Fig. S13-S14, the
401  hydration distributions of NOs- shift toward smaller cluster sizes. At 278.15 K, the population of
402  higher-order hydrates decreases slightly, accompanied by an increase in #n = 2-3 clusters. This trend
403 becomes more pronounced at 298.15 K, where NOj" is primarily distributed as NO3™(H20);.3, and
404  the contribution of larger clusters (n > 4) is significantly reduced. In contrast, over the same
405  temperature range (258.15-298.15 K), NO, and OH remain essentially unhydrated across all
406  conditions, and HNO; continues to show only limited hydration. Collectively, these results
407  demonstrate that NO3™ formed via the interfacial NO; + OH reaction possesses markedly enhanced
408  hygroscopicity compared to its neutral counterparts. Its strong propensity to associate with multiple

17



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

409  water molecules, particularly under low-temperature and high-humidity conditions, facilitates
410  efficient water uptake and underscores its potential role in promoting aerosol growth at the air-water
411  interface.

412 Beyond its strong hydration, interfacial NOs™ also enhances vapor uptake and cluster stability.
413  Inparticular, it effectively attracts gas-phase species such as MSA and HNO; to the interface. Gibbs
414  free energy calculations (Fig. S15) at the CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(2df,2pd)
415  level show that interactions of NO; with MSA or HNO; are significantly stronger than the
416  benchmark MSA--MA interaction, with binding free energies enhanced by 16.1 kcal‘mol™'. This
417  stronger interaction translates into enhanced cluster stabilization. As shown in Table S18, the
418 (MSA)1*(MA)1-(NO3): cluster is more stable than analogous systems containing other common
419  organic acids (e.g., HCOOH, CH3COOH, and dicarboxylic acids), with formation free energies

420  lower by 7.5-10.6 kcal-mol!.
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422 Fig. 8 Hydration distribution (%) of studied heterogeneous reactants (NO2 and OH) and products (HNOs3 and NO3")
423 at different relative humidity (RH = 25-100%) and T = 258.15 K.

424 Overall, the interfacial NO> + OH reaction not only produces highly hygroscopic NOs™ but also
425  promotes vapor uptake, cluster stabilization, and nucleation, providing a direct pathway for

426  enhanced aerosol particle growth.

427 4. Summary and Conclusions

428 In this study, we employed a combined approach of quantum chemical calculations, BOMD

18



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

429 simulations, and the ACDC kinetic model to elucidate the daytime formation pathways of NA in

430 both the gas phase and at the air-water interface, and to evaluate its influence on MSA-MA

431 nucleation and aerosol hygroscopic growth.

432 In the gas phase, the water-catalyzed NO; + OH reaction proceeds via a barrierless mechanism,
433 releasing approximately 50 kcal-mol™! of energy. Rate coefficients calculations confirm efficient
434 HNOs formation, with water-catalyzed pathways competing effectively with the direct reaction

435 within the 280-320 K temperature range. ACDC kinetic simulations further demonstrate that HNO3
436 substantially enhances NPF by accelerating MSA-MA cluster formation. Growth pathway analysis
437 identifies NA as an active participant, particularly under polluted coastal and industrial conditions
438 such as those in the North China Plain and New Delhi.

439 At the air-water interface, MD simulations reveal that the preferential accumulation of NO»
440 and OH near the water surface, where NA formation occurs through two competing pathways: (i)

441 NO: collision with adsorbed OH, and (i7) OH collision with adsorbed NO,. Both mechanisms

442 rapidly produce HNO3, which undergoes picosecond-scale dissociation into NOs3™--H3O" ion pairs.
443 Kinetic analysis identifies NO> collision with adsorbed OH as the most favorable interfacial route,
444 with comparative rate analysis highlighting the catalytic role of the interface. Moreover, NO3™ not
445 only exhibits enhanced aerosol hygroscopic growth, but also promotes vapor uptake and stabilizes
446 molecular clusters, thereby facilitating aerosol nucleation and growth.

447 Overall, this work elucidates key daytime HNO3 formation mechanisms and establishes the
448 significant role of HNOs in promoting both new particle formation and aerosol particle growth
449 under ambient atmospheric conditions.

450  Data Availability.

451 The data used in this study could be available upon request from the corresponding author.
452 Video Supplement

453 Gaseous and interfacial reaction between NO2 and OH. (MP4)

454 Supporting Information

455 The supplement related to this article is available online at Supplementary Material (PDF)
456  Author Contributions.

457 GW: methodology, investigation, writing (original draft). CZ: writing (editing), data curation,
458  visualization, investigation. XG: writing (review), data curation, methodology, investigation. RS:

19



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

459  methodology, data curation. XC: data computation, investigation. YZ: data curation, visualization.

