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Abstract  9 

Secondary sulfate plays a crucial role in forming marine aerosol, which in turn is an 10 

important source of natural aerosol at a global level. Recent experimental studies 11 

suggest that oxidation of S(IV) compounds, in practice dissolved sulfur dioxide, to 12 

sulfate (S(VI)) by hypochloric acid could be one of the most significant pathways for 13 

sulfate formation in marine areas. However, the exact mechanism responsible for this 14 

process remains unknown. Using high-level quantum chemical calculations, we studied 15 

the reaction between dissolved sulfur dioxide and hypochloric acid. We account for the 16 

dominant protonation states of reactants in the pH range 3.0-9.0. We also consider 17 

possible catalytic effects of species such as H2O. Our results show that sulfate formation 18 

in HOCl+HOSO2
- and HOCl+SO3

2- reactions relevant to acidic and nearly neutral 19 

conditions can occur either through previously proposed Cl+ transfer or through a novel 20 

HO+ transfer mechanism. In alkaline conditions, where the dominant reactants are OCl- 21 

and SO3
2-, an O atom transfer mechanism proposed in previous experimental studies 22 



may be more important than Cl+ transfer. Catalysis by common cloud-water species is 23 

found to lower barriers of Cl+ transfer mechanisms substantially. Nevertheless, we find 24 

that the dominant S(IV)+HOCl reaction mechanism for the full studied pH range is 25 

HO+ transfer from HOCl to SO3
2-, which leads directly to sulfate formation without 26 

ClSO3
- intermediates. The rate-limiting barrier of this reaction is low, leading to an 27 

essentially diffusion-controlled reaction rate. S(IV) lifetimes due to this reaction 28 

decrease with increasing pH due to the increasing fractional population of SO3
2-. 29 

Especially in neutral and alkaline conditions, depletion of HOCl by the reaction is so 30 

rapid that S(IV) oxidation will be controlled mainly by mass transfer of gas-phase HOCl 31 

to the liquid phase. The mechanism proposed here may help to explain marine sulfate 32 

sources missing from current atmospheric models.  33 

Keywords: Marine aerosol formation; Oxidation pathway; Aqueous phase reaction; 34 

DFT studies 35 

 36 



1. Introduction  37 

It is well known that aerosol particles have significant influences on the 38 

environment, global climate, and human health(Almeida et al., 2013; Dumka et al., 39 

2020; Ehn et al., 2014; Wang et al., 2015; Zhao et al., 2020). However, there are still 40 

some large uncertainties in the estimation of the effects of aerosol particles on all these 41 

issues. A major reason for this uncertainty is our poor understanding of the formation 42 

process, and therefore the abundance, of aerosol particles especially in marine 43 

areas(Choi et al., 2017; Li et al., 2019). Excluding primary sea spray emissions, marine 44 

aerosol mainly originates from the secondary formation processes, and is one of the 45 

most important sources of natural aerosols at a global level(Dowd et al., 2004; O'Dowd 46 

and de Leeuw, 2007; Yan et al., 2020). A series of measurements have shown that the 47 

total mass of marine aerosols is dominated by sulfate, with a mass fraction of between 48 

50% and 67%(Choi et al., 2017; Huang et al., 2018). As a predominant component of 49 

atmospheric aerosol in general, sulfate is known to have profound impact not only on 50 

marine climate, but also on the global climate system(Li et al., 2017; Zhang et al., 2019). 51 

On one hand, sulfate aerosol have a direct cooling effect on the radiative balance by 52 

efficiently scattering solar radiation(Gen et al., 2019; Huang et al., 2014). On the other 53 

hand, sulfate aerosol also act as the potential cloud condensation nuclei (CCN), thus 54 

altering the number, size and water uptake of the cloud droplets, and leading to even 55 

greater, though highly uncertain, indirect radiative effects(Hung et al., 2018). 56 

Measurements have shown that CCN number concentrations dramatically increase 57 

following increases of sulfate aerosol(Novakov et al., 1994).  58 



The main source of secondary (non-sea salt) sulfate in marine areas is oxidation of 59 

sulfur dioxide (SO2), which mainly originates from the oxidation of dimethyl sulfide 60 

(DMS) emitted by oceanic phytoplankton (Chen et al., 2018; Hung and Hoffmann, 2015; 61 

Landim et al., 2018) or from long-range transport of human emissions including fossil 62 

fuel combustion and industrial processes(Alexander et al., 2009). The oxidation of SO2 63 

to sulfate has attracted much interest, and very many studies have been performed to 64 

identify the detailed formation process of sulfate in different conditions(Chen et al., 65 

2016; Gen et al., 2019; He et al., 2014; Li et al., 2018; Wang et al., 2016; Wang et al., 66 

2020). Based on model simulations, the main sulfate (S(VI)) formation process in 67 

marine areas is thought to be oxidation of dissolved SO2 (H2SO3 + HOSO2
- + SO3

2-) in 68 

cloud water. Dissolved SO2 is often denoted simply as S(IV). This process generally 69 

prevails over gas-phase oxidation due to the high relative humidity (RH), and 70 

consequent high liquid water content, in typical marine air(Alexander et al., 2012; Chen 71 

et al., 2016). The main known oxidation mechanisms of S(IV) in cloud water are its 72 

reactions with hydrogen peroxide (H2O2), ozone (O3), nitrogen dioxide (NO2) and 73 

various transition metal ions together with molecular oxygen (O2)(Alexander et al., 74 

2009; Alexander et al., 2012; Brandt and van Eldik, 1995; Chandler et al., 1988; Clifton 75 

et al., 1988; Harris et al., 2013; Hung and Hoffmann, 2015; Kunen et al., 1983; McArdle 76 

and Hoffmann, 1983; Shen et al., 2012). All the corresponding oxidation mechanisms 77 

are pH dependent, for example due to the pH dependence of the relative concentrations 78 

of the three reactant species H2SO3, HOSO2
- and SO3

2-. Although all the above sulfate 79 

formation processes have been considered in atmospheric models, marine sulfate 80 



concentrations are still underestimated significantly. This underestimation is often 81 

attributed to the existence of some important but as yet unknown pathways for 82 

converting S(IV) to sulfate(Cheng et al., 2016; Huang et al., 2014; Wang et al., 2014; 83 

