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Ab initio molecular dynamics simulations have been performed to study the dissolution of SO2 in water. It has been
obtained that the hydrated SO2 is surrounded by the water molecules without any S-H hydrogen bond, restraining the
sulfonate anion formation but allowing the bisulfite isomer formation. The metadynamics method has been employed
to explore the free energy surface of the SO2 + H2O reaction. The simulations revealed that the hydrated SO2 forms bisulfite anion and hydronium cation after overcoming a ca. 17 kcal/mol free energy barrier. Direct, one-step H2SO3 formation could not been observed, in sharp contrast with earlier cluster calculations. These findings indicate a step-wise
H2SO3 formation in water. The presence of the sulfur lone pair represents an important constraint on the mechanism:
the nucleophilic H2O attack can occur only from certain angles as shown by the reactive trajectories.
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Introduction

supported this finding [8].
A large number of computational studies have also been

SO2 and its reactions play a very important role in environ-

done in order to provide theoretical insight into the chemistry

mental and atmospheric chemistry and also in the global sulfur

of aqueous SO2. Cluster calculations on gas-phase models of

cycle [1]. In particular, the various products of the SO2 hydrolysis received considerable attention, because they are critical
in corrosion processes or in the formation of sulfur containing

SO2 and water molecules yielded different results concerning
the stability of the two form of the SHO3− anion [10–14]. Some
studies predicted the sulfonate form to be more stable [11,13],

aerosols and acid rains [1,2]. In solutions SO2 forms SHO3−
anion featuring two constitutions: the sulfonate ion and the bi-

whereas others showed that the bisulfite form is more favor-

sulfite ion [3,4].

implicit manner has not altered the conclusions [11,12]. In a

able [12,14]. The effect of the solvent taken into account in an
very recent DFT and G3X (MP2) study [14], where the hydra-

SO 2 + H 2O  H 2SO3  H 3O + + SHO3−

tion has been represented with up to 8 explicit water molecules,

In the first form the proton is attached to the sulfur atom,
whereas in the second form the H is bonded to one of the oxygens. According to experiments both ionic forms are present in
aqueous solutions and they undergo continuous interconversion
[3,4]. The corresponding acids have not yet been isolated [5],
although H2SO3 could be detected by mass-spectrometry [6].

again the bisulfite anion was predicted to be the dominant form,
in accordance with experiments. Several computational studies have addressed the problem of the mechanism of the SO2
dissolution in water [15–20]. Both the reaction energetics and
the activation barriers have been calculated. These studies employed a single SO2 molecule interacting with 1, 2, or 3 water

Experiments provided important insights into the chemistry of

molecules and the reaction product was H2SO3 molecule. While

the sulfur species in solutions. Kinetic [4,7] and spectroscopic
[8,9] measurements have been performed to study the specia-

experiments suggest the direct formation of the SHO3− anion
(both possible configurations) and a H3O+ ion, these small clus-

tion of the dissolved SO2. It has been revealed that the stabili-

ters cannot account for any ionic separation. Nevertheless, the

ties of the two forms of SHO3− anion are comparable, and the
bisulfite anion is the dominant form [4]. XANES studies also

calculations showed the catalytic role of the additional water

38

molecules as the predicted activation barriers decreased when
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the number of water molecules was larger. For instance G3

been already applied successfully for exploring reactive free

(MP2) calculations combined with PCM B3LYP/6–31+G* sol-

energy surfaces (FES-s) [29]. Since there are excellent reviews

vent corrections yielded 42.5, 23.3 and 19.2 kcal/mol activation

on metadynamics [30], here I give only the relevant details to

energies in the presence of 1, 2 and 3 water molecules, respec-

the simulations. In metadynamics we explore the FES of the

tively [20]. Activation free energies are more relevant in com-

reaction as a function of a few reaction coordinates (called also

parison with experiment and the best estimate has been so far

collective variables, CV-s). In the present case I use only a sin-

31 kcal/mol for SO2 + 2 H2O (Ref. 15) which seems too high

gle CV which describes the coordination number of the sulfur

as experiments predict relatively fast hydrolysis as compared to

atom with respect of the water oxygen atoms. The form of this

CO2 hydrolysis [3,4].

coordinate is given in Eq. 1:

In the present study I address the mechanism of the SO2 hy-

( )
CV = ∑
1− ( )
1−

drolysis in water. In order to take into account the effect of the
solvent and temperature, Ab initio molecule dynamics (MD)

i∈OW

simulations have been performed which provide realistic description of the system. The aim of the present study is to obtain
a mechanistic insight into the first step of this process, where
the new S-O bond formation takes place. The present simulations yielded the formation of the bisulfite anion and the release
of a hydronium ion into the bulk water. This is in analogy with
the formation of bicarbonate ion where the H2CO3 formation is

ri
rc

p

ri
rc

q

(1)

where ri is the distance between the sulfur atom and the i th
water oxygen (OW), rc is a suitably selected cutoff distance (in
the present case rc = 1.95Å ), whereas the exponents p and q are
6 and 14, respectively. This CV is close to zero, when the SO2
molecule has not formed bond with the water molecules and
has a large, slightly fluctuating value between the 0.7–1 inter-

preceeded by the HCO3− formation [3,21,22]. Further studies
however necessary for a detailed comparison of the possible

val when a new S-O bond is present. During the metadynam-

routes, in particular to address the formation of the sulfonate

space of the CVs. Under the action of this potential the system

anion.

explores the underlying FES around the reactants' minimum,

2

Computational details

For the present study I applied a periodic box of 12.416 × 12.416
3

ics simulations we use a history dependent bias potential in the

finds the lowest activation free barrier and starts the exploration of the products' free energy well. A particularly important
feature of the method is that the FES can be reconstructed from
the time dependent potential. In this study the simulations have

× 12.416 Å . This simulation box has been filled with 63 water

been carried out till the first barrier crossing occurred and the

molecules and a single SO2. This setup represents satisfactorily

product region was sampled only for a short period [31]. Sever-

an SO2 solution. The initial configuration was obtained from

al runs have been initiated for a better statistics. In analogy with

classical simulation and was subject to further equilibration for

earlier simulations [21,22,26], the error of the metadynamics

10 ps with the quantum chemical setup. The simulations have

sampling is estimated to be around 2 kcal/mol (~ 3kBT).

been carried out with the Car-Parrinello method [23] using the
CPMD program package [24]. The BLYP exchange-correlation
functional [25] has been employed. The atomic cores have been
replaced with ultrasoft pseudopotentials and the electronic orbitals have been expanded on a plane-wave basis set up to 27
Ry energy cutoff at the

Γ

point. The fictitious electronic mass

was 700 au, the time step for integrating the Verlet equations
was 5 au. The hydrogens have been replaced by deuterium atoms in order to improve the decoupling between the ionic and
electronic subsystems. A similar setup has been applied successfully for the dissolution of CO2 in water at neutral [21] and
high pH [26].
Chemical reactions are rare events on the time scale of the
simulations, hence special techniques are necessary to steer
them. There are a vast number of such methods [27]. In the
present study I use the metadynamics method [28] which has
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Results and discussions

The first stage of the study is to characterize the physical hydration of the SO2 molecule. Figure 1 shows the S-O and the
S-H radial distribution functions (g(r)-s). The S-O g(r) shows
a large peak at 1.5 Å , which corresponds to the two oxygen
atoms of the SO2. The first hydration shell starts at 2.3 Å as
a broad peak till 3.1 Å and then continues with a larger and
broader peak between 3.1 and 4.2 Å . These shells contain ca.
2–3 and 9–10 water molecules on average. Similar but somewhat more structured hydration structure has been predicted by
QM/MM simulations where the quantum region was described
by Hartree-Fock method [32]. The S-H g (r) gives additional
insight into the hydration. It is seen that the broad first peak

39

Figure 2. FES for the SO2 + H2O  SO2OH− + H3O+ reaction.

