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10 Abstract

11 Carboxylic sulfuric anhydrides are key aerosol constituents. Among these, benzoic sulfuric
12 anhydride (BSA) has been predicted to reach up to 107 molecules-cm™ in urban industrial regions
13 and has been identified as a potential precursor for new particle formation (NPF). However, its
14 formation mechanism and role in sulfuric acid-ammonia (SA-A) nucleation are unclear. Here, we
15 employ quantum chemical (QC) calculations and atmospheric cluster dynamics simulations (ACDC)
16  to investigate the gaseous mechanism of BSA formation and its key role in SA-A nucleation. QC
17 calculations show that BSA forms via fast cycloaddition between BA and SOj; (barrier of 1.5
18  kcal-mol™!). Within 280.0-320.0 K, this route can effectively compete with the SO3 + (H,0): reaction
19  at [BA] > 10'° molecules-cm™ and RH < 60%. ACDC simulations further reveal that at [BSA] =
20 10® molecules-cm?, the SA-A cluster formation rate increases by six orders of magnitude as
21  temperature decreases from 298.15 K to 278.15 K. In high-BSA industrial regions (e.g., Beijing),
22 the BSA-SA-A ternary pathway contributes 99% to total cluster formation. Notably, despite its
23 lower concentration, BSA exhibits stronger nucleation potential than its precursor BA in the SA-A
24 system. These findings clarify the atmospheric sources of BSA and help explain frequent NPF
25  events in urban-industrial regions.
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26 1l.Introduction

27 Atmospheric aerosols pose serious threats to human health and significantly affect global
28 climate, radiative balance, and air quality (Zhang et al., 2012b; Heal et al., 2012; Ho et al., 2007;
29 Lee etal., 2019; Zhao et al., 2024; Blichner et al., 2024). As a major source of atmospheric aerosols,
30  new particle formation (NPF) arising from gas-to-particle conversion contributes approximately
31 half of the atmospheric particle number (Gordon et al., 2017; Ma et al., 2024; Qiao et al., 2024; Liu
32 etal, 2021b; Liu et al., 2019). Despite the atmospheric significance of NPF, field observations and
33 chamber experiments have provided valuable information on its evolution (Lee et al., 2019; Kulmala
34 et al., 2004). However, they cannot clarify the complex physicochemical processes governing
35 atmospheric nucleation and particle growth (Lee et al., 2019; Kerminen et al., 2018). Therefore,
36  molecular-scale insight into nucleation mechanisms is critical for NPF prediction, as well as for
37  establishing theoretical support to mitigate aerosol pollution and improve air quality.

38 Sulfuric acid (SA), characterized by its extremely low volatility and strong acidity, has been
39  widely recognized as a key species promoting nucleation during NPF (Almeida et al., 2013; Zhao
40 etal., 2011; Erupe et al., 2011; Lehtipalo et al., 2016; Kulmala et al., 2013; Elm, 2021). Ammonia
41 (A), a ubiquitous alkaline gas in the atmosphere, has been demonstrated to significantly enhance
42 SA-driven nucleation rate (Kirkby et al., 2023; Zhang et al., 2015; Cai et al., 2023; Kirkby et al.,
43 2011; Xie et al., 2017). However, SA-A binary nucleation alone is insufficient to account for the
44 nucleation rates observed in the atmosphere, suggesting the involvement of additional species in the
45 formation of critical clusters (Cai et al., 2020; Hodshire et al., 2019). In response to this, a variety
46  of compounds have been proposed to participate in nucleation, including highly oxygenated organic
47  molecules (HOMs) (Ortega et al., 2016; Lehtipalo et al., 2018), nitric acid (Wang et al., 2022), water
48 (H20) (Zhang et al., 2012a; Kulmala et al., 2004), polyhydroxy compounds and organic acids such
49  as pyruvic acid (Tsona Tchinda et al., 2022), lactic acid (LA) (Li et al., 2017) and glycolic acid
50  (Perri et al., 2009; Zhang et al., 2017). These species can stabilize SA-A clusters by enhancing
51 hydrogen bonding interactions, facilitating proton transfer and reducing cluster volatility, thereby
52 promoting particle formation. Nevertheless, the nucleation rates predicted by current mechanisms
53 remain than those observed in field measurements, indicating that key nucleating species and