460  TZ: writing (review and editing), funding acquisition.
461  Competing Interests.

462 The authors declare that they have no conflict of interest.

463  Financial support

464 This work was supported by the National Natural Science Foundation of China (No: 22203052;
465  22073059); the Education Department of Shaanxi Provincial Government (No. 23JC023); Yulin

466  Science and Technology Light Talent Program (No: KJZG-2025-K+G-09).

467 Reference

468 Abraham, M. J., Murtola, T., Schulz, R., Pall, S., Smith, J. C., Hess, B., and Lindahl, E.. GROMACS:

469 High performance molecular simulations through multi-level parallelism from laptops to
470 supercomputers, SoftwareX, 1-2, 19-25, https://doi.org/10.1016/j.s0ftx.2015.06.001, 2015.

471 Acker, K., Wieprecht, W., and Mdéller, D.: Multiphase studies in continental and marine atmospheres, in:
472 Sth International Conference on Fog, Germany, July 01, 2010, FOGDEW2010-2062, 2001.

473 Alecu, I. and Marshall, P.: Computational study of the thermochemistry of N>Os and the kinetics of the
474 reaction N;Os + H,O— 2HNO;, J.  Phys. Chem. A, 118, 11405-11416,
475 https://doi.org/10.1021/jp509301t, 2014.

476 Anglada, J. M., Martins-Costa, M. T., Francisco, J. S., and Ruiz-Lopez, M. F.: Reactivity of undissociated
477 molecular nitric acid at the air-water interface, J. Am. Chem. Soc., 143, 453-462,
478 https://doi.org/10.1021/jacs.0c11841, 2020.

479 Anglada, J. M., Hoffman, G. J., Slipchenko, L. V., M.Costa, M., Ruiz-Lopez, M. F., and Francisco, J. S.:
480 The atmospheric significance of water clusters and ozone-water complexes, J. Phys. Chem. A, 117,
481 https://doi.org/10.1021/jp407282c, 10.1021/jp407282c, 2013.

482 Becke, A. D.: Density-functional exchange-energy approximation with correct asymptotic behavior,
483 Phys. Rev. A, 38, 3098, https://doi.org/10.1103/PhysRevA.38.3098, 1988.

484 Berresheim, H., Elste, T., Tremmel, H. G., Allen, A. G., Hansson, H.-C., Rosman, K., Dal Maso, M.,
485 Mikeld, J. M., Kulmala, M., and O'Dowd, C. D.: Gas-aerosol relationships of H,SO4, MSA, and
486 OH: Observations in the coastal marine boundary layer at Mace Head, Ireland, J Geophys. Res-
487 Atmos., 107, PAR 5-1-PAR 5-12, https://doi.org/10.1029/2000JD000229, 2002.

488 Brown, S., Ryerson, T., Wollny, A., Brock, C., Peltier, R., Sullivan, A., Weber, R., Dube, W., Trainer, M.,
489 and Meagher, J. F.: Variability in nocturnal nitrogen oxide processing and its role in regional air
490 quality, Science, 311, 67-70, https://doi.org/10.1126/science.1120120, 2006.

491 Chen, D.-P., Ma, W,, Yang, C.-H., Li, M., Zhou, Z.-Z., Zhang, Y., Wang, X.-C., and Quan, Z.-J.:
492 Formation of atmospheric molecular clusters containing nitric acid with ammonia, methylamine,
493 and dimethylamine, Environ. Sci-proc Imp., 26, 2036-2050, https://doi.org/10.1039/D4EM00330F,
494 2024.

495 Chen, H. and Finlayson-Pitts, B. J.: New particle formation from methanesulfonic acid and
496 amines/ammonia as a function of temperature, Environ. Sci. Technol., 51, 243-252,
497 https://doi.org/10.1021/acs.est.6b04173, 2017.

20



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

498 Chen, H., Varner, M. E., Gerber, R. B., and Finlayson-Pitts, B.: Reactions of methanesulfonic acid with

499 amines and ammonia as a source of new particles in air, J. Phys. Chem. B, 120, 1526-1536,
500 https://doi.org/10.1021/acs.jpcb.5b07433, 2016.

501 Chen, S., Zhu, J., Li, J., Guo, P., Yang, J., and He, X.: Entropy-driven difference in interfacial water
502 reactivity between slab and nanodroplet, Nat. Commun., 16, 5250, https://doi.org/10.1038/s41467-
503 025-60298-z, 2025.

504 Cheng, Y., Ding, C., Zhang, T., Wang, R., Mu, R., Li, Z., Li, R., Shi, J., and Zhu, C.: Barrierless reactions
505 of C2 Criegee intermediates with H>SO4 and their implication to oligomers and new particle
506 formation, J. Environ. Sci., 149, 574-584, https://doi.org/10.1016/j.jes.2023.12.020, 2025.

507 Darden, T., York, D., and Pedersen, L.: Particle mesh Ewald: An N-log(N) method for Ewald sums in
508 large systems, J. Chem. Phys., 98, 10089-10092, https://doi.org/10.1063/1.464397, 1993.

509 Davis, D., Chen, G., Kasibhatla, P., Jefferson, A., Tanner, D., Eisele, F., Lenschow, D., Neff, W., and
510 Berresheim, H.: DMS oxidation in the Antarctic marine boundary layer: Comparison of model
511 simulations and held observations of DMS, DMSO, DMSO,, H2SO4(g), MSA(g), and MSA(p), J
512 Geophys. Res-Atmos., 103, 1657-1678, https://doi.org/10.1029/97JD03452, 1998.

513 Dieudonné, E., Ravetta, F., Pelon, J., Goutail, F., and Pommereau, J.-P.: Linking NO, surface
514 concentration and integrated content in the urban developed atmospheric boundary layer, Geophys.
515 Res. Lett., 40, 1247-1251, https://doi.org/10.1002/grl.50242, 2013.

516 Ding, C., Wen, M., Zhang, T., Li, Z., Li, R., Wang, R., Ou, T., Song, F., and Zhang, Q.: Molecular
517 mechanisms and atmospheric implications of the simplest criegee intermediate and hydrochloric
518 acid chemistry in the gas phase and at the aqueous interfaces, Atmos. Environ., 330, 120558,
519 https://doi.org/10.1016/j.atmosenv.2024.120558, 2024.

520 Dong, Z., Francisco, J. S., and Long, B.: Ammonolysis of glyoxal at the air-water nanodroplet interface,
521 Angew. Chem. Int. Ed., 136, 202316060, https://doi.org/10.1002/ange.202316060, 2024.

522 Driscoll, C., Milford, J. B., Henze, D. K., and Bell, M. D.: Atmospheric reduced nitrogen: Sources,
523 transformations, effects, and management, J AIR WASTE MANAGE, 74, 362-415,
524 https://doi.org/10.1080/10962247.2024.2342765, 2024.

525 Du, W., Wang, X., Yang, F., Bai, K., Wu, C,, Liu, S., Wang, F., Lv, S., Chen, Y., Wang, J., Liu, W., Wang,
526 L., Chen, X., and Wang, G.: Particulate amines in the background atmosphere of the Yangtze River
527 Delta, China: Concentration, size distribution, and sources, advances in atmospheric sciences, Adv.
528 Atmos. Sci., 38, 1128-1140, https://doi.org/10.1007/s00376-021-0274-0, 2021.

529 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., Scalmani,
530 G., Barone, V., Mennucci, B., Petersson, G. A., Nakatsuji, H., Caricato, M., Li, X., Hratchian, H. P.,
531 Izmaylov, A. F., Bloino, J., Zheng, G., Sonnenberg, J. L., Hada, M., Ehara, M., Toyota, K., Fukuda,
532 R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T., Montgomery,
533 J. A., Jr., Peralta, J. E., Ogliaro, F., Bearpark, M., Heyd, J. J., Brothers, E., Kudin, K. N., Staroverov,
534 V. N., Kobayashi, R., Normand, J., Raghavachari, K., Rendell, A., Burant, J. C., Iyengar, S. S.,
535 Tomasi, J., Cossi, M., Rega, N., Millam, J. M., Klene, M., Knox, J. E., Cross, J. B., Bakken, V.,
536 Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R. E., Yazyev, O., Austin, A. J., Cammi, R.,
537 Pomelli, C., Ochterski, J. W., Martin, R. L., Morokuma, K., Zakrzewski, V. G., Voth, G. A., Salvador,
538 P., Dannenberg, J. J., Dapprich, S., Daniels, A. D., Farkas, O., Foresman, J. B., Ortiz, J. V.,
539 Cioslowski, J., and Fox, D. J.: Gaussian 09 Revision D. 01, Gaussian Inc. Wallingford CT
540 http://www.gaussian.com (last access: 1 November 2016), 2009.

541 Fuentes, J. D., Lerdau, M., Atkinson, R., Baldocchi, D., Bottenheim, J. W., Ciccioli, P., Lamb, B., Geron,

21



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

542 C., Gu, L., Guenther, A., Sharkey, T. D., and Stockwell, W.: Biogenic hydrocarbons in the
543 atmospheric boundary layer: A review, Bull. Amer. Meteor. Soc., 81, 1537-1576,
544 https://doi.org/10.1175/1520-0477(2000)081<1537:BHITAB>2.3.CO;2, 2000.

545 Goedecker, S., Teter, M., and Hutter, J.: Separable dual-space Gaussian pseudopotentials, Phys. Rev. B,
546 54, 1703-1710, https://doi.org/10.1103/PhysRevB.54.1703, 1996.

547 Golden, D. M., Barker, J. R., and Lohr, L. L.: Master Equation Models for the Pressure- and Temperature-
548 Dependent Reactions HO + NO, — HONO, and HO + NO, — HOONO, J. Phys. Chem. A, 107,
549 https://doi.org/10.1021/jp0353183, 2003.

550 Grimme, S., Antony, J., Ehrlich, S., and Krieg, H.: A consistent and accurate ab initio parametrization of
551 density functional dispersion correction (DFT-D) for the 94 elements H-Pu, J Chem Phys, 132,
552 https://doi.org/10.1063/1.3382344, 2010.

553 Hartwigsen, C., Goedecker, S., and Hutter, J.: Relativistic separable dual-space Gaussian
554 pseudopotentials from H to Rn, Phys. Rev. B, 58, 3641-3662,
555 https://doi.org/10.1103/PhysRevB.58.3641, 1998.

