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1. INTRODUCTION

Sulfur dioxide plays a major role in the global sulfur cycle, forms
acid rain, and is also an important industrial product.1�3 Because of
the highly polar nature of SO2 andH2O, the interaction of SO2 with
water leads to formation of weak acidic solutions.4 The solutions
contain mainly solvated SO2 and minor concentrations of sulfurous
acid (H2SO3(aq)) and other anions, such as sulfite SO3

2�, sulfonate
ion (HSO3

�) and its tautomeric form bisulfite (SO3H
�). Different

types of sulfur species, notably SO2 and H2S, exist in the atmo-
sphere, in particular in the troposphere, and they are produced by
biogenic activity, volcanic eruptions, and combustion of fossils fuel.
Oxidation of SO2 andH2S in the presence ofwater results in the acid
rain which is also termed as “wet” deposition of sulfur species.5�8

The mechanism for the oxidation of SO2 to SO3 was proposed by
Stockwell and Calvert.9,10 Further reaction of gaseous SO3 in water
vapors results in the formation of sulfate and sulfuric acid aerosols in
theEarth’s atmosphere.9,11�13Hydrate formsof this acid are capable
of promoting the growth of new particles via both binary homo-
geneous and heterogeneous nucleation which involve the reaction
of SO3 with aqueous acid droplets and the condensation of sulfuric
acid vapors on pre-existing aerosols particles. These particles can
influence climate by scattering solar radiation and therefore, act as
cloud condensation nuclei.14 Consequently, the amount of sunlight
reaching Earth’s surface is decreased, which ultimately tends to
reduce the surface temperature, and this phenomenon is also named
as “global dimming”.15,16 In such a way, SO2 indirectly plays a very

significant role in aqueous environment, therefore, it seems im-
portant to investigate the SO2/H2O system in detail. Symmetry
considerations indicate that SO2 belong to the C2v point group
whereas CO2 has D¥h symmetry. The difference in structure
between SO2 and CO2 can also be explained by their molecular
shapes. The SO2 is a bentmolecule because of the electron lone pair
on the sulfur atom. The central carbon atom of CO2 has two
electron domains which make the molecule nearly linear compared
to SO2 having three electron domains around the sulfur atom. This
contrasting character between these two molecules will certainly
affect their hydration behavior which is analyzed in terms of
structure and dynamics.

A number of studies on structure and energetics of SO2�H2O
complexes have been reported using experimental and theore-
tical approaches.17�23 Liquid SO2 has also been studied via mol-
ecular dynamics simulations to evaluate thermodynamic, struc-
tural, and dynamical properties.24,25 Several spectroscopic
investigations as well as X-ray and Neutron Diffraction were also
employed to investigate physicochemical properties of the liquid
SO2.

26�32 There is also spectroscopic and computational evi-
dence for SO2 ionization at 128 K of ice nanoparticles which
indicate that the solvation of an anion such as HSO3

� by
molecular SO2 adsorbate facilitates the SO2 ionization process
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sulfur dioxide (SO2) at the Hartree�Fock level of theory
employing Dunning DZP basis sets for solute and solvent
molecules. The intramolecular structural characteristics of
SO2, such as SdO bond lengths and OdSdO bond angle,
are in good agreement with the data available from a number of
different experiments. The structural features of the hydrated
SO2 were primarily evaluated in the form of S�Owat and
OSO2

�Hwat radial distribution functions (RDFs) which gave
mean distances of 2.9 and 2.2 Å, respectively. The dynamical
behavior characterizes the solute molecule to have structure
making properties in aqueous solution or water aerosols, where
the hydrated SO2 can easily get oxidized to form a number of
sulfur(VI) species, which are believed to play an important role
in the atmospheric processes.



3380 dx.doi.org/10.1021/ic102240p |Inorg. Chem. 2011, 50, 3379–3386

Inorganic Chemistry ARTICