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1. QM/MM simulations 
Molecular Dynamics (MD) simulations were carried out using a combined molecular dynamics and quantum 

mechanics force-field described in previous work.1 We used the hybrid QM/MM approach2,3 developed in our 

group.4-7 In this scheme, the solute is described quantum mechanically (QM), the solvent is described classically 

using molecular mechanics (MM), and we allow for QM/MM electrostatic embedding. We assume the Born-

Oppenheimer approximation and nuclei movements are treated classically. Quantum effects have been 

sometimes incorporated in MD simulations involving proton transfers but they are not expected to significantly 

affect the results reported in this work. For instance, an estimation of the tunneling effect via Wigner approach 

leads to a factor of 1.3 for the kinetic constant in the ionization process in the cluster calculations below, which 

is a small effect. 

 The simulations were carried out in the NVT ensemble (T=298K, Nosé–Hoover thermostat8,9) using a box 

containing the solute and 499 water molecules. The box size is (in Å) 24.685 x 24.685 x 130. Periodic boundary 

conditions are used along the X and Y directions. The solute is described at the B3LYP level10 using the 6-

311+G(d) basis set.11-13 Water molecules are described using the TIP3P model.14 We use the Gaussian 09 

program15 for the QM calculations, Tinker 4.216 for the MD simulations and the interface developed by the group 

of Nancy.17 The time step is 0.25 fs. After equilibration, the simulation is carried out for several tenths of 

picosenconds. Two simulations were carried out: 

Simulation 1. The solute (QM system) is HOSO. Simulation time is 100 ps 

Simulation 2. The solute (QM system) is the complex HOSO···H2O. After slightly less than 30 ps the system is 

ionized. Since only one water molecule is the QM part, the simulation is stopped afterwards, as simulating 

proton diffusion processes is not realistic in this model. 

 

 

2. Structure of HOSO at the air-water interface.   
The minimum energy structure of HOSO in the gas phase displays a non-planar syn configuration but the energy 

surface between planar cis and syn structures is extremely flat. Previous studies showed that results for the 

dihedral angle strongly depend on method: δ=24.2° at ROH-CCSD(T) level 18,19 vs δ=54.7° at CASPT2 level,20 

for instance. Recommended cis and trans rotational barriers19 are 5 cm-1 and 2.3 kcal⋅mol-1, respectively. The 

reported dipole moment is 1.17 D.21 

The energy surface associated to the dihedral angle δ calculated in this work is shown in Figure S1. Values at the 

interface have been obtained from Simulation 1. As shown, solvation produces large modifications of the energy 

surface. It preferentially stabilizes larger δ configurations because they are more polar. The final result is that the 

equilibrium dihedral angle of HOSO increases by more than 20° at the interface with respect to gas phase. The 

cis barrier raises and the trans barrier lowers but both are similar and small (below 1 kcal⋅mol-1) and therefore 

rotation around the HO-SO bond is almost free. The results of simulation 1 also show that HOSO has significant 

air-water interface affinity, as revealed by the free energy profile displayed in Figure S2. 
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Figure S1. Energy curves with respect to the dihedral angle in HOSO. Gas-phase values correspond to a relaxed 
potential energy scan at B3LYP/6-3111+G(d) level. Interface values correspond to free energy variation from 
QM/MM simulation 1 at the same QM level. Energy minima are obtained for dihedral angle equal 35° (gas 
phase) and 57.5° (air-water interface).  

	

	
Figure S2. Free energy profile for HOSO accommodation at the air-water interface at 298K. Z is the distance 
between the HOSO center of mass and the center of mass of the simulation box. The formal interface is at Z=12 
Å. The free energy profile is obtained from simulation 1 and the probability distribution of Z. 