Wang et al., 2016; Zheng et al., 2015).  84 

Recent studies have suggested that S(IV) oxidation reaction caused by hypochloric 85 

acid(HOCl) in cloud water is a potentially important source of sulfate, as hypochloric 86 

acid is present in the marine atmosphere (with reported gas-phase mixing ratios ranging 87 

from 5 to 173 pptv), and is well-known to be an efficient oxidant(Alexander et al., 2009; 88 

Alexander et al., 2012; Chen et al., 2016; Chen et al., 2017; Keene et al., 1998; Vogt et 89 

al., 1996; von Glasow et al., 2002). In particular, Chen et al. provided observational 90 

evidence for the role of hypochloric acid in sulfate formation in marine areas by a 91 

combination of observations and modeling of the oxygen isotope ratio 92 

△17O(nssSO4
2-)(Chen et al., 2016). They found that the oxidation processes of S(IV) 93 

by hypohalous acids (HOX =HOCl, HOBr) can contribute from 33 to 50 % of the total 94 

sulfate production over the entire area sampled. Similarly, Keene et al. determined that 95 

reaction with hypochloric acid is the principal oxidation pathway for S(IV) leading to 96 

sulfate formation at a pH value of 5.5 using the photochemical box model MOCCA in 97 

marine areas(Keene et al., 1998).  98 

Laboratory experiments have also been performed to investigate the dynamics and 99 

mechanisms of the corresponding reaction processes. Liu et al. directly determined the 100 

rate of sulfate formation from the reaction between HOCl and HOSO2
- in low-pH 101 

aerosol particles by measuring the concentration of sulfate as a function of time in a 102 



flow tube. They proposed a possible two-step sulfate formation mechanism involving 103 

Cl+ transfer(Liu and Abbatt, 2020). Fogelman et al. obtained the reaction rate constant 104 

between HOCl and SO3
2- at near-neutral pH by measuring the loss of reactant per unit 105 

time, and also proposed a Cl+ transfer mechanism(Fogelman et al., 1989). Despite these 106 

studies, the speculated pathway for sulfate formation has not been completely identified 107 

or verified, because the key chlorosulfate ion (ClSO3
-) intermediate of the Cl+ transfer 108 

mechanism has not been directly characterized in the experiments. Despite the 109 

electrostatic repulsion inevitably present between two anions, Fogelman et al. found 110 

that the OCl- + SO3
2- reaction can lead to sulfate formation in basic conditions. They 111 

proposed that the reaction proceeds via a one-step mechanism involving O atom 112 

transfer(Fogelman et al., 1989). Even though the speculated O atom transfer mechanism 113 

seems reasonable, the corresponding product has also not been experimentally 114 

identified. A Cl+ transfer mechanism could be possible also in basic conditions, as this 115 

mechanism would involve a O2- leaving group, which might have an even greater 116 

potential to react spontaneously with H2O (and thus promote the reaction) than the Cl- 117 

leaving group of the Cl+ transfer mechanism.  118 

As both dissolved S(IV) and hypochloric acid exist in different protonation states 119 

depending on the pH (see Fig. 1 below for details), and the different forms of the 120 

reactants are likely to display distinct reaction kinetics, the overall S(IV) + HOCl 121 

reaction mechanism is likely to be complex. Furthermore, other molecules, including 122 

both water and the product sulfate, may participate in the reaction mechanisms, again 123 

depending on the pH. In order to elucidate the overall reaction for S(IV) + HOCl, we 124 



have accordingly used high-level quantum chemical methods to explore several 125 

possible sulfate-forming processes for the wide pH range of 3.0-9.0(Fridlind and 126 

Jacobson, 2000; Pszenny et al., 2003) relevant to marine areas. We have also probed 127 

the catalytic effects of common atmospheric species such as water and sulfate on the 128 

S(IV) + HOCl reactions. 129 

2. Methods 130 

Electronic structure calculation. Density functional theory (DFT) calculations were 131 

carried out using the Gaussian 16, revision A. 03 programs package(Frisch et al., 2016). 132 

The geometry optimizations and vibrational frequency calculations of reactants, 133 

products, and transition states were performed at the M06-2X/6-311++G (3df, 3pd) 134 

level of theory(Elm et al., 2012; Mardirossian and Head-Gordon, 2016; Zhao and 135 

Truhlar, 2008), which has been found to be well suited to compute thermochemistry 136 

and barrier heights of molecular systems relevant to the atmosphere(Li et al., 2018; 137 

Rong et al., 2020; Zhang et al., 2018; Zhao and Truhlar, 2008). The connection of each 138 

transition state to reactants and products was confirmed by intrinsic reaction coordinate 139 

(IRC) calculations at the same level of theory. Single point energy corrections were 140 

calculated at the CCSD(T)-F12/cc-pVDZ-F12 level of theory with the ORCA 4.10 141 

program, using the geometry optimized at the M06-2X/6-311++G (3df, 3pd) level of 142 

theory(Lane and Kjaergaard, 2009; Neese, 2012; Peterson et al., 2008). In addition, the 143 

solvent environment was modelled using the continuum solvation model based on 144 

solute electron density (SMD) at the M06-2X/6-311++G (3df, 3pd) level of 145 

theory(Marenich et al., 2009). SMD is considered to be highly adequate to describe 146 



detailed reaction processes and predict the corresponding reaction free energy barriers 147 

in aqueous solutions(Miguel et al., 2016; Ostovari et al., 2018; Xu and Coote, 2019), 148 

especially for atmospherically relevant processes(Keshavarz et al., 2021; Minakata et 149 

al., 2015). Also, some studies suggest that the SMD-based implicit solvent treatment 150 

may even outperform explicit water treatment in predicting free energy barriers of 151 

reactions in aqueous environment(Chen et al., 2019). Free energies reported here 152 

include solvent corrections, and correspond to a temperature of 298.15K, and a 153 

reference concentration of 1 mol/L. The details of the free energy calculations are 154 

summarized in Section 1.1 of the SI. 155 

Kinetics calculations.  The studied mechanisms involve both (barrierless) complex 156 

or intermediate formation steps, and subsequent reactions of these complexes or 157 

intermediates. Our kinetics treatment is based on the pseudo-steady-state approach 158 