54  pathways have yet to be fully unidentified.
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55 Carboxylic sulfuric anhydrides (CSAs) have been identified as important constituents of
56  atmospheric organosulfur compounds (Smith et al., 2019; Mackenzie et al., 2015; Zhang et al., 2022;
57  Rong et al., 2020; Kumar et al., 2024; Zhang et al., 2018; Wang et al., 2025). Smith et al. (2019)
58  predicted that gaseous CSAs can reach up to 107 molecules-cm™ in organic acid-rich environments,
59  particularly under polluted conditions or during episodes with elevated organic acid or SO;
60  concentrations. Furthermore, previous studies have shown that CSAs are formed via cycloaddition
61 reactions between SO3 and a variety of atmospheric organic and inorganic acids (e.g., acetic acid,
62 oxalic acid, propionic acid, malonic acid, and iodoacetic acid) (Mackenzie et al., 2015; Kumar et
63 al., 2024). These reactions can effectively compete with the reaction of SO; with water dimers
64  (H20);in acid-rich regions, implying they should be considered as an important atmospheric sink
65  of SOs. A representative example is the formation of acetic sulfuric anhydride from the reaction of
66  SOs with acetic acid, which has been detected at both roadside and urban background sites in
67  Leipzig. Moreover, the calculated rate coefficient for this reaction approaches the collision limit,
68 suggesting that it can efficiently rival the SO3; + (H20); reaction in polluted regions (Kumar et al.,
69  2024). As the simplest aromatic CSA, benzoic sulfuric anhydride (BSA) has attracted considerable
70  attention because its concentration has been estimated to reach up to 2 x 107 molecules-cm™ in
71  potential regions characterized by elevated levels of benzoic acid (BA) and SOs, such as Los
72 Angeles, Azusa, Beijing and Hong Kong (Smith et al., 2019; Ho et al., 2015; Nolte et al., 1999; Ho
73 etal., 2011). Notably, BSA has been reported to form rapidly via the reaction of BA with SO3, with
74 avery low energy barrier of 0.34 kcal-mol! (Zhang et al., 2023). This value is substantially lower
75  than that of the dominant atmospheric SOs sink involving reaction with water dimers (5.47 kcal-mol
76 1) (Tsona Tchinda et al., 2022). Nevertheless, the formation of BSA has not yet been kinetically
77  compared with that of SA formation from the hydrolysis of SO; in regions characterized by
78  potentially high concentrations of BA and SOs, such as Beijing and the Pearl River Delta region
79  (Hoetal, 2015; Ho et al., 2011). This limits an accurate and comprehensive understanding of SO3
80  consumption pathways in such environments.

81 BSA has received considerable attention owing to its low vapor pressure, strong acidity and
82  potentially high concentration in urban industrial regions. Previous studies have shown that BSA
83 can form strongly bound complexes with SA/A/DMA, exhibiting substantially stronger
84  intermolecular interactions than its precursor aromatic acid BA (Zhang et al., 2023). However, this
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85 study mainly focused on intermolecular interactions, while the potential role of BSA in SA-A-driven
86  NPF has not yet been systematically investigated. Meanwhile, increasing evidence suggests that
87  CSAs can effectively enhance SA-A-driven ternary nucleation. For example, formic sulfuric
88  anhydride (FSA), formed via the gas-phase reaction of formic acid (FA) with SOs3, has been reported
89  to enhance the formation rate of SA-A clusters by more than 103 times in polluted urban regions
90  such as Beijing and Tangshan (Wang et al., 2025). As one of the CSAs, BSA is expected to exert a
91 significant promoting effect and act as an important stabilizer in SA-A-mediated NPF. Nevertheless,
92 the specific contribution of BSA to SA-A-driven NPF has not been quantitatively characterized.
93  This knowledge gap hinders an accurate mechanistic understanding and assessment of SA-A
94 nucleation in the troposphere, particularly in environments characterized by high BA and SO3
95  concentrations.
96 In this study, we first employed quantum chemical calculations combined with master equation
97  analysis to investigate the gas-phase formation mechanism of BSA from the reaction of SO; with
98  BAand to assess its atmospheric importance by comparing its rate with that of the conventional SO;3
99  sink pathway (SO3 + (H20),). Then, the Atmospheric Cluster Dynamics Code (ACDC) is utilized
100 to quantify the promotion effect of BSA on SA-A-drive NPF, reveal its temperature-dependent dual
101  role in nucleation, and evaluate its contribution to cluster formation flux in typical urban industrial
102 regions affected by fossil fuel and biomass combustion (e.g., Los Angeles). Finally, the nucleation
103 enhancement potential of BSA is compared with its precursor BA to highlight the unique and
104  importance role of BSA in SA-A-driven NPF, even when the atmospheric concentration of BSA is
105  lower than that of BA. Overall, this study provides molecular-level insight into SO; consumption in
106  BA-influenced environments and further improves the understanding of the role of aromatic

107 carboxylic sulfuric anhydrides in atmospheric nucleation.