from a nearby water molecule from the first hydrations shell to
form S-O bond. An important characteristics of these H2O molecules is that they participate in H-bonds mostly as only donors
and seldom as acceptors in the moment of the attack. When
the S-O bond starts to form, the O–H bonds of the attacking
water molecule elongate and hydronium ion formation can ocFigure 1. Radial distribution functions and the corresponding
running coordination numbers for the O and H atoms around
the sulfur atom.

cur. When an O–H bond breaks, an ion pair (SO2OH− + H3O+)
forms and for a few tenths of ps they remain together, then they
recombine. When the system overcomes the barrier the ion pair
does not recombine, but dissociates and the hydronium ion diffuses away into the bulk. It is important to note that I could not

starts only at 2.5 Å , i.e., somewhat later then the S-O g(r). This
indicates that that surrounding water molecules prefer orientations where they do not form H-bonds with the sulfur atom.
This shows that for the water H atoms the participation in the
water H-bond network is more favorable than approaching the
SO2 molecule at the sulfur side. This observation has important
implication for the direct formation of the H − SO3− sulfonate
anion: the eventual activation barrier of the reaction has to involve the work of breaking the H-bond network and the rotation
of a water molecule. On the other hand, the simulated g(r)-s
show that the hydration shell around the SO2 molecule features
the reactant water molecules in proper orientation for the formation of an S-O bond.
The next step in this study is to simulate the attack of a water
molecule on SO2. The CV employed here does not bias any
water molecule, hence the predicted activation free energy
properly accounts for the configurational entropy arising from
the hydration configurations. A typical FES obtained from the
metadynamics simulation is shown in Figure 2. Inspection of
the trajectories shows that the reaction is initiated by attempts
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observe a single-step formation of H2SO3 predicted by cluster
calculations. This is because cluster calculations are strongly
biased toward neutral products even when implicit, polarizable
solvent models are applied and spontaneous ionic separations
in small models are not possible. While in clusters the presence
of a suitable H-bond chain drives the reaction toward the neutral H2SO3 product, in the present, extended model the presence
of such H-bond chain is not a sufficient condition for H2SO3
formation. This clearly shows that in the presence of a large hydration sphere the reaction mechanism can significantly differ
from that operating in a small gas-phase cluster of SO2 + n H2O.
The FES profile shows that the calculated activation free energy barrier is around 17 kcal/mol. Since experimental value is
not available I compare it with the free energy barriers obtained
for CO2 hydrolysis (experimental value (Ref. 33): 21 kcal/mol,
theory (Ref. 21): 19 kcal/mol). The present calculations predict
a slightly lower barrier for SO2 hydrolysis than that obtained
for CO2 hydrolysis, in agreement with the larger rate constant
of the SO2 dissolution [3,4,33]. The predicted activation free
energy is much smaller than that obtained from cluster calculations (31 kcal/mol, Ref. 15). I attribute the difference to the bet-
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whereas in-plane attempts are excluded. This is due to the presence of the lone pair orbital which lies in the plane of the molecule. Occasionally the closest water molecule has a large or
a very small angle direction, but this is due to a temporarily
expanded hydration sphere as shown by the very small value
of the CV at those moments. We can conclude that the SO2
hydrolysis occurs by a side attack from the first hydration shell,
in sharp contrast with the mechanism of the bicarbonate formation [21].

4

Conclusions

Ab initio metadynamics simulations have been carried out to
study the first step of the SO2 hydrolysis. At equilibrium simulations the orientation of the water molecules in the hydration
shell of SO2 suggests an easier formation of the bisulfite anion than the sulfonate isomer. The metadynamics calculations
yielded SO2OH− + H3O+ formation, whereas the one-step formation of H2SO3 could not be obtained. The activation free
energy of the bisulfite formation is around 17 kcal/mol. The
presence of the sulfur lone pair represents a strong constraint
on the possible directions of the nucleophilic attack of the water
molecules: the angle between the plane of the SO2 molecule
and the S-O (H2) axis has to be between 80–120°. Further studies are ongoing to reveal additional details of the mechanism
Figure 3. A: Evolution of the angle between the line definded
by the S atom and the O atom of the closest water molecule and
the plane of the SO2 molecule. B: Evolution of the collective
variable (CV) during the simulation.