(PSSA), and contains two types of parameters: usually bimolecular equilibrium 159 

constants (Keq), and formally unimolecular reaction rate coefficients (k). The latter are 160 

calculated in terms of Transition State Theory (TST)(Evans and Polanyi, 1935; Eyring, 161 

1935; Truhlar et al., 1983) ignoring tunneling as the reactions involve heavy-atom 162 

transfers. These parameters are calculated as follows:  163 

Keq=(𝑐0)
∆n

exp (-
∆Geq

RT
) (1) 164 

k=
kBT

h
exp (-

∆G
0

RT
)  (2) 165 

where ΔGeq is the difference of the Gibbs free energy between the reactant(s) and the 166 

product(s) of a reaction, R is the gas constant, T is the temperature, kB is the Boltzmann 167 

constant, h is the Planck constant, c0 is the reference concentration (1 mol/L) at which 168 



ΔGeq is calculated, and ∆𝑛 is the change in the number of separate species in the 169 

reaction (-1 for the typical case of a bimolecular association reaction where two 170 

reactants form a complex or an adduct). Similarly, ∆G0 is the Gibbs free energy barrier, 171 

i.e the difference in the Gibbs free energy between a reactant (usually a reactant 172 

complex or adduct) and the transition state.  173 

The bimolecular rate constant for an overall reaction (kbim) involving the formation 174 

of an initial complex, which then needs to cross a barrier, is then: 175 

kbim=Keq×k (3) 176 

In addition, diffusion limitations should be considered especially for low-barrier 177 

or barrierless reactions. Collins-Kimball theory(Collins and Kimball, 1949) was used 178 

to calculate the overall rate constants koverall for reactions involving an initial barrierless 179 

complex formation:  180 

koverall=
kbim×kD

kbim+kD

  (4) 181 

Where kD is the steady-state Smoluchowski rate constant that can be expressed as Eq. 182 

(5)(Chang, 2000; Smoluchowski, 1917)  183 

kD=4𝜋R𝐷𝐴𝐵𝑁𝐴  (5) 184 

where NA is the Avogadro constant and R denotes the reaction distance. Generally, R is 185 

the sum of the radii of two reactants for free diffusion processes. In addition, DAB is the 186 

mutual diffusion coefficient of the reactants A and B, computed as the sum of DA and 187 

DB(Truhlar, 1985), which in turn are calculated by using the Stokes-Einstein 188 

approach(Einstein, 1905; Stokes, 1903): 189 

DA or B=
kBT

6𝜋ηaA or B

  (6) 190 



where η is the viscosity of water, and aA or B is the radius of reactant A or B, which can 191 

be estimated, assuming spherical reactants, using the volume of the reactants computed 192 

with Gaussian 16, revision A. 03(Frisch et al., 2016). Rates for the barrierless 193 

dissociation of complexes were computed by detailed balance as kD/Keq, with kD and 194 

Keq computed from Eq (5) and Eq (1), respectively. 195 

In addition, it should be noted that, in the present system, reaction might occur 196 

between two anions, and thus, the diffusion in a coulomb potential has an R value 197 

smaller than that of free diffusion process because of the strong electrostatic repulsion. 198 

kD might then decrease because of the decreased R. In this case, R can be calculated 199 

as(Roussel, 1985):  200 

R=
ZAZBe2

4πϵkB[𝑒
(
ZAZBe2

4πϵkB𝑟
)
-1]

  (7) 201 

where ZA and ZB are the charges for the two ions, ϵ is the dielectric constant for water, 202 

kB is Boltzmann’s constant, T is the temperature, and r is the sum of radii of the two 203 

reactants.  204 

Wavefunction analysis. Wavefunction analysis was carried out at the start of the study 205 

to determine the possible reaction mechanisms available to each combination of 206 

reactants. The electrostatic potential (ESP) on the molecular van der Waals (vdw) 207 

surface is crucial for predicting the potential reaction sites of intermolecular interactions. 208 

The site possessing more positive ESP tends to attract the site which possesses more 209 

negative ESP, and vice versa(Manzetti and Lu, 2013; Murray and Politzer, 2011). 210 

We accordingly calculated the ESP color-mapped isosurface using Multiwfn 3.7(Lu 211 

and Chen, 2012), and VMD 1.9.3(Humphrey et al., 1996). Furthermore, the contour 212 



map of electron density difference between transition states and reactant complexes, 213 

which can indicate the structural changes in the reaction process, was analyzed using 214 

Multiwfn 3.7(Lu and Chen, 2012).  215 

3. Results and discussion 216 

The reactants S(IV) and hypochloric acid exist in different protonation states at 217 

different pH, potentially leading to different reaction mechanisms. As shown in Fig. 1, 218 

based on measured pKa values, the S(IV) reactant exists primarily in the form of 219 

HOSO2
- at low (but atmospherically relevant) pH, and in the form of SO3

2- in near-220 

neutral or basic conditions (pH>6.5)(C. Drexler et al., 1992; Kunen et al., 1983). H2SO3 221 

is the main form of S(IV) only at a very low pH (pH <1.5)(C. Drexler et al., 1992). Also, 222 

this form is extremely unstable(Li and McKee, 1997; Voegele et al., 2002; Voegele et 223 

al., 2004). Thus, considering the range of pH from 3.0 to 9.0 in the marine areas, and 224 

the instability of H2SO3, the corresponding oxidation reactions involving H2SO3 were 225 

not considered in the present work. In addition, it should be noted that although two 226 

bisulfite ion isomers (HSO3
- and HOSO2

-) have been found in the aqueous phase, only 227 

the dominant one with the proton bonded to the oxygen atom has been chosen for the 228 

study of oxidation reactions in the present work(Baird and Taylor, 1981; Brown and 229 