556 He, P, Xie, Z., Chi, X., Yu, X., Fan, S., Kang, H., Liu, C., and Zhan, H.: Atmospheric A'’O (NO5) reveals
557 nocturnal chemistry dominates nitrate production in Beijing haze, Atmos. Chem. Phys., 18, 14465-
558 14476, https://doi.org/10.5194/acp-18-14465-2018, 2018.

559 Hess, B., Bekker, H., Berendsen, H. J., and Fraaije, J. G.: LINCS: A linear constraint solver for molecular
560 simulations, J. Comput. Chem., 18, 1463-1472, https://doi.org/10.1002/(SICI)1096-
561 987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H, 1997.

562  Hirai, A. and Matsumoto, K.: Simultaneous measurement of methylamine in size-segregated aerosols
563 and the gas phase, Tellus B, 73, 1-10, https://doi.org/10.1080/16000889.2021.1875585, 2021.

564 Hoffman, A., Bertram, T. H., Holloway, T., and Harkey, M.: Assessment of nocturnal NO, heterogeneous
565 reaction mechanisms in the community multiscale air quality (CMAQ) model, J Geophys. Res-
566 Atmos., 129, €2023JD040290, https://doi.org/10.1029/2023JD040290, 2024.

567 Hrdina, A., Murphy, J. G., Hallar, A. G., Lin, J. C., Moravek, A., Bares, R., Petersen, R. C., Franchin, A.,
568 Middlebrook, A. M., and Goldberger, L.: The role of coarse aerosol particles as a sink of HNO3 in
569 wintertime pollution events in the Salt Lake Valley, Atmos. Chem. Phys., 21, 8111-8126,
570 https://doi.org/10.5194/acp-21-8111-2021, 2021.

571 Hu, Y., Chen, S., Ye, S., Wei, S., Chu, B., Wang, R., Li, H., and Zhang, T.: The role of trifluoroacetic acid
572 in new particle formation from methanesulfonic acid-methylamine, Atmos. Environ, 311, 120001,
573 https://doi.org/10.1016/j.atmosenv.2023.120001, 2023.

574 Hub, J. S., de Groot, B. L., and van der Spoel, D.: g wham—a free weighted histogram analysis
575 implementation including robust error and autocorrelation estimates, J. Chem. Theory Comput., 6,
576 3713-3720, https://doi.org/10.1021/ct100494z, 2010.

577 Johnson, M. S., Mueller, J. N., Daniels, C., Najm, H. N., and Zador, J.: Diffusion-Limited kinetics in
578 reactive systems, J. Phys. Chem. A, 128, 3685-3702, https://doi.org/10.1021/acs.jpca.4c00727,
579 2024.

580 Knattrup, Y., Kubecka, J., and Elm, J.: Nitric acid and organic acids suppress the role of methanesulfonic
581 acid in atmospheric new particle formation, J. Phys. Chem. A, 127, 7568-7578,
582 https://doi.org/10.1021/acs.jpca.3c04393, 2023.

583  Kumar, M. and Francisco, J. S.: Elucidating the molecular mechanisms of Criegee-amine chemistry in
584 the gas phase andaqueous surface environments, Chem. Sci, 10, 743-751,
585 https://doi.org/10.1039/C8SC03514H, 2019.

22



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

586 Kumar, M., Zhong, J., Francisco, J. S., and Zeng, X. C.: Criegee intermediate-hydrogen sulfide chemistry

587 at the air/water interface, Chem. Sci., 8, 5385-5391, https://doi.org/10.1039/C7SC01797A, 2017.
588 Kumar, M., Zhong, J., Zeng, X. C., and Francisco, J. S.: Reaction of Criegee intermediate with nitric acid
589 at the air-water interface, J. Am. Chem. Soc., 140, 4913-4921, https://doi.org/10.1021/jacs.8b01191,
590 2018.

591 Lee, C., Yang, W., and Parr, R. G.: Development of the Colle-Salvetti correlation-energy formula into a
592 functional of the electron density, Phys. Rev. B, 37, 785-789,
593 https://doi.org/10.1103/PhysRevB.37.785, 1988.

594 Lee, S. H., Gordon, H., Yu, H., Lehtipalo, K., Haley, R., Li, Y., and Zhang, R.: New particle formation
595 in the atmosphere: From molecular clusters to global climate, J Geophys. Res-Atmos., 124, 7098-
596 7146, https://doi.org/10.1029/2018JD029356, 2019.

597 LiL. P, ShiJ. H, Li F. F,, Yao X. H., Gao H. W.: Concentrations of nitric acid, nitrous acid, ammonia
598 gases and partner nitrogen ions in PMas and gas-particle partitioning analysis in Qingdao, Acta
599 Scientiae Circumstantiae, 34, 2869-2877, https://doi.org/10.13671/j.hjkxxb.2014.0613, 2014.

600 Li, M., Karu, E., Brenninkmeijer, C., Fischer, H., Lelieveld, J., and Williams, J.: Tropospheric OH and
601 stratospheric OH and Cl concentrations determined from CHs, CH3Cl, and SFs measurements, npj
602 Clim. Atmos. Sci., 1, 29, https://doi.org/10.1038/s41612-018-0041-9, 2018.

603 Li, M., Zhang, Y., Yu, X., Li, L., Wang, S., Zhang, Q., Wang, W., and Wang, Q.: Mechanistic insights
604 into Criegee intermediates with benzoic acid at gas-phase and air-water interface and nucleation of
605 product, Atmos. Environ., 320, 120338, https://doi.org/10.1016/j.atmosenv.2024.120338, 2024a.
606 Li, Y., Li, X., Cai, R,, Yan, C., Zheng, G., Li, Y., Chen, Y., Zhang, Y., Guo, Y., Hua, C., Kerminen, V.-M.,
607 Liu, Y., Kulmala, M., Hao, J., Smith, J. N., and Jiang, J.: The significant role of new particle
608 composition and morphology on the HNOs-driven growth of particles down to Sub-10 nm, Environ.
609 Sci. Technol., 58, 5442-5452, https://doi.org/10.1021/acs.est.3¢09454, 2024b.

610 Limmer, D. T., Gotz, A. W., Bertram, T. H., and Nathanson, G. M.: Molecular insights into chemical
611 reactions at aqueous aerosol interfaces, Annu. Rev. Phys. Chem., 75, 111-135,
612 https://doi.org/10.1146/annurev-physchem-083122-121620, 2024.

613 Liu, L., Yu, F, Tu, K., Yang, Z., and Zhang, X.: Influence of atmospheric conditions on the role of
614 trifluoroacetic acid in atmospheric sulfuric acid-dimethylamine nucleation, Atmos. Chem. Phys., 21,
615 https://doi.org/10.5194/acp-21-6221-2021, 2021a.

616 Liu, L., Yu, F., Du, L., Yang, Z., Francisco, J. S., and Zhang, X.: Rapid sulfuric acid-dimethylamine
617 nucleation enhanced by nitric acid in polluted regions, Proc. Natl. Acad. Sci., 118, e2108384118,
618 https://doi.org/10.1073/pnas.210838411, 2021b.

619 Liu, L., Li, H., Zhang, H., Zhong, J., Bai, Y., Ge, M., Li, Z., Chen, Y., and Zhang, X.: The role of nitric
620 acid in atmospheric new particle formation, Phys. Chem. Chem. Phys., 20, 17406-17414,
621 https://doi.org/10.1039/C8CP02719F, 2018.

622 Liu, Y., Xie, H.-B., Ma, F., Chen, J., and Elm, J.: Amine-enhanced methanesulfonic acid-driven
623 nucleation: predictive model and cluster formation mechanism, Environ. Sci. Technol., 56, 7751-
624 7760, https://doi.org/10.1021/acs.est.2c01639, 2022.

625 Lu, T. and Chen, F. W.: Multiwfn: A multifunctional wavefunction analyzer, J. Comput. Chem., 33, 580-
626 592, https://doi.org/10.1002/jcc.22885, 2012.

627 Lv, G. and Sun, X.: The role of air-water interface in the SOz hydration reaction, Atmos. Environ., 230,
628 117514, https://doi.org/10.1016/j.atmosenv.2020.117514, 2020.

629 Ma, X. H., Zhao, X. W., Ding, Z. Z., Wang, W., Wei, Y. Y., Xu, F., Zhang, Q. Z., and Wang, W. X.:

23



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

630 Determination of the amine-catalyzed SOz hydrolysis mechanism in the gas phase and at the air-
631 water interface, Chemosphere, 252, 126292, https://doi.org/10.1016/j.chemosphere.2020.126292,
632 2020a.

633 Ma, X. H., Zhao, X. W., Huang, Z. X., Wang, J. J., Lv, G. C., Xu, F., Zhang, Q. Z., and Wang, W. X.:
634 Determination of reactions between Criegee intermediates and methanesulfonic acid at the air-water
635 interface, Sci. Total Environ., 707, 135804, https://doi.org/10.1016/j.scitotenv.2019.135804, 2020b.
636 Mardirossian, N. and Head-Gordon, M.: How accurate are the Minnesota density functionals for
637 noncovalent interactions, isomerization energies, thermochemistry, and barrier heights involving
638 molecules composed of main-group elements?, J. Comput. Chem., 12, 4303-4325,
639 https://doi.org/10.1021/acs.jctc.6b00637, 2016.

640 Martins-Costa, M. T., Anglada, J. M., Francisco, J. S., and Ruiz-Lopez, M. F.: Theoretical investigation
641 of the photoexcited NO + H,O reaction at the air-water interface and its atmospheric implications,
642 Chem. Eur. J., 25, 13899-13904, https://doi.org/10.1002/chem.201902769, 2019.

643 McGrath, M. J., Olenius, T., Ortega, I. K., Loukonen, V., Paasonen, P., Kurtén, T., Kulmala, M., and
644 Vehkaméki, H.: Atmospheric Cluster Dynamics Code: a flexible method for solution of the birth-
645 death equations, Atmos. Chem. Phys., 12, 2345-2355, https://doi.org/10.5194/acp-12-2345-2012,
646 2012.

647 Mezuman, K., Bauer, S. E., and Tsigaridis, K.: Evaluating secondary inorganic aerosols in three
648 dimensions, Atmos. Chem. Phys., 16, 10651-10669, https://doi.org/10.5194/acp-16-10651-2016,
649 2016.

650 Mollner, A. K., Valluvadasan, S., Feng, L., Sprague, M. K., Okumura, M., Milligan, D. B., Bloss, W. J.,
651 Sander, S. P., Martien, P. T., and Harley, R. A.: Rate of gas phase association of hydroxyl radical
652 and nitrogen dioxide, Science, 330, https://doi.org/10.1126/science.1193030, 646-649, 2010.

653 Mondal, K., Biswas, S., Chattopadhyay, A., Chatterjee, P., and Chakraborty, T.: Gas-phase oxidation of
654 NO; to HNOs by phenol: Atmospheric implications, ACS Earth Space Chem., 5, 2131-2141,
655 https://doi.org/10.1021/acsearthspacechem.1c00167, 2021.

656 Mu, R., Wang, X., Wang, G., Li, R, Li, Z., Wei, S., Zhang, C., Zhang, T., and Wang, R.: A new
657 mechanism of HNOs from the reaction of NO», C10 and water molecule in the gas-phase and at the
658 air-water interface, Chem. Phys., 585, 112373, https://doi.org/10.1016/j.chemphys.2024.112373,
659 2024.

660 Neese, F.. The ORCA program system, WIREs Comput. Mol. Sci, 2, 73-78,
661 https://doi.org/10.1002/wcms.81, 2012.

662 Neuman, J. A, Huey, L. G., Dissly, R. W., Fehsenfeld, F. C., Flocke, F., Holecek, J. C., Holloway, J. S.,
663 Hibler, G., Jakoubek, R., Nicks Jr., D. K., Parrish, D. D., Ryerson, T. B., Sueper, D. T., and
664 Weinheimer, A. J.: Fast-response airborne in situ measurements of HNOj3 during the Texas 2000 Air
665 Quality Study, J Geophys. Res-Atmos., 107, ACH 8-1-ACH 8-14,
666 https://doi.org/10.1029/2001JD001437, 2002.

667 Ossohou, M., Galy-Lacaux, C., Yoboué, V., Hickman, J. E., Gardrat, E., Adon, M., Darras, S., Laouali,
668 D., Akpo, A., Ouafo, M., Diop, B., and Opepa, C.: Trends and seasonal variability of atmospheric
669 NO; and HNOj; concentrations across three major African biomes inferred from long-term series of
670 ground-based  and  satellite =~ measurements, Atmos.  Environ., 207, 148-166,
671 https://doi.org/10.1016/j.atmosenv.2019.03.027, 2019.

672 Partanen, L., Vehkamaki, H., Hansen, K., Elm, J., Henschel, H., Kurten, T., Halonen, R., and Zapadinsky,
673 E.: Effect of conformers on free energies of atmospheric complexes, J. Phys. Chem. A, 120, 8613-

24



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

674 8624, https://doi.org/10.1021/acs.jpca.6b04452, 2016.

675 Pereira, A. T., Ribeiro, A. J., Fernandes, P. A., and Ramos, M.: Benchmarking of density functionals for
676 the kinetics and thermodynamics of the hydrolysis of glycosidic bonds catalyzed by glycosidases,
677 Int. J. Quantum Chem., 117, €25409, https://doi.org/10.1002/qua.25409, 2017.

678 Perraud, V., Horne, J. R., Martinez, A. S., Kalinowski, J., Meinardi, S., Dawson, M. L., Wingen, L. M.,
679 Dabdub, D., Blake, D. R., and Gerber, R. B.: The future of airborne sulfur-containing particles in
680 the absence of fossil fuel sulfur dioxide emissions, Proc. Natl. Acad. Sci., 112, 13514-13519,
681 https://doi.org/10.1073/pnas.1510743112, 2015.

682  Ravishankara, A. R.: Heterogeneous and multiphase chemistry in the troposphere, Science, 276, 1058-
683 1065, https://doi.org/10.1126/science.276.5315.1058, 1997.

684 Shen, J., Elm, J., Xie, H.-B., Chen, J., Niu, J., and Vehkamaki, H.: Structural effects of amines in
685 enhancing methanesulfonic acid-driven new particle formation, Environ. Sci. Technol., 54, 13498-
686 13508, https://doi.org/10.1021/acs.est.0c05358, 2020.

687 Shen, J., Xie, H.-B., Elm, J., Ma, F., Chen, J., and Vehkamaiki, H.: Methanesulfonic acid-driven new
688 particle formation enhanced by monoethanolamine: A computational study, Environ. Sci. Technol.,
689 53, 14387-14397, https://doi.org/10.1021/acs.est.9605306, 2019.