108 2. Computational Methods

109 2.1 Quantum Chemical Details. A systematic quantum chemical investigation of the gas-
110 phase SO3+ BA — BSA reaction was carried out using the M06-2X density functional theory
111 (DFT) method under both anhydrous and water-assisted conditions. The M06-2X functional
112 has been extensively validated for accurately describing noncovalent interactions and

113 predicting thermochemical properties and equilibrium structures relevant to atmospheric
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114 chemical reactions (Walker et al., 2013; Mardirossian et al., 2016; Zhao and Truhlar, 2008;
115 Elm et al., 2012). In this work, the geometries of all species involved in the reaction were fully
116 optimized, and harmonic vibrational frequency calculations were performed using the
117 Gaussian 09 program (Frisch, 2009) with the 6-311G(2d,2p) basis set.

118 A systematic three-step configurational sampling procedure was adopted to identify the most
119 stable geometries of (SA)x(A)y(BSA), clusters within the range of 0 <y < x + z < 3. In the first
120 step, for each cluster system, n x 1000 random initial geometries (1 < n < 3) were generated with
121 the ABCluster program (Zhang and Dolg, 2015), followed by preliminary screening via the PM6
122 semiempirical approach as implemented in MOPAC 2016 (Partanen et al., 2016). Based on the
123 PM6 screening results, the lowest-energy n x 100 structures were extracted and subsequently
124 reoptimized at the M06-2X/6-31+G(d,p) level. Finally, the energetically lowest n x 10 structures
125 were fully optimized at the M06-2X/6-311G(2d,2p) level to reliably determine the global
126 minimum cluster configurations. Building upon the optimized geometries, high-accuracy single-
127 point energies were calculated with the ORCA program (Neese, 2012) at the DLPNO-
128 CCSD(T)/aug-cc-pVTZ level, yielding more reliable reaction barriers and thermodynamic
129 parameters (Neese, 2018; Tan et al., 2022). Details of the optimized cluster structures and the
130 corresponding Gibbs free energies are presented in the Supporting Information (Table S10 and
131 Table S20). Metadynamics simulations were performed using the CP2K package interfaced with
132 the PLUMED package, and detailed computational procedures are described in Part S1 of the
133 Supporting Information. Additionally, the Multiwfn 3.8 package is employed to investigate

134 molecular interactions (Lu and Chen, 2012; Lu, 2024; Lu and Chen, 2020; Lu and Chen, 2021).

135 2.2 Rate Coefficient Computations. To investigate the reaction kinetics of BA with SOs,
136 based on the computational methods described above, the high-pressure-limit rate coefficients
137 were first calculated using the Variable Reaction Coordinate Variational Transition State Theory

138 method as implemented in the Polyrate package (Meana-Paiieda et al., 2024; Zhang et al., 2024).
139 Based on these results, temperature and pressure-dependent rate coefficients in the range of 280.0-
140 320.0 K were subsequently obtained by solving the multi-well master equation using MESMER
141 (Glowacki et al., 2012). In this framework, the barrierless association step from separated reactants
142 to the pre-reactive complex was evaluated using the inverse Laplace transform method
143 implemented in MESMER (Kumar et al., 2021), whereas the subsequent transformation from the
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144 pre-reactive complex to the post-reactive complex via the transition state was treated using RRKM
145 theory (Mallick et al., 2021; Bao et al., 2016). Tunneling effects were taken into account by
146 applying an asymmetric Eckart tunneling model. More detailed computational information is
147 provided in the Supporting Information (Part S2 and Part S3).

148 2.3 ACDC Model. The thermodynamic data derived from quantum chemical calculations at
149  the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-311G(2d,2p) level were used as input for the
150  Atmospheric Cluster Dynamics Code (ACDC) (McGrath et al., 2012; Zhang and Dolg, 2015) to
151 investigate the formation rates and growth mechanisms of (SA)x(A)y(BSA), clusters, with 0 <y <
152  x + z < 3. The birth-and-death equations implemented in the ACDC model were numerically
153 integrated using the built-in odel5s solver in MATLAB R2014a (Shampine and Reichelt, 1997),
154  allowing for a detailed characterization of the kinetic processes governing cluster growth. The

155  explicit form of the birth-and-death equations is given as follows:

de, 1 1
156 o gzﬁ/,wcj%ﬂ + 265Gy = 225,65 _52%—»/@ +0,-5 ()
j<i J J J<i
157 In this kinetic framework, the population density of cluster i is represented by c;, whereas the

158  collisional interaction rate between clusters i and j is described by fi;. The fragmentation of the
159  larger i+j aggregate into its constituent clusters is governed by the evaporation constant y+j—i. The
160  term Q; represents the contribution from external formation sources. To account for removal
161 processes, coagulation losses were incorporated using a sink coefficient of 2 x 102 s'! (Yao et al.,
162 2018), consistent with typical values reported for highly polluted atmospheric conditions (Liu et al.,
163 2021a). Within the ACDC framework, boundary clusters must exhibit sufficient stability so that
164 further growth can proceed. Therefore, the clusters (SA)s'(A)s, (SA)s(A)s, and

165  (SA)1*(A)3*(BSA); were identified as boundary clusters.

166 3. Results and discussion

167 3.1 The gaseous mechanism of BSA formation

168 The electrostatic potential (ESP) mapped on the van der Waals surfaces reveals complementary
169  charge distributions between BA and SO; (Fig. 1a). Specifically, the negative ESP on the O2 atom
170 of BA (-10.55 kcal'mol™) attracts the positively charged S atom of SOz (+58.10 kcal'mol™), while

171  the positive ESP on the carboxylic hydrogen of BA (+53.10 kcal-mol) aligns with negative ESP



https://doi.org/10.5194/egusphere-2026-2831
Preprint. Discussion started: 14 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

172 onthe O3 atom of SO; (-12.13 kcal-mol '), indicating hydrogen bonding. This ESP complementarity
173 supports the reaction proceeds via a cycloaddition-hydrogen abstraction mechanism. The potential
174 energy surface of the cycloaddition reaction between SO; and BA was investigated at the DLPNO-
175  CCSD(T)/aug-cc-pVTZ//M06-2X/6-311G(2d,2p) level (Fig. 1(a)). As clearly illustrated in Fig. 1(a)
176 and Fig. SI, BA interacts with SOs through a strong and stable hydrogen bond (03++-H, 1.99A,
177 sign(k2)p = 0.05 a.u.) and an incipient covalent interaction (S++-02, 1.65A, sign(A2)p = -0.09 a.u.)
178 (Lu and Chen, 2021;Lu, 2025;Ning et al., 2024) to form a six-membered ring pre-reactive
179 intermediate (IM), with a computed stabilization energy of 4.0 kcal-mol™'. Notably, due to low ring
180  tension, the reaction over a low energy barrier of 1.5 kcal-mol™! to form BSA and the calculated
181 Gibbs free energy (AG) of BSA is -4.9 kcal-mol! relative to the SOs; + BA reactants, suggesting
182  that this reaction is exothermic progress. Additionally, compared to cycloaddition-hydrogen
183 abstraction between SO3 and HCOOH, the SO; + BA introduction of the phenyl ring not only
184  effectively lowers the reaction barrier but also enhances the product’s stability due to the aromatic
185  conjugation effect (Fig. S2(a)).

186 To further probe the bonds and structures that vary in the SO3 + BA reactions, Metadynamics
187  (MTD) simulations have been performed. As shown in Fig. 1(b), the reaction initially formed an
188 SOs:**BA complex that remains stable over a certain timescale, while the S-O2 distance fluctuates
189  around 2.5 A, characteristic of a vdW interaction. At 1.9 ps, a six-membered-ring transition-state-
190 like structure was observed, with the S++-02 and H++-O3 distances shortening to 2.06 A and 1.64 A,
191 respectively. Subsequently, at approximately 3.5 ps, the reaction clearly proceeds via a concerted
192 mechanism, involving simultaneous hydrogen transfer from BA to the O3 atom of SO3 and the
193 addition of the O2 atom of BA to the S atom of SO3, further corroborating the ESP-based predictions.
194  The reaction then rapidly yields the BSA product, with the S-O2 and H-O3 distances stabilizing at
195  approximately 1.75 A and 1.00 A, respectively, confirming the formation of new covalent bonds.
196  Notably, BSA is formed within 4 ps, indicating a fast and efficient reaction process.

197 To better assess the potential importance of the SOz + BA reaction and its competition with the
198 SOs3 + (H20), pathway, a major sink of SO3 in the atmosphere, the rate ratio (vea/vsa_wm) was
199  calculated over the temperature range of 280-320 K based on Eq. (2). Here, ksa and ksa wm denote
200  the rate coefficients of SOz + BA and SOs + (H20); reactions, respectively, while [BA], [SO3] and
201 [(H20)2] represent the corresponding species concentrations. As shown in Fig. 2, at low BA
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202 concentrations (10'° molecules:cm) and high relative humidity (RH > 30%), vga/Vsa_wm Temains
203 below unity, indicating that SOz + (H20). pathway dominates under these conditions. As BA
204  concentration increases and RH decreases, the contribution of the SO3 + BA pathway becomes
205  progressively more significant. In the intermediate (blue) region ([BA] > 10'! molecules-cm™ and
206  RH>40%), the two pathways are comparable, with vBa/Vsa_wm close to 1. Notably, under conditions
207  of high BA concentrations (> 10'! molecules-cm™) and low humidity (RH < 40%), the rate ratio
208  increases markedly, reaching values up to 10, as indicated by the pink regions. This trend is
209  consistently observed across the entire temperature range. These results indicate that the SO3 + BA
210 reaction can effectively compete with, or even dominate over, the SOz + (H20), reaction under dry
211 and polluted atmospheric conditions. Considering its advantages in both thermodynamics and
212 kinetics, the SO3 + BA reaction may serve as an important pathway for SOz consumption in
213 environments with elevated BA concentrations, and its role should not be underestimated.