Barber, 1995; Horner and Connick, 1986). For the hypochloric acid reactant, HOCl is 230 

the dominant form at pH <7.5, while OCl- dominates for pH > 7.5(Shaka et al., 2007). 231 

See Section 1.2 of the SI for details. To comprehensively investigate the reaction 232 

process of S(IV) oxidation by hypochloric acid, we have considered multiple reactions 233 



mechanisms as suggested by ESP surfaces, involving all the dominant reactant forms 234 

for a wide range of pH, as illustrated by Eqs. (8), (9) and (10): 235 

 3.0≤pH≤6.5, HOSO2
-
+HOCl → sulfate (8) 236 

6.5<pH <7.5, SO3
2-

+ HOCl → sulfate  (9) 237 

7.5≤pH≤ 9.0, SO3
2-

+ OCl
-
→ sulfate (10) 238 

 239 

Fig. 1. The dominant forms of reactants S(IV) and hypochloric acid at different ranges of pH in the 240 

cloud water. 241 

3.1.  Sulfate formation mechanism in weakly acidic water (3.0 ≤ pH ≤ 6.5) 242 

Based on the above analysis, S(IV) and hypochloric acid will be mainly exist as 243 

HOSO2
- and HOCl, respectively, at the typical pH (pH=3.0-6.5) of cloud water. In order 244 

to identify the potential reaction sites between HOSO2
- and HOCl, an in-depth 245 

exploration of the ESP on the molecular vdw surface has been performed, and shown 246 

in Fig. 2(a). The site which possesses more positive ESP has stronger ability to attract 247 

electrophiles, and has a greater ability to react with the site possessing more negative 248 

ESP(Lu and Chen, 2012; Manzetti and Lu, 2013; Murray and Politzer, 2011). As 249 

illustrated in Fig. 2(a), the chlorine atom (site 2) of HOCl possesses more positive ESP, 250 

implying that it has the potential to interact with the sulfur atom (site 1) of HOSO2
- with 251 

negative ESP. Similarly, the oxygen atom (site 3) of HOCl could also interact with the 252 



sulfur atom (site 1) of HOSO2
-, because of the much more negative ESP of site 3 253 

compared to site 1. Thus, based on the ESP surface, there are two potential reaction 254 

pathways of HOSO2
- with HOCl to form sulfate. In addition to the previously proposed 255 

Cl+ transfer mechanism (Pathway 1(acidic))(Liu and Abbatt, 2020), the ESP results 256 

suggest that also a hitherto unreported HO+ transfer mechanism (Pathway 2(acidic)) 257 

should be investigated. 258 

 259 

Fig. 2. (a) ESP-mapped molecular vdW surfaces of HOCl and HOSO2
-, in units of kcal/mol. 260 

Surface local minima and maxima of ESPs of different functional groups in the corresponding 261 

molecules are represented as blue and orange squares, respectively. (b) Two possible pathways for 262 

the reaction of HOSO2
- with HOCl leading to sulfate formation. The white, cyan, red, and yellow 263 

spheres represent H, Cl, O, and S atoms, respectively. 264 

The potential energy profiles for the reaction pathways discovered for HOSO2
- + 265 

HOCl are shown in Figs. 3(a) and (b). These figures also show the optimized structures 266 

of the reactant complexes (Rcn), transition states (TSn) and product complexes (Pcn) for 267 

the two studied pathways. As shown in Fig. 3 (a), the reaction of HOSO2
- with HOCl 268 

via Pathway 1(acidic) begins with the formation of reactant complex HOCl…HOSO2
- 269 



(Rc1). This complex then crosses a shallow barrier (5.3 kcal/mol relative to the separated 270 

reactants) corresponding to TS1, forming a complex of ClSO3H…OH-, (denoted Pc1). 271 

Next, proton transfer forms a ClSO3
-
…H2O complex (denoted Rc2), lowering the free 272 

energy by 54.2 kcal/mol. (This complex is bound by 2.8 kcal/mol with respect to 273 

separated ClSO3
-
 + H2O; not shown in the Fig. 3(a)) The next step on reaction Pathway 274 

1(acidic) is hydrolysis of the ClSO3
- intermediate. As shown in Fig. 3(a), the 275 

ClSO3
-
…H2O complex (Rc2) is connected to a four-membered ring transition state TS2 276 

(55.3 kcal/mol higher in free energy), where one proton of H2O transfers to the oxygen 277 

atom of ClSO3
-, while the remaining hydroxyl of H2O binds to the sulfur atom of ClSO3

-. 278 

The product of this reaction step is a complex between sulfuric acid and chloride, 279 

H2SO4…Cl- (Pc2), which is bound by 53.9 kcal/mol with respect to separated H2SO4 280 

and Cl-. Due to the very high free energy of TS2, this process is not a competitive route 281 

for sulfate formation.   282 

However, multiplied hydrogen-bonding species present in cloud water, including 283 

water (H2O), sulfuric acid (H2SO4) and bisulfate ions (HSO4
-), have the ability to 284 

catalyze proton transfer reactions(Liu et al., 2015; Meijer and Sprik, 1998; Torrent-285 

Sucarrat et al., 2012). We have investigated the effect of these three species on the 286 

hydrolysis of ClSO3
-, and found that all three substantially lower the free energy barrier 287 

for the process. The free energy barriers of the catalyzed reactions, relative to the 288 

corresponding three-body reactant complexes ClSO3
-
…H2O…X, are 24.3, 25.0, and 23.9 289 

kcal/mol, for X= H2O, H2SO4, and HSO4
-, respectively. See also Fig. 3(a) and Fig. S1 290 

of the SI. Here, we discuss further the hydrolysis ClSO3
- catalyzed by H2O, the most 291 



abundant species in the aqueous environment, as an example of this general catalytic 292 

mechanism. As shown in Fig. 3(a), the hydrolysis reaction catalyzed by H2O proceeds 293 

through the clustering of an additional water molecule with ClSO3
-…H2O reactant 294 

complex (Rc2), forming ClSO3
-…H2O…H2O (Rc3). Next, Rc3 can be converted into the 295 