690 Stavrakou, T., Miiller, J. F., Boersma, K. F., van der A, R. J., Kurokawa, J., Ohara, T., and Zhang, Q.:
691 Key chemical NO, sink uncertainties and how they influence top-down emissions of nitrogen oxides,
692 Atmos. Chem. Phys., 13, 9057-9082, https://doi.org/10.5194/acp-13-9057-2013, 2013.

693 Stone, D., Whalley, L. K., and Heard, D. E.: Tropospheric OH and HO; radicals: Field measurements
694 and model comparisons, Chem. Soc. Rev., 41, 6348-6404, https://doi.org/10.1039/C2CS35140D,
695 2012.

696 Sun, Y.-Q., Wang, X., Bai, F.-Y., and Pan, X.-M.: Theoretical study of the hydrolysis of HOSO + NO; as
697 a source of atmospheric HONO: effects of H,O or NHs, Environ. Chem., 14, 19-30,
698 https://doi.org/10.1071/EN16080, 2016.

699 Tang, B., Bai, Q., Fang, Y.-G., Francisco, J. S., Zhu, C., and Fang, W.-H.: Mechanistic insights into N>Os-
700 halide ions chemistry at the air-water interface, J. Am. Chem. Soc., 146, 21742-21751,
701 https://doi.org/10.1021/jacs.4c05850, 2024.

702 Tribello, G. A., Bonomi, M., Branduardi, D., Camilloni, C., and Bussi, G.: PLUMED 2: New feathers
703 for an old bird, Comput. Phys. Commun., 185, 604-613, https://doi.org/10.1016/j.cpc.2013.09.018,
704 2014.

705 Tchinda T. N., Du, L., Liu, L., and Zhang, X.: Pyruvic acid, an efficient catalyst in SOz hydrolysis and
706 effective clustering agent in sulfuric-acid-based new particle formation, Atmos. Chem. Phys., 22,
707 1951-1963, https://doi.org/10.5194/acp-22-1951-2022, 2022.

708 VandeVondele, J. and Hutter, J.: Gaussian basis sets for accurate calculations on molecular systems in
709 gas and condensed phases, J. Chem. Phys., 127, 114105, https://doi.org/10.1007/978-1-4757-0887-
710 5 1,2007.

711 Varandas, A. J. C. and Pansini, F. N. N.: Narrowing the error in electron correlation calculations by basis
712 set re-hierarchization and use of the unified singlet and triplet electron-pair extrapolation scheme:
713 Application to a test set of 106 systems, J. Chem. Phys., 141, 224113, 10.1063/1.4903193,
714 https://doi.org/10.1063/1.4903193, 2014.

715 Wang, M., Kong, W., Marten, R., He, X.-C., Chen, D., Pfeifer, J., Heitto, A., Kontkanen, J., Dada, L.,
716 and Kiirten, A.: Rapid growth of new atmospheric particles by nitric acid and ammonia condensation,
717 Nature, 581, 184-189, https://doi.org/10.1038/s41586-020-2270-4, 2020.

25



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

718 Williams, C. F., Pogrebnya, S. K., and Clary, D. C.: Quantum study on the branching ratio of the reaction

719 NO; + OH, J. Chem. Phys., 126, 154321, https://doi.org/10.1063/1.2714511, 2007.

720 Winiberg, F. A. F., Zuraski, K., Liu, Y., Sander, S. P., and Percival, C. J.: Pressure and temperature
721 dependencies of rate coefficients for the reaction OH + NO, + M — products, J. Phys. Chem. A,
722 124, https://doi.org/10121-10131, 10.1021/acs.jpca.0c08920, 2020.

723 Xin, K., Chen, J., and Soyol-Erdene, T.: Formation mechanism and source apportionment of nitrate in
724 atmospheric aerosols, APN Science Bulletin, 13, 102-111, https://doi.org/10.30852/sb.2023.2225,
725 2023.

726 Xu, Q., Ma, F., Xia, D., Li, X., Chen, J., Xie, H.-B., and Francisco, J. S.: Two-step noncatalyzed
727 hydrolysis mechanism of imines at the air-water interface, J. Am. Chem. Soc., 146, 28866-28873,
728 https://doi.org/10.1021/jacs.4c09080, 2024.

729 Xu, W., Luo, X. S., Pan, Y. P., Zhang, L., Tang, A. H., Shen, J. L., Zhang, Y., Li, K. H., Wu, Q. H., Yang,
730 D. W., Zhang, Y. Y., Xue, J., Li, W. Q., Li, Q. Q., Tang, L., Lu, S. H., Liang, T., Tong, Y. A., Liu, P.,
731 Zhang, Q., Xiong, Z. Q., Shi, X. J., Wu, L. H., Shi, W. Q., Tian, K., Zhong, X. H., Shi, K., Tang, Q.
732 Y., Zhang, L. J., Huang, J. L., He, C. E., Kuang, F. H., Zhu, B., Liu, H., Jin, X., Xin, Y. J., Shi, X.
733 K., Du, E. Z., Dore, A. J., Tang, S., Collett Jr, J. L., Goulding, K., Sun, Y. X., Ren, J., Zhang, F. S.,
734 and Liu, X. J.: Quantifying atmospheric nitrogen deposition through a nationwide monitoring
735 network across China, Atmos. Chem. Phys., 15, 12345-12360, https://doi.org/10.5194/acp-15-
736 12345-2015, 2015.

737 Yang, J., Li, L., Wang, S., Li, H., Francisco, J. S., Zeng, X. C., and Gao, Y.: Unraveling a new chemical
738 mechanism of missing sulfate formation in aerosol haze: Gaseous NO, with aqueous HSO37/SO3%,
739 J. Am. Chem. Soc., 141, 19312-19320, https://doi.org/10.1021/jacs.9b08503, 2019.

740 Ye, C., Zhou, X., Pu, D., Stutz, J., Festa, J., Spolaor, M., Tsai, C., Cantrell, C., Mauldin, R. L., and
741 Campos, T.: Rapid cycling of reactive nitrogen in the marine boundary layer, Nature, 532, 489-491,
742 https://doi.org/10.1038/nature17195, 2016.

743 Zhang, J. and Dolg, M.: ABCluster: the artificial bee colony algorithm for cluster global optimization,
744 Phys. Chem. Chem. Phys., 17, 24173-24181, https://doi.org/10.1039/C5CP04060D, 2015.

745 Zhang, R., Shen, J., Xie, H. B., Chen, J., and Elm, J.: The role of organic acids in new particle formation
746 from methanesulfonic acid and methylamine, Atmos. Chem. Phys., 22, 2639-2650,
747 https://doi.org/10.5194/acp-22-2639-2022, 2022.

748 Zhao, Z., Kong, K., Wang, S., Zhou, Y., Cheng, D., Wang, W., Zeng, X. C., and Li, H.: Understanding
749 hygroscopic nucleation of sulfate aerosols: Combination of molecular dynamics simulation with
750 classical nucleation theory, J. Phys. Chem. Lett., 10, 1126-1132,
751 https://doi.org/10.1021/acs.jpclett. 9600152, 2019.

752 Zhong, J., Kumar, M., Zhu, C. Q., Francisco, J. S., and Zeng, X. C.: Surprising stability of larger Criegee
753 intermediates on aqueous interfaces, Angew. Chem. Int. Ed., 56, 7740-7744,
754 https://doi.org/10.1002/anie.201702722, 2017a.

755 Zhong, J., Zhu, C., Li, L., Richmond, G. L., Francisco, J. S., and Zeng, X. C.: Interaction of SO, with
756 the surface of a water nanodroplet, J. Am. Chem. Soc., 139, 17168-17174,
757 https://doi.org/10.1021/jacs. 7609900, 2017b.

758 Zhong, J., Li, H., Kumar, M., Liu, J., Liu, L., Zhang, X., Zeng, X. C., and Francisco, J. S.: Mechanistic
759 insight into the reaction of organic acids with SOj at the air-water interface, Angew. Chem. Int. Ed.,
760 131, 8439-8443, https://doi.org/10.1002/anie.201900534, 2019.

761 Zhou, S., Li, H., Yang, T., Chen, Y., Deng, C., Gao, Y., Chen, C., and Xu, J.: Characteristics and sources

26



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

762 of acrosol aminiums over the eastern coast of China: insights from the integrated observations in a
763 coastal city, adjacent island and surrounding marginal seas, Atmos. Chem. Phys., 19, 10447-10467,
764 https://doi.org/10.5194/acp-19-10447-2019, 2019.

27



https://doi.org/10.5194/egusphere-2026-3408
Preprint. Discussion started: 29 September 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

Table. 1 Rate constants (k, cm>molecule™!-s!) for the NO2 + OH reaction in the absence and presence of a water

molecule, and the effective rate constants (k', cm®-molecule !-s™!) for water-catalyzed reaction calculated using master
equation within the range of 212.6-320.0 K and 0-10 km

P k'wmi/kiot
Altitud T (K k k k'
itude (Torr) (K) R WMI WMI %)
280.00 5.72 x 10712 227 %1010 221 %1013 3.71
290.00 5.37 x 10712 2.13x 1010 3.05x 10713 5.37
5.10 x 10712

(92 + 0.4)x 107120

298.15 Lo 203x100 392x100 715
0km  760.00 4.00 < 10°

(10.6 + 3.7) x 10-12¢
300.00 5.04 x 10712 2.00%x 1010 4.14 x 1013 7.59
310.00 4.71 x 1072 1.86 x 10710 538 x 1013 10.24
320.00 4.41 x 10712 1.73 x 1010 6.67 x 1013 13.15
5km 406.75 258.30 4.78 x 10712 220% 10710 244 x 104 0.51
10km 202.16 229.70 4.11 x 10712 2.21 x 10710 1.11 x 1013 0.03

kr and kwmiwas denoted the rate constants for the NO2 + OH reaction without and with water molecule, respectively;

k'wmi was denoted the effective rate constants for the NO2 + OH reaction with water molecule.

2 The experimental values were reported from Winiberg et al., 2020;

b The theoretical values were reported from Sun et al., 2016;

¢ The experimental values were reported from Berresheim et al., 2002.

28