" Var __ ku[BAIISO.l _  ky[BA] o

Vsawm  Ksa wm[SO;1I(H0),1 kg i [(H,0), ]

215 3.2 Enhancing effect of BSA in SA-A-driven NPF

216 This work first analysed the conformations and thermodynamic stability of
217 (SAX(A)y(BSA), (0 <y <x+z<3) clusters. It then investigated the influence of BSA on SA-A
218  nucleation and the effects of temperature and precursor concentrations. Finally, the formation
219  rates and enhancement factors for BSA and its precursor BA were compared.

220 3.2.1 Cluster Structures and stability analysis

221 The stable conformers of ternary (SA)x(A)y(BSA). (1 <x, I<y,x +z<3,1<z<2) clusters
222 areshown in Fig. 2. As the number of molecules increases, the cluster structures gradually transition
223 from ring to cage configuration. BSA can interact with the SA-A system via hydrogen bonding and
224 proton transfer, leading to the formation of comparatively stable clusters. Notably, in clusters where
225 x>y protons transfer solely from SA to A without BSA involvement, whereas in x <y clusters, such
226 as (SA)1'(A)2'(BSA)1, (SA)i-(A)(BSA), (SA)2:(A);*(BSA)1, and (SA)i-(A);-(BSA),, excess A
227  accepts protons directly from BSA. This is attributed to the stronger acidity of SA (pKa = -3.0)
228  compared to BSA (pKa = -2.3). Interestingly, the addition of BSA promotes more complete proton
229  transfer within the SA-A clusters. For example, proton transfer does not occur in pure SA-A cluster
230  (Fig.S7(a)). In SA-A-BSA (Fig.S7(b)), complete proton transfer from SA to A proton transfer yields
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231 anew HI1-N bond with an LBO of 0.668 a.u., which rises to 0.695 a.u. in SA-A-(BSA) (Fig.S7(c)),
232 underscoring the promotive role of BSA. In conclusion, BSA plays a significant role in forming
233 relatively stable clusters with SA-A system through interactions by hydrogen bond and proton-
234 transfer.

235 Based on the above cluster structures analysis, the AG (kcal-mol!, Table S9) and the total
236  evaporation rate (Xy, s”!, Table S12) were calculated at five different temperatures (T = 298.15,
237  288.15, 278.15, 268.15, and 258.15 K) to evaluate cluster stability. The results demonstrate that
238  incorporating BSA significantly improves the stability of the SA-A system across all studied
239  temperatures. For instance, at 278.15 K, the formation of (SA)i-(A)i-(BSA); from (SA):*(A): leads
240  to a decrease in AG to -17.13 kcal-mol’!, and a similar trend is observed for (SA).:(A):-(BSA)i,
241 (SA)2:(A)2:(BSA); and (SA)2:(A)3(BSA):. Notably, the AG value for (SA)i-(A)3 (BSA): (-56.93
242 kcal'mol') was slightly lower than that of the most stable binary cluster (SA)s*(A); (-55.04
243 kcal'mol). Kinetically, the Zy of (SA)i-(A)i"(BSA)1 (5.96 x 10° s) was about 4 orders of
244  magnitude lower than that of the binary cluster (SA)i-(A); (4.19 x 10* s7). Similarly, the Zy of
245 (SA)i:(A)3(BSA), (1.45 x 107! s71) was approximately 10 times lower than (SA)s-(A); (9.82 x 10°
246  s). Accordingly, AG and Ty demonstrates that BSA addition enhances the stability of SA-A clusters.
247 3.2.2 The cluster formation rates on the BSA-SA-A system

248 To elucidate how BSA affects the kinetic process, a series of ACDC simulations under varying
249  temperatures and monomer concentrations ([SA] = 10°-10%, [A] = 107-10"! and [BSA] = 10°-108
250  molecules-cm?). Fig. 3(a) illustrates the influence of BSA on J at different temperatures (298.15,
251 288.15, 278.15, 268.15, and 258.15 K) with the median concentration of A (10° molecules:cm)
252 and SA (107 molecules-cm™). The results show that .J increase rapidly with decreasing temperature
253 and rising [BSA]. Specifically, at a high [BSA] of 10 molecules-cm, J increases by approximately
254 6 orders of magnitude as the temperature decreases from 298.15 K to 278.15 K. This behavior is
255  primarily attributed to the thermodynamically favorable stabilization of BSA-SA-A clusters at lower
256  temperatures. Moreover, J increases significantly with rising [BSA] concentration, especially when
257 [BSA] exceeds 10° molecules-cm™. At 258.15 K, as [BSA] increases from 10° to 10% molecules-cm
258 3, Jincreased from 4.87 x 103 cm3s™! to 2.21 x 10! em3s7.