product complex HSO4
-…H3O

+…Cl- (denoted Pc3), and finally to separated HSO4
-, 296 

H3O
+, and Cl-, via a six-membered ring transition state TS3. The barrier for this 297 

catalyzed process is almost 30 kcal/mol lower than that of the uncatalyzed reaction. The 298 

reason for this lowering is likely that the strong ring tension of the closed four-299 

membered ring in the uncatalyzed reaction is reduced in the catalyzed reaction, as the 300 

ring size is increased by a hydrogen bonding network involving H2O. The contour maps 301 

of the electron density differences between Rc3 and TS3 in Fig. S3 illustrate the detailed 302 

reaction process. The proton transfer from the reactant H2O to the oxygen atom of the 303 

catalyst H2O forms a new H-O single bond. The remaining hydroxyl moiety of the 304 

reactant H2O binds to the sulfur atom of ClSO3
-, forming a new S-O single bond. 305 

Meanwhile, the chloride ion leaves the sulfur atom of ClSO3
- through the cleaving of 306 

the Cl-S single bond. Sulfate formation from HOSO2
- + HOCl through the Cl+ transfer 307 

mechanism (Pathway 1(acidic)) proposed in experimental studies(Liu and Abbatt, 2020) 308 

is thus feasible, but only with the help of a catalyst such as H2O.  309 

 Moreover, we also discovered an unexpected novel mechanism for HOSO2
- + 310 

HOCl, illustrated by Pathway 2(acidic) in Fig. 3(b). Starting with the reactant complex 311 

HOSO2
-…HOCl (Rc4), the reaction goes on to form the product complex H2SO4…Cl- 312 

(Pc4) through the transition state TS4. This mechanism involves the direct formation of 313 



sulfate by transferring a HO+ group from HOCl to HOSO2
-. The free energy barrier of 314 

this pathway is 21.2 kcal/mol relative to the separated reactants. We investigated 315 

whether also this pathway may be catalyzed by additional hydrogen-bonding molecules. 316 

We find that, H2O, the most abundant molecule in aqueous environment, can form 317 

hydrogen-bonded complexes with HOSO2
-, and also with HOSO2

-…HOCl (Rc4), 318 

leading to a H2O…HOSO2
-…HOCl reactant complex (Rc5). As illustrated in Fig. 3(b), 319 

the catalyzed reaction then leads to the formation of a H3O
+…HSO4

-…Cl- product 320 

complex (Pc5) through transition state TS5, in which the Cl-O bond of HOCl is cleaved. 321 

and an O-S bond between HOSO2
- and HOCl is formed. The Gibbs free energy barrier 322 

of this process is reduced to 19.5 kcal/mol relative to the separated reactants, about 1.5 323 

kcal/mol lower than the uncatalyzed reaction. Thus, H2O may have a modest catalytic 324 

effect also on the HO+ transfer mechanism (pathway 2(acidic)) discovered here. In 325 

addition, we found that products of this pathway, such as H2SO4 and HSO4
-, could also 326 

act as catalysts. The corresponding processes are shown in Fig. S2 of the SI. 327 

 328 



 329 

Fig. 3. The Gibbs free energy profile (kcal/mol, at 298.15 K and a reference concentration of 1 330 

mol/L) for the reaction of HOCl with HOSO2
- through (a) Pathway 1(acidic) and (b) Pathway 331 

2(acidic), at the CCSD(T)-F12/cc-pVDZ-F12//M06-2X/6-311++G (3df, 3pd) level of theory. 332 

Solvent corrections are included in the M06-2X calculations using the SMD model. The white, cyan, 333 

red, and yellow spheres represent H, Cl, O, and S atoms, respectively. 334 

3.2. Sulfate formation mechanism in neutral water (6.5<pH<7.5) 335 

As pH increases, SO3
2− becomes to the dominant form of S(IV). In neutral cloud 336 

water (6.5<pH<7.5), the S(IV) + HOCl reaction thus mainly proceeds through SO3
2− + 337 

HOCl. In addition to the Cl+ transfer mechanism (Pathway 1(neutral)) proposed by 338 

earlier experimental studies(Liu and Abbatt, 2020), which is similar to the mechanism 339 

in weakly acidic water except for the participation of SO3
2− instead of HOSO2

-, our ESP 340 

analysis (see Fig. 4) suggests the existence of a HO+ transfer mechanism also for SO3
2− 341 

+ HOCl (Pathway 2(neutral)). According to the ESP analysis, the chlorine atom (site 2) 342 

of HOCl possesses positive ESP, enabling it to react with the sulfur atom (site 4) of 343 



SO3
2- with negative ESP. Meanwhile, the oxygen atom (site 3) of HOCl may also react 344 

with the sulfur atom (site 4) of SO3
2- because of the much more negative ESP of site 3 345 

compared to site 4.  346 

 347 

Fig. 4. (a) ESP-mapped molecular vdW surface of HOCl and SO3
2-, in units of kcal/mol. Surface 348 

local minima and maxima of ESPs of different functional groups in the corresponding molecules 349 

are represented as blue and orange squares, respectively. (b) Two possible reaction pathways for the 350 

reaction of SO3
2- with HOCl leading to sulfate formation. The white, cyan, red, and yellow spheres 351 

represent H, Cl, O, and S atoms, respectively. 352 

The potential energy profiles of Pathway 1(neutral) and Pathway 2(neutral) as well 353 

as the corresponding geometries on the reaction path are shown in Figs. 5(a) and (b), 354 

respectively. In Pathway 1(neutral), similar to the HOSO2
- + HOCl reaction, the first 355 

step involves the barrierless transfer of Cl+ from HOCl to the S atom of SO3
2−, forming 356 

the ClSO3
- intermediate, plus a OH- ion which likely leaves the reacting system due to 357 

electrostatic repulsion (M6’). The lack of a barrier suggests that the rate of this reaction 358 

step is controlled by diffusion in the cloud water (see Eq (5)), and is therefore likely to 359 

be very rapid. Our calculations thus verify the efficient formation of the ClSO3
- 360 