 
 
 
3. Cluster calculations 
B3LYP/6-311+G(d) calculations have been carried out to study HOSO dissociation on a (H2O)21 cluster 

similar to those carried out for HO2 in a previous work.22 We use the Gaussian 09 program.15 After locating 

the transition state for the process, intrinsic reaction coordinate calculations23 have been carried out to 

analyze the elementary steps of the process along the reaction coordinate. The results for the potential 

energy surface are shown in Figure S3. The Figure shows that the ionization process starts by a transfer 

from HOSO to the nearest water molecule (structure a in the Figure) and is followed by 3 water-to-water 

proton transfers (b-d). The formal transition state (characterized by a vibrational analysis) corresponds to 

structure b and lies 8.8 kcal mol-1 above the reactant complex. The product lies 1.2 kcal mol-1 above the 

reactant complex. These values correspond to potential energies and do not take into account neither zero-

point energies nor thermal corrections.   
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Figure S3. Energy profile along the reaction coordinate for HOSO ionization in the (H2O)21 water cluster 
calculated by the IRC method at the B3LYP/6-311+G(d) level. The dashed lines have been added to join the 
fully optimized reactant and product form the last points of the IRC calculations. Structures along the reaction 
path correspond to elementary proton transfer processes. 
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4. Calculation of HOSO and HONO acidities 
Gas phase HONO and HOSO acidities. The geometry of HOXO and XO2

- species (X=N,S) were optimized at 

the MP2/ aug-cc-pVTZ level of theory, which was also used to calculate vibrational frequencies, zero-point 

energy and thermal contribution to free energy. The electronic energy was recalculated at the CCSD(T)/aug-cc-

pVTZ level of theory using the MP2 geometries. This theoretical level is abbreviated CCSD(T)//MP2. The total 

energies are summarized in Table S1. The gas phase free energy of the proton is G(H+) = -6.28 kcal/mol. All 

quantities are calculated at 1 atm, 298K using the Gaussian 09 program.15 

Aqueous phase acidities, pKa. The ab initio level was similar to that used in gas phase. The calculations in 

solution are done using the implicit PCM model24 as described in detail in previous works (see for instance 

reference25). The free energy of solvation is approximated by the electrostatic and non-electrostatic terms, and 

includes geometry relaxation. Zero-point and thermal contributions to the solvation free energy are neglected (in 

other words, we assume the gas-phase values for the free energy computations in solution). � The pKa is defined in 

the following way: 

HOXO →  H+ + OXO-   (X=N, S)         (13) 

ΔGwater    =  ΔGgas  (1 atm) + δΔGsolv(1 atm→1M)        (14) 

where ΔGsolv(1 atm→1M) is the solvation energy from 1 atm in gas phase to 1 M reference state in solution. The 

last term accounts for the difference in solvation energy between the products (H+ + OXO-) and the reactant 

(HOXO) in the dissociation process. The solvation energy for the proton is ΔGsolv(H+) = -264.0 kcal mol-1 for the 

1 atm → 1 M 

process. �25 Finally: 

pK! =
!!!"#$%
!.!"! !"

            (15) 

Absolute pKa are normally affected by significant errors. In the present case, the calculated absolute pKa of 

HONO is almost one unit larger than the experimental value (4.1 vs 3.16). Main errors come from the 

computational model, the theoretical level, and the free energy of the solvated proton. Due to error 

compensation, however, relative pKa calculations are much more accurate (in addition, they are independent of 

proton energy). In this work, the pKa of HOSO has been calculated relative to the pKa of HONO, i. e. we 

consider the process: 

HOSO + ONO-   →  OSO-  + HONO         (16) 

The pKa is obtained using the experimental pKa of HONO plus the calculated ΔpKa.  

 
Table S1. Gas-phase potential and free energies (in au) and energy differences (in kcal mol-1) at MP2/aug-cc-
pVTZ level and CCSD(T)/aug-cc-pVTZ levels of theory. For comparison, energies of HOSO and SO2

- at the 
B3LYP/6-311+G(d) level used in the simulations are also included. 

 
 E B3LYP G B3LYP E MP2 G MP2 E CCSD(T)//MP2 G CCSD(T)//MP2 
HONO -205.7639225 -205.767804 -205.4205368 -205.424633 -205.45144653 -205.45553589 
NO2

- -205.2249931 -205.240187 -204.8743725 -204.889528 -204.89874268 -204.91389465 
Δ 338.2 331.1 342.7 335.8 346.8 339.9 
HOSO -549.252624 -549.262819	

 
-548.5298682 -548.539365 -548.5698392 -548.57933600 

SO2
- -548.724960 -548.744623	

 
-548.002081 -548.021432 -548.0349268 -548.05427780 

Δ 331.1 325.2 331.2 325.0 335.7 329.5 
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5. Estimation of [SO2

-] and [H+] production rates 

The relevant processes and kinetic constants for the photochemistry of SO2 at the air water interface are gathered 

in Table S2. It is worth reminding that the lowest triplet state of SO2 has a large lifetime, τ = (7.9 ± 1.7) 10-4 s.26 

The upper limit for [SO2
-] and [H+] formation rate is connected to the absorption rate in the troposphere. Using 

the calculated value for J1,1 this leads to 0.2 × 1010 �molecule·cm-3·s-1 (ppb SO! g)-1, where the gas phase 

concentration SO! g is related to the interface concentration by1 SO! !"#$%&'($ = 2.2 × 102  SO! g. 

To obtain a more accurate estimation, the kinetic equations reported by Kroll et al27 together with the  kinetic  

constants in Table S2 can be used. However some approximations are necessary. We will assume that the rate of 

[SO2
-] and [H+] formation is approximately equal to the formation rate of the radical HOSO, ν!"#", since 

dissociation of this radical is fast and complete. Values for ν!"#" were already reported for different gas phase 

concentrations of SO2 in our previous work.1 In that study, the rate of reaction (12) was taken from gas phase 

experiments.27 However, we have recently shown that the reaction is significantly accelerated by the effect of 

solvation.28 Actually, the activation free energy barrier for the process is very small (around 0.7 kcal·mol-1) and 

accordingly, the rate of reaction (12) should be limited by diffusion. Typical rate constant values for near-

diffusion-controlled reactions in water at room temperature are around 10-10 cm3·molecule-1·s-1.29 Using these 

data, one deduces a HOSO formation rate that is only one order of magnitude smaller than the upper limit 

obtained from the absorption rate, though the result is not very accurate because it strongly depends on the 

singlet quenching kinetic constants 𝑘! and 𝑘!", (ν!"#" ≈  !!!!
!!"

SO! interface) for which only approximate values 

are available. The production rate as a function of wavelength is plotted in Figure S4 (we assume the upper limit 

rate) and displays a maximum in the 310-315 nm region. 

	
Table S2. Reactions and rate constants considered for the photochemical formation of HOSO at the air-

water interface (values taken from Kroll et al27 unless otherwise stated). At the air-water interface, 

[M]≈[H2O]≈1.7 1022 molecule·cm-3. 

1)  SO! + ℎ𝜈 ⟶ S! O!   J1 = 4 × 10-4  s-1 (reference1) 
2)  SO! + ℎ𝜈 ⟶ S! O!   J2 = 2.2 × 10-6  s-1 

3) S! O!  ⟶ SO! + ℎ𝜈   k3 = 2.2 × 104  s-1 
4) S! O!  ⟶ SO! + ℎ𝜈   k4 = 1.1 × 103  s-1 
5) S! O! ⟶ S! O!   k5 = 1.5 × 103  s-1 
6) S! O! + SO! ⟶ SO! + SO!  k6 = 2.9 × 10-11  cm3 · molecule-1 · s-1 
7) S! O! + SO! ⟶ S! O! + SO!  k7 = 3.0 × 10-12 cm3 · molecule-1 · s-1 
8) S! O! + SO! ⟶ SO! + SO!  k8 = 5.8 × 10-13  cm3 · molecule-1 · s-1 
9) S! O! +M⟶ S! O! +M  k9 ~ 1 × 10-12   cm3 · molecule-1 · s-1 
10) S! O! +M⟶ SO! +M  k10 ~ 1 × 10-11  cm3 · molecule-1 · s-1 
11) S! O! +M⟶ SO! +M  k11 = 1.1 × 10-13  cm3 · molecule-1 · s-1 
12) S! O! +  H!O⟶ OH + HOSO                 k12 ~ 10−10  cm3 · molecule-1 · s-1 (diffusion control assumed) 
13) S! O! + SO! ⟶ SO +  SO!  k13 = 4 × 10-12  cm3 · molecule-1 · s-1 
14) S! O! + SO! ⟶ SO +  SO!  k14 = 7 × 10-14  cm3 · molecule-1 · s-1 
15) SO +  SO! ⟶ 2SO!   k15 = 1.0 × 10-15  cm3 · molecule-1 · s-1 
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Figure S4. HOSO production rate at the air-water interface as a function of wavelength calculated using data for 
cross-section reported in our previous work1, actinic flux from reference,30 and assuming an upper limit rate, as 
explained in the text. The HOSO formation rate is then assumed to be also the formation rate of SO2

- radical 
anion and H+. 
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