259 Besides temperature and [BSA], the concentration of the SA and A was another important
260  factor influencing the J. As shown in Fig. 3(b), a pronounced positive correlation was observed
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261 between J and [A]. With J increasing by approximately 11 orders of magnitude as [A] rises from
262 107 to 10" molecules:cm?. Similarly, J increases with [SA] over the range of 10° to 108
263  molecules-cm?, reaching 5.08 x 102 cm3s™! at higher [A] (10" molecules-cm). The enhancement
264  in nucleation is mainly attributed to the increased concentration of nucleation precursors, which
265 leads to an increase in the number of SA-A-BSA clusters. Overall, these findings clearly
266  demonstrate that BSA participation strongly enhances J in SA-A-driven NPF, especially at low
267  temperatures, high [BSA], and higher concentrations of nucleation precursors (SA and A).

268 3.3.3 Cluster formation pathways

269 To further elucidate the role of BSA in the BSA-SA-A system, the dominant cluster growth
270  paths of clusters were traced. As shown in Fig. 4(a), the major growth routes at 278.15 K under
271  conditions of CS = 0.02 s, [SA] = 107 molecules-cm=, [A] = 10° molecules:cm™, and [BSA] =5
272 x 10° molecules'cm™ can be broadly classified into two categories. The dominant pathways of
273 clusters growing out of BSA-SA-A system can be divided into two paths. The first pathway
274 corresponds to the pure SA-A-based clustering route, indicated by the blue arrows. In this pathway,
275  cluster growth is initiated by the formation of the (SA), dimer, followed by sequential collisions
276  with SA monomers, A monomers, or acid-base pairs. These processes preferentially generate
277  clusters containing equal numbers of acid and base molecules, ultimately leading to the formation
278  of the stable (SA)3(A)s, which eventually exits the system with a contribution ratio of 6%. In
279  addition to the pure SA-A pathway, a distinct BSA-involved growth mechanism is observed, in
280  which BSA serves dual functions as a “catalyst” and a direct “participant” in cluster growth. When
281 BSA acting as a “catalyst”, BSA transiently stabilizes intermediate clusters without remaining in the
282 final products. Specifically, the (SA)2'(A)2'BSA cluster first collides with an SA monomer to form
283 (SA)3-(A)2'BSA cluster, after which BSA readily evaporates, yielding the stable (SA)3-(A):2 cluster
284  with a proportion of 11%. Meanwhile, when BSA acts as a “participant”. The pathway starts with
285  the complete collision (100%) of one molecule A with BSA to form a dimer A-BSA. Then, the
286  SA-A-BSA cluster can be formed via two pathways: (i) the combination of the A-BSA cluster with
287  asingle SA monomer with the proportion of 91% and (i) cluster SA-A with the BSA monomer with
288  a proportion of 7%. The SA-A-BSA cluster can further react with the A molecule to form
289  SA-(A)2'BSA with a branching ratio of 59%. Two different pathways for the formation of the larger
290  SA:(A)2'(BSA); cluster; one is the collision reaction between the (A)2:(BSA): cluster and a single

10
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291 SA monomer with a proportion of 54%. The other is the collision between the SA-(A)2-BSA cluster
292  and asingle BSA monomer with a proportion of 39%. The SA-(A)2:(BSA): cluster will collide with
293 A molecule, forming SA-(A)3-(BSA),, which ultimately grows out of the system with a dominant
294 contribution ratio of 94%. The dual roles of BSA in SA-A clusters are also observed at lower
295  temperatures of 268.15 K and 258.15 K; however, at elevated temperatures (288.15 K and 298.15
296  K), the BSA-involved pathway is simplified due to increased evaporation rates, with BSA exhibiting
297  only the role of a “participant” (as shown in Fig. S8-S11).