intermediate which has not yet been characterized experimentally. ClSO3
- will 361 

subsequently react with H2O to form sulfate through the hydrolysis reaction already 362 

presented in Fig. 3(a), with catalytic effects e.g. from another H2O molecule as 363 

discussed above. 364 

The HO+ transfer mechanism (Pathway 2(neutral) in Fig. 5(b)) begins with the 365 

formation of a HOCl...SO3
2− reactant complex (labelled Rc7), which then crosses a fairly 366 

low barrier (6.7 kcal/mol relative to the isolated reactant; labelled TS7), leading directly 367 

to HSO4
− and Cl-. This low-barrier pathway, which was not considered in previous 368 

investigations, is likely the most competitive mechanism for sulfate formation in near-369 

neutral conditions. (As discussed below, it is actually the dominant mechanism for all 370 

conditions.)  371 

 372 



 373 

Fig. 5. The activation Gibbs free energy profile (kcal/mol, at 298.15 K and a reference concentration 374 

of 1 mol/L) for the reaction of HOCl with SO3
2- through the (a) Pathway 1(neutral) and the (b) 375 

Pathway 2(neutral) at the CCSD(T)-F12/cc-pVDZ-F12//M06-2X/6-311++G (3df, 3pd) level of 376 

theory. Solvent corrections are included in the M06-2X calculations using the SMD model. The 377 

white, cyan, red, and yellow spheres represent H, Cl, O, and S atoms, respectively. 378 

3.3. Sulfate formation mechanism in alkaline water (7.5 ≤ pH ≤ 9.0)  379 

In the marine areas, when the cloud water is mixed with fresh sea-salt spray, the 380 

atmospheric liquid phase may occasionally be alkaline rather than acidic. With the 381 

increase of pH, the fraction of HOCl decreases, and OCl- becomes to the dominant form 382 

of hypochloric acid. Therefore, in the alkaline cloud water, the oxidation of S(IV) by 383 

hypochloric acid could take place via a OCl- + SO3
2- reaction. While hindered somewhat 384 

by electrostatic repulsion (accounted for here using a modified version of the diffusion 385 



rate coefficient, see Eq (7)), this anion-anion reaction has already been proposed to be 386 

feasible in experimental studies(Fogelman et al., 1989). In addition to the O atom 387 

transfer mechanism (Pathway 2(alkaline)) proposed in experimental studies(Fogelman 388 

et al., 1989), ESP results indicate that a Cl+ transfer mechanism (Pathway 1(alkaline)) 389 

analogous to that found in weakly acidic or neutral conditions may also be possible in 390 

alkaline conditions. This mechanism is driven by the attraction between the chloride 391 

atom of OCl- and the sulfur atom of SO3
2-, as illustrated in the ESP analysis shown in 392 

Fig. 6. Here, the chlorine atom (site 6) of OCl- possesses more positive ESP, giving it 393 

potential to react with the sulfur atom (site 4) of SO3
2- with more negative ESP. We 394 

have thus investigated both O and Cl+ transfer mechanisms also for alkaline conditions.   395 

 396 

Fig. 6. (a) ESP-mapped molecular vdW surface of OCl- and SO3
2-, in units of kcal/mol. Surface 397 

local minima and maxima of ESPs of different functional groups in the corresponding molecules 398 

are represented as blue and orange squares, respectively. (b) Two possible reaction pathways for the 399 

reaction of SO3
2- with OCl- leading to sulfate formation. The cyan, red, and yellow spheres represent 400 

Cl, O, and S atoms, respectively. 401 



The potential energy profiles and the corresponding geometries on the reaction 402 

path from OCl- and SO3
2- are shown in Figs. 7(a) and (b), respectively. Pathway 403 

1(alkaline) begins with the formation of a SO3
2-…OCl- complex (Rc8). Despite the 404 

electrostatic repulsion between two anions, our solvent-corrected calculations predict 405 

that this complex is only 3.8 kcal/mol above the separated reactants in free energy. Rc8 406 

is connected to a linear transition state TS8, leading to the formation of the ClSO3
- 407 

intermediate and O2- (M8’) with a free energy barrier of 14.0 kcal/mol. ClSO3
- then 408 

reacts with H2O to form sulfate as shown in Fig. 3(a). Analogous to the acidic and 409 

neutral cases, Pathway 1(alkaline) can also be catalyzed by a H2O molecule. The first 410 

step on this pathway is the formation of SO3
2-…OCl-…H2O complex (Rc9), which is 411 

connected to transition state TS9. In TS9, the Cl+ of OCl- interacts with the S atom of 412 

SO3
2-, forming the ClSO3

- intermediate (which again hydrolyses as shown in Fig. 3(a)). 413 

Meanwhile, the O2- leaving group of OCl- accepts a proton from H2O, producing two 414 

hydroxyls (OH-) ions, much more stable products than the O2- formed in the 415 

uncatalyzed mechanism. The free energy barrier for the catalyzed mechanism is 416 

accordingly 5.4 kcal/mol lower than that of the uncatalyzed mechanism. Although the 417 

formation of ClSO3
- intermediates in the Cl+ transfer mechanism in alkaline conditions 418 

was not considered in previous studies(Fogelman et al., 1989), our calculations indicate 419 

that it is highly like to form on both the catalyzed and uncatalyzed reaction pathways. 420 

Pathway 2(alkaline) of the OCl- + SO3
2- reaction, shown in Fig. 7(b), also starts 421 

with the formation of a SO3
2-…OCl- complex (Rc10). Rc10 differs from Rc9 in the relative 422 

orientation of OCl- with respect to SO3
2-, as shown in Fig. 7(b). Rc10 is connected to 423 



transition state TS10, with a free energy barrier of 20.3 kcal/mol relative to the isolated 424 

reactants, leading directly to the SO4
2- and Cl- product monomers (labelled M10’). This 425 

pathway can also be catalyzed by H2O. The catalyzed reaction starts with the formation 426 

of a SO3
2-…OCl-…H2O reactant complex (Rc11), which is converted into a 427 

SO4
2-…Cl-…H2O product complex (Pc11) via the transition state TS11. The free energy 428 

barrier of this process (relative to the isolated reactants) is 2.0 kcal/mol lower than that 429 

of the uncatalyzed pathway. Analogous to Pathway 2(acidic), we thus predict a modest 430 

catalytic effect of water on Pathway 2(alkaline). The contour maps of the electron 431 

density difference between reactant complex Rc11 and transition state TS11 (see Fig. S3) 432 

indicate that the oxygen atom of OCl- transfers to the sulfur atom of SO3
2-, forming a 433 

new O-S bond, while the remaining chloride ion is cleaved from the oxygen atom of 434 