and to explore the other reaction steps of the bisulfite-sulfonateH2SO3 equilibria.
A substantial part of the calculations have been performed on
the resources of NIIF. Technical help from Dr. Gábor Röczei is
acknowledged. The project was supported by the OTKA Grant

ter treatment of the entropy contributions in the present model.
Note that the FES profile in Figure 2 features two shallow oscillations at CV = 0.3 and CV = 0.5. They might be attributed to
weak SO2-H2O associations but further simulations are necessary to fully explore these regions on the FES.
Although the stoichiometry suggests similarities for CO2 and
SO2, the simulations showed remarkable differences in the hydrolysis mechanism. An important difference between the parent SO2 and CO2 molecules is their geometry: CO2 is linear,
whereas SO2 is bent. This is because the sulfur atom has a lone
pair which requires room in the ligand sphere. When the CO2
forms HCO3− in water, the linear molecule transforms to a planar one. In the case of SO2 the situation is different as shown in
Figure 3. In this Figure the angle between the plane of the SO2
molecule and the line defined by the S atom and the oxygen of
the closest H2O is plotted along with the variation of the CV.

K-101115.

References
[1] L. Granat, H. Rodhe, R. O. Hallberg, Ecol. Bull., 22, 89 (1976).
J. A. Cole, S. J. Ferguson, The nitrogen and Sulfur cycles, Cambridge University Press: Cambridge, 1988.; C.
Brandt, R. van Eldik, Chem. Rev., 95, 119 (1995).
[2] B. J. Finlayson-Pitts, J. N. Pitts, Jr., Chemistry of the Upper and Lower Atmosphere, Academic Press: San DiegoLondon, 2000.
[3] M. Eigen, K. Kustin, G. Maass, Z. Physik. Chem., 30, 130
(1961). [CrossRef]
[4] D. A. Horner, R. E. Connick, Inorg. Chem., 25, 2414 (1986).
[CrossRef]; D. A. Horner, R. E. Connick, Inorg. Chem.,
42, 1884 (2003). [Medline] [CrossRef]

Clearly, the SO2 undergoes almost exclusively a side"-attack,

DOI: 10.2477/jccj.2012-0020

41

[5] N. N. Greenwood, A. Earnshaw, Chemistry of the elements, Elsevier, 1997.
[6] D. Sülzle, M. Verhoeven, J. K. Terlouw, H. Schwarz, Angew. Chem. Intl. Ed., 27, 1533 (1988). [CrossRef]
[7] R. H. Betts, R. H. Voss, Can. J. Chem., 48, 2035 (1970).
[CrossRef]
[8] E. Damian Risberg, L. Eriksson, J. Mink, L. G. M Pettersson, M. Y. Skripkin, M. Sandström, Inorg. Chem., 46,
8332 (2007). [Medline] [CrossRef]
[9] B. Jagoda-Cwiklik, J. P. Devlin, V. Buch, Phys. Chem.
Chem. Phys., 10, 4678 (2008). [Medline] [CrossRef]
[10] A. Strömberg, O. Gropen, U. Wahlgren, O. Lindqvist, Inorg. Chem., 22, 1129 (1983). [CrossRef]
[11] R. E. Brown, F. Barber, J. Phys. Chem., 99, 8071 (1995).
[CrossRef]
[12] M. A. Vincent, I. J. Palmer, I. H. Hillier, J. Mol. Struct.,
Theochem, 394, 1 (1997). [CrossRef]
[13] A. H. Otto, R. Steudel, Eur. J. Inorg. Chem.,617 (2000).
[CrossRef]
[14] R. Steudel, Y. Steudel, Eur. J. Inorg. Chem.,1393 (2009).
[CrossRef]
[15] W.-K. Li, M. L. McKee, J. Phys. Chem. A, 101, 9778
(1997). [CrossRef]
[16] E. Bishenden, D. J. Donaldson, J. Phys. Chem. A, 102,
4638 (1998). [CrossRef]
[17] T. Loerting, R. T. Kroemer, K. R. Liedl, Chem. Comm,
2000, 999.
[18] T. Loerting, K. R. Liedl, J. Phys. Chem. A, 105, 5137
(2001). [CrossRef]
[19] A. F. Voegele, C. S. Tautermann, T. Loerting, A. Hallbrucker, E. Mayer, K. R. Liedl, Chem. Eur. J., 8, 5644
(2002). [Medline] [CrossRef]
[20] A. F. Voegele, C. S. Tautermann, C. Rauch, T. Loerting,
K. R. Liedl, J. Phys. Chem. A, 108, 3859 (2004). [CrossRef]
[21] A. Stirling, I. Pápai, J. Phys. Chem. B, 114, 16854 (2010).
[Medline] [CrossRef]
[22] M. Galib, G. Hanna, J. Phys. Chem. B, 115, 15024 (2011).
[Medline] [CrossRef]