298 As discussed above, a comprehensive understanding of the BSA-promoted SA-A nucleation
299  mechanism requires further evaluation of how environmental parameters, including temperature and
300  precursor concentrations ([BSA], [SA] and [A]), influence the relative contributions of different
301 cluster growth pathways. Among these factors, temperature variation has a relatively weak effect
302  onpathway branching: over 258.15-298.15 K, while higher temperatures slightly enhance the share
303  ofthe pure SA-A binary pathway, the BSA-involved route remains dominant (generally > 80%) (Fig.
304  5(b)). Under typical environmental conditions, the importance of the BSA-involved route increases
305  markedly with increasing [BSA] (Fig. 5(c)). In regions with low [BSA], such as western coastal
306  Bay of Bengal (Boreddy et al., 2017), BSA contributes only marginally to SA-A cluster growth.
307  However, in polluted urban industrial regions, where elevated BSA concentrations can arise from
308  fossil-fuel combustion and biomass burning emissions, the BSA-mediated pathway becomes
309  increasingly dominant. The contribution of the BSA-involved pathway also shows a clear negative
310  correlated with [SA] (Fig. 5(d)). Specifically, in regions with low sulfuric acid concentrations, such
311  as Beijing (3.0 x 10° molecules:cm™) (Lu et al., 2019), Nanjing (1.85 x 10° molecules-cm™) (Yang
312 etal., 2021) and Atlanta (2.5 x 10°® molecules-cm™) (McMurry et al., 2005), the BSA-involved
313 pathway contributes 100% and plays a dominant role. In contrast, in regions with high sulfuric acid
314  concentrations, the contribution rate is only 6%. The SA-A-BSA ternary pathway dominates (93-
315  94%) when [A] ranges from 107 to 10'" molecules-cm?, while an increase in [A] to 10
316  molecules-cm reduces the ternary pathway’s share to 84% and raises the binary pathway’s to 16%
317  (Fig. 5(e)). However, the ternary nucleation pathway still plays a dominant role. This phenomenon
318 indicates that even in ammonia-polluted coastal regions such as Zhejiang ([NH3] =10* pptv) (Zheng
319  etal., 2015), the BSA-involved SA-A nucleation pathway remains the dominant contributor to NPF.
320 Overall, BSA significantly promotes SA-A nucleation primarily in regions with high [BSA]
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321 and low [SA] levels, such as urban industrial areas (e.g., Los Angeles, Azusa and Yufa) and certain
322 low-[SA] environments (e.g., Beijing, Shanghai, and Atlanta), while its effect is limited in regions
323 with low BSA or high sulfuric acid concentrations.

324 3.3 Comparison of the Enhancement Effects of BSA and BA on the SA-A System
325 To evaluate the enhancement potential of BSA and its precursor BA in the SA-A-driven NPF
326  process, the AG of relevant clusters were analyzed. A comparison of AG values for (BSA)«(SA)(A)3
327  (green histogram) and (BA)«(SA),(A)s (blue histogram) clusters (x = 0-3, x + y =3) at 278.15 K is
328  presented in Fig. 7(a). The binary (SA)3(A)s cluster, which represents the most stable configuration
329  in the SA-A system, is included for reference. A clear difference in thermodynamic stability is
330  observed between the BA-containing and BSA-containing clusters. Specifically, for all investigated
331 (BA)1-3(SA)o2(A)s clusters, the AG values are substantially less negative than that of the reference
332 (SA)3(A)s cluster, with energy differences ranging from 18.8 to 49.75 kcal'mol!. In contrast, the
333 AG values of the (BSA)13(SA)o2(A)s clusters are much closer to those of the (SA)3(A); reference
334  cluster, with differences in the range of 1.53-10.41 kcal-mol'. More importantly, the
335  (BSA)i(SA)2(A)s cluster exhibits a more negative AG value than the (SA)3(A); cluster. These results
336  indicate that the addition of BSA contributes more favorably than BA to cluster stability in the SA-
337  Asystem. The enhanced stabilizing effect of BSA is mainly attributed to its stronger intermolecular
338  interactions with SA-A clusters, which facilitate the formation of more thermodynamically
339  favorable cluster configurations.

340 Based on the thermodynamic analysis, the corresponding J and enhancement strength (R) in
341 the BSA-SA-A and BA-SA-A systems were investigated and compared in Fig. 7(b). For the BA-
342  containing system, the calculated particle formation rate remains extremely low across the
343  investigated concentration range. Even when the BA concentration increases to 10'° molecules-cm-
344 3, the Jpa-sa-a at 278.15 K is only 1.29 x 10-® cms’!, indicating that BA contributes negligibly to
345 SA-A cluster formation. In contrast, the incorporation of BSA leads to a dramatic enhancement in
346  nucleation activity. Although [BSA] being two orders of magnitude less concentrated than [BA],
347 increasing [BSA] to 107 molecules-cm™ results in a Jgsa-sa-a value that exceeds that of the BA-
348  containing system by nearly six orders of magnitude. Correspondingly, the Rgsa-sa-a reaches a value
349  of 83 at [BSA] is 107 molecules-cm™, whereas R is only 1 in the BA-SA-A system even when [BA]
350  is 10'° molecules-cm. The substantial increase in J for the BSA-SA-A system can be attributed to
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351 the favorable AG of the (SA).(A)(BSA). clusters. In contrast, the relatively unfavorable AG
352 constrains cluster formation in the BA-SA-A system, even under high BA concentrations. These

353 results further confirm that BSA effectively promotes the formation of the SA-A-driven NPF.

354 4. Summary and Conclusions

355 In this work, quantum chemical (QC) calculations, master equation analysis and ACDC kinetic
356  modeling were combined to investigate gas-phase BSA formation and its role in SA-A nucleation.