OCl-.  435 

 436 



 437 

Fig. 7. The Gibbs free energy profile (kcal/mol, at 298.15 K and a reference concentration of 1 438 

mol/L) for the reaction of OCl- with SO3
2- through (a) Pathway 1(alkaline) and (b) Pathway 439 

2(alkaline), at the CCSD(T)-F12/cc-pVDZ-F12//M06-2X/6-311++G (3df, 3pd) level of theory. 440 

Solvent corrections are included in the M06-2X calculations using the SMD model The white, cyan, 441 

red, and yellow spheres represent H, Cl, O, and S atoms, respectively. 442 

4. Atmospheric Implication 443 

Tables 1, 2 and 3 show the S(IV) oxidation rates, and corresponding lifetimes, 444 

estimated for the six different pathways, applying the pseudo-steady-state 445 

approximation to all intermediates, and using a constant aqueous-phase HOCl 446 

concentration of 3.43×10
-9

M. This concentration corresponds to an aqueous phase in 447 

Henry’s law equilibrium at 298.15 K with a gas phase containing 0.005 ppbv HOCl. 448 

While this gas-phase mixing ratio represents the lower end of the experimentally 449 

reported range (0.005 ppbv - 0.173ppbv), our assumption of a Henry’s law equilibrium 450 



correspondingly represents an upper-limit estimate, which likely does not hold 451 

especially at higher pH as discussed below. We also note that while the pseudo-452 

unimolecular S(IV) oxidation rates and S(IV) lifetimes by definition do not depend on 453 

the total S(IV) concentration, the rates and lifetimes of each individual channel still 454 

depend on the fractional populations of the different S(IV) reactants (HOSO2
- and 455 

SO3
2-). As these are pH – dependent, also the rates and lifetimes vary with the pH. The 456 

alkaline pathways have a further pH – dependence through the concentration of the 457 

OCl- reactant. For details of the rate and lifetime calculations, see the Supplementary 458 

Information. 459 

Table 1. Calculated S(IV) oxidation rates (v1acid, cat-S(IV) and v2acid, cat-S(IV)) and S(IV) 460 

lifetimes for Pathway 1(acidic) and Pathway 2(acidic) from HOSO2
- and HOCl with 461 

H2O as a catalyst, respectively, assuming [HOCl] =3.43×10
-9

 M (corresponding to a 462 

Henry’s law equilibrium with a gas phase HOCl mixing ratio of 0.005ppbv), and [H2O] 463 

=55.56 M (corresponding to the known bulk concentration of H2O). 464 

pH 

Pathway 1(acidic) Pathway 2(acidic)  

v1acid, cat -S(IV) 

 (s-1) 

Lifetime 

(s) 

v2acid, cat -S(IV) 

 (s-1) 

Lifetime 

(s) 

3 5.25×10-17 1.90×1016 9.77×10-10 1.02×109 

4 5.55×10-17 1.80×1016 1.03×10-9 9.68×108 

5 5.53×10-17 1.81×1016 1.03×10-9 9.72×108 

6 5.05×10-17 1.98×1016 9.40×10-10 1.06×109 

6.5 4.18×10-17 2.39×1016 7.77×10-10 1.29×109 



7 2.70×10-17 3.70×1016 5.02×10-10 1.99×109 

7.5 1.27×10-17 7.85×1016 2.37×10-10 4.22×109 

8 4.77×10-18 2.10×1017 8.88×10-11 1.13×1010 

9 5.17×10-19 1.93×1018 9.62×10-12 1.04×1011 

Table 2. The calculated S(IV) oxidation rates (v1neu, cat-S(IV) and v2neu-S(IV)) and the S(IV) 465 

lifetimes for Pathway 1(neutral) (with H2O as a catalyst) and Pathway 2(neutral) from 466 

SO3
2- and HOCl, respectively, assuming [HOCl] =3.43×10

-9
 M (corresponding to a 467 

Henry’s law equilibrium with a gas phase HOCl mixing ratio of 0.005ppbv), and [H2O] 468 

=55.56 M (corresponding to the known bulk concentration of H2O). 469 

pH 

Pathway 1(neutral) Pathway 2(neutral) 

v1neu, cat -S(IV) 

(s-1) 

Lifetime 

(s) 

v2neu-S(IV) 

 (s-1) 

Lifetime 

(s) 

3 5.79×10-20 1.73×1019 2.59×10-5 3.87×104 

4 6.12×10-19 1.63×1018 2.73×10-4 3.66×103 

5 6.09×10-18 1.64×1017 2.72×10-3 3.67×102 

6 5.57×10-17 1.80×1016 2.49×10-2 4.02×101 

6.5 1.46×10-16 6.87×1015 6.51×10-2 1.54×101 

7 2.98×10-16 3.36×1015 1.33×10-1 7.52 

7.5 4.44×10-16 2.25×1015 1.98×10-1 5.04 

8 5.26×10-16 1.90×1015 2.35×10-1 4.25 

9 5.70×10-16 1.75×1015 2.55×10-1 3.93 

 470 



Table 3. The calculated S(IV) oxidation rates (v1alk, cat-S(IV) and v2alk, cat-S(IV)) and S(IV) 471 

lifetimes for Pathway 1(alkaline) and Pathway 2(alkaline) from SO3
2- and OCl- with 472 

H2O as a catalyst, respectively, assuming [HOCl] =3.43×10
-9

 M (corresponding to a 473 

Henry’s law equilibrium with a gas phase HOCl mixing ratio of 0.005ppbv), and [H2O] 474 