42

[23] Car, R.; Parrinello, M. Phys. Rev. Lett., , 2471.
[24] CPMD v3.15.1. http://www.cpmd.org/, Copyright IBM
Corp 1990-2008, Copyright MPI für Festkörperforschung
Stuttgart 1997-2001.
[25] Becke, A.D. Phys. Rev. A, , 3098–3100.; C. Lee, W.
Yang, R.G. Parr, Phys. Rev. B, , 785–789.
[26] A. Stirling, J. Phys. Chem. B, 115, 14683 (2011). [Medline] [CrossRef]
[27] C. Chipot, A. Pohorille, Free energy calculations, Springer: Berlin-Heidelberg-New York, 2007.
[28] A. Laio, M. Parrinello, Proc. Natl. Acad. Sci.
USA,

99,

12562

(2002).

[Medline]

[CrossRef]

M. Iannuzzi, A. Laio, M. Parrinello, Phys. Rev.
Lett.,

90,

238302

(2003).

[Medline]

[CrossRef]

A. Laio, A. Rodriguez-Forta, F. L. Gervasio, M. Ceccarelli, M. Parrinello, J. Phys. Chem. B, 109, 6714 (2005).
[Medline] [CrossRef]
[29] B. Ensing, A. Laio, F. L. Gervasio, M. Parrinello, M. Klein,
J. Am. Chem. Soc., 126, 9492 (2004). [Medline] [CrossRef]
C. S. Cucinotta, A. Ruini, A. Catellani, A. Stirling, J.
Phys. Chem A, 110, 14013 (2006). [Medline] [CrossRef]
A. Stirling, M. Iannuzzi, M. Parrinello, F. Molnar,V. Bernhart,
G. Luinstra, Organometallics, 24, 2533 (2005). [CrossRef]
N. N. Nair, E. Schreiner, D. Marx, J. Am. Chem.
Soc.,

128,

13815

(2006).

[Medline]

[CrossRef]

C. L. Stanton, I.-F. W. Kuo, C. J. Mundy, T. Laino, K. N.
Houk, J. Phys. Chem. B, 111, 12573 (2007). [Medline]
[CrossRef]
[30] a) A. Laio, M. Parrinello, Lect. Not. Phys., 703, 315
(2006). [CrossRef] b) A. Laio, F. L. Gervasio, Rep. Prog.
Phys., 71, 126601 (2008). [CrossRef]
[31] I used the following parameterization for the metadynamics in its Lagrangian formalism: k=5.0; M =100.0; hill
height: 0.4 kcal/mol; width: 0.035.
[32] S. T. Moin, L. H. V. Lim, T. S. Hofer, B. R. Randolf, B. M.
Rode, Inorg. Chem., 50, 3379 (2011). [Medline] [CrossRef]
[33] X. Wang, W. Conway, R. Burns, N. McCann, M. Maeder,
J. Phys. Chem. A, 114, 1734 (2010). [Medline] [CrossRef]

J. Comput. Chem. Jpn., Vol. 12, No. 1 (2013)