357 QC calculations show that BSA formation via the SOz + BA reaction has a low energy barrier
358  of 1.5 kcal-mol™! and is exothermic by 4.9 kcal-mol-!. Within the temperature range of 280.0-320.0
359 K, under high BA concentrations (> 10'' molecules:cm™) and low relative humidity (< 40% RH),
360  the rate ratio (vsa/vsa wm) between the SO; + BA pathway and the SO3 + (H20). pathway reaches
361 10. Consequently, the SO3 + BA pathway is both kinetically and thermodynamically favorable,
362  making it an important sink for SO3 in polluted regions with elevated BA levels and dry conditions.
363 Cluster structure analysis reveals that BSA incorporation into SA-A clusters increases the
364  number of hydrogen bonds and facilitates proton transfer, driving the structural transition from ring
365  to cage configurations, thereby enhancing cluster stability and reducing AG by 17.13-55.04
366  kcal'mol! at 278.15 K. ACDC kinetic simulations further show that when [BSA] exceeds 10°
367  molecules-cm, the cluster formation rate (J) increases by 1-4 orders of magnitude, while at [BSA]
368 = 10® molecules'cm™, J increases by approximately 10°-fold as temperature decreases from 298.15
369 K to 278.15 K. Under cold and polluted urban conditions with elevated BSA levels (e.g., Los
370  Angeles and Beijing), BSA acts as both a catalyst and a direct participant, with BSA-involved
371 pathways contributing up to 99% of the total cluster formation flux.

372 Comparative analysis demonstrates that BSA promotes SA-A nucleation more efficiently than
373 itsprecursor BA. BSA-containing clusters exhibit significantly more favorable AG values than those
374  containing BA, even surpassing the most stable binary SA-A clusters, whereas BA hardly improves
375  cluster thermodynamic stability. Although the observed BA concentration in urban industrial areas
376  such as Los Angeles and Beijing is approximately 10'° molecules-cm, about two orders of
377  magnitude higher than the predicted BSA concentration, the BSA-SA-A system still yields J values
378  approximately six orders of magnitude higher than those of the BA-SA-A system. These findings

379  indicate that BSA serves as a more effective nucleation precursor than BA because of its superior
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380  ability to stabilize molecular clusters and plays a crucial role in promoting SA-A-driven NPF in
381 typical urban-industrial areas, including Beijing, Shanghai, and Azusa.

382 In summary, BSA forms rapidly in the gas phase and critically promotes SA-A-driven NPF,
383  especially in urban industrial regions affected by fossil fuel and biomass combustion. These findings
384  identify BSA as a previously unrecognized yet highly efficient sulfur-containing nucleation
385  precursor that effectively stabilizes molecular clusters during atmospheric nucleation, providing
386  new mechanistic insights into sulfur-driven aerosol formation and the frequent high-NPF events

387  observed in polluted urban environments.
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Fig. 1. (a) Schematic potential energy surface for the reaction of BA with SOj3; at the DLPNO-
CCSD(T)/aug-cc-pVTZ//M06-2X/6-311G(2d,2p) level and computed -electrostatic potential-
mapped molecular van der Waals (vdW) surfaces of BA interacting with SO; at the M06-2X/6-
311G(2d,2p) level; (b) MTD trajectories depicting the reaction dynamics of BA + SOj3 in the gas
phase.
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[A] = 1.0 x 10° molecules-cm™3 [SA] = 1.0 x 107 molecules-cm
[BSA] =5.0 x 10% molecules-cm3 [BSA] =5.0 x 106 molecules-cm3

747

748  Fig. 5 Nucleation mechanism of the BSA-SA-A system. (a) cluster growth pathways of the BSA-
749  SA-A nucleation systems at 278.15 K, under conditions of CS = 0.02 s”!, [SA] = 107 molecules-cm-
750 3, [A] = 10° molecules-cm™ and [BSA] = 5 x 10° molecules:cm™. The blue and orange arrows
751 represent the growth pathways of the pure SA-A clusters and BSA-containing SA-A-BSA clusters,
752 respectively. Relative contributions of the pure SA-A pathway and the BSA-involved pathway to
753 the total flux out of the system as functions of (b) temperature (c) [BSA] (d) [SA] and (e) [A].
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Fig. 6 Comparison of the effects of BSA and BA on SA-A system. (a) Gibbs free energies AG
(kcal-mol™") for (BSA).(SA),(A)s and (BA)x(SA),(A)s (x = 0-3, and x + y = 3) clusters calculated at
278.15 K; (b) Cluster formation rate (J) and enhancement strength (R) for BSA as a function of
monomer concentrations [BSA]and [BA])) at 278.15 K, with [SA] fixed at 107 molecules-cm™ and
[A] at 10° molecules-cm™.
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