=55.56 M (corresponding to the known bulk concentration of H2O). 475 

pH 

Pathway 1(neutral) Pathway 2(neutral) 

v1alk, cat -S(IV) 

(s-1) 

Lifetime 

(s) 

v2alk, cat -S(IV) 

 (s-1) 

Lifetime 

(s) 

3 1.71×10-26 5.85×1025 1.43×10-16 7.00×1015 

4 1.81×10-24 5.53×1023 1.51×10-14 6.63×1013 

5 1.80×10-22 5.56×1021 1.50×10-12 6.65×1011 

6 1.64×10-20 6.08×1019 1.37×10-10 7.28×109 

6.5 1.36×10-19 7.35×1018 1.14×10-9 8.80×108 

7 8.79×10-19 1.14×1018 7.34×10-9 1.36×108 

7.5 4.15×10-18 2.41×1017 3.47×10-8 2.89×107 

8 1.55×10-17 6.44×1016 1.30×10-7 7.70×106 

9 1.68×10-16 5.94×1015 1.41×10-6 7.11×105 

Our results indicate that the HO+ transfer mechanism (Pathway 2(neutral)) from 476 

SO3
2− + HOCl completely dominates sulfate formation through the HOCl + S(IV) 477 

reaction at all atmospherically relevant pH, despite the relatively low fractional 478 

populations of SO3
2− at low pH and HOCl at high pH. Even at a pH of 9, the second-479 

fastest reaction mechanism (Pathway 2(alkaline)) is still over five orders of magnitude 480 



slower than Pathway 2(neutral).  481 

The explanation for this is simple: Pathway 2(neutral) has a much lower rate-482 

limiting barrier than any of the other channels, leading to an essentially diffusion-483 

limited rate constant. Pathways 1(acidic), 1(neutral) and 1(alkaline) all involve a ClSO3
- 484 

hydrolysis step, which has a substantial barrier even after catalysis by a third body such 485 

as H2O (see Fig. 3(a)). Pathways 2(acidic) and 2(alkaline) have lower but still 486 

substantial barriers, which are only modestly lowered by catalysts. The rates of both 487 

alkaline pathways are further decreased by electrostatic repulsion between the reactant 488 

anions.  489 

Our simple lifetime estimates show that if HOCl is present in the aqueous phase, 490 

the HOCl + S(IV) reaction is likely to be competitive with other known S(IV) oxidation 491 

channels for the full studied pH range of 3 to 9. Especially toward the upper end of this 492 

range, the computed lifetimes are unrealistically short, as experimentally measured 493 

lifetimes for liquid-phase S(IV) are seldom below about 1000 s(Berglen, 2004; Fang et 494 

al., 2019; Kasting et al., 1987; Lelieveld and Heintzenberg, 1992; Wang et al., 2020; 495 

Zhang et al., 2020). The explanation for this discrepancy is that especially at higher pH, 496 

depletion of HOCl through the HO+ transfer from SO3
2− + HOCl reaction (Pathway 497 

2(neutral)) is so rapid that the Henry’s law equilibrium between the gas phase and the 498 

aqueous phase will never have time to form. S(IV) oxidation will then be controlled by 499 

the rate of diffusion and dissolution of gas-phase HOCl to the liquid phase. We also 500 

note that the rapid depletion of HOCl through the direct HO+ transfer reaction may also 501 

help explain the absence of experimental observations of ClSO3
- or other intermediates, 502 



despite the fact that their formation is also predicted to be rapid.  503 

The extremely rapid S(IV) oxidation by HOCl predicted by our calculations may 504 

help explain observations of unexpectedly efficient sulfate formation in marine areas. 505 

While S(IV) + HOCl reactions have been proposed previously(Fogelman et al., 1989; 506 

Liu and Abbatt, 2020), our results reveal that the dominant reaction mechanism is 507 

different from previous speculations. Chemistry-transport modelling incorporating the 508 

pH-dependent reaction mechanism proposed here, and accounting for the rate-limiting 509 

gas-liquid mass transfer of HOCl, will likely be useful for improving regional and 510 

global sulfate budgets. Finally, hypobromic acid (HOBr) is chemically very similar to 511 

hypochloric acid, and might conceivably also contribute to S(IV) oxidation and thus 512 

sulfate formation in marine areas. The S(IV) + HOBr reaction should therefore be 513 

explored in the future. 514 

5. Conclusion 515 

We have performed high-level quantum chemical calculations to comprehensively 516 

examine the mechanism for sulfate formation through the oxidation of dissolved 517 

sulfurous acid (denoted S(IV)) by hypochloric acid over wide range of pH (from 3.0 to 518 

9.0). Our results demonstrate that while previously proposed Cl+ transfer mechanisms 519 

exist, and might be catalyzed by e.g. H2O molecules, sulfate formation from the S(IV) 520 

+ HOCl reaction is completely dominated by a novel low-barrier HO+ transfer 521 

mechanism from HOCl + SO3
2-. This reaction mechanism forms sulfate directly, 522 

without involving intermediates such as ClSO3
-, which likely explains the puzzling lack 523 

of observations of such intermediates in experimental studies. The rate of S(IV) 524 



oxidation via this reaction increases with pH due to the increasing fractional population 525 

of SO3
2-. Even in acidic conditions (pH = 3), the S(IV) lifetime predicted for this 526 

reaction, assuming a liquid phase in Henry’s law equilibrium with a gas-phase 527 

containing 5 pptv HOCl, is less than nine hours. At higher pH, the rate of HOCl 528 

depletion is likely so rapid that the Henry’s law equilibrium will not hold, and S(IV) 529 

oxidation will be controlled by mass transfer of HOCl to the liquid phase. The HOCl + 530 

SO3
2- reaction mechanism proposed here is likely to help explain sulfate formation 531 

missing from current atmospheric chemistry models, and thus narrow the gap between 532 

field observations and modelling on the distribution of sulfate, as well as improve our 533 

overall understanding of marine secondary aerosol. 534 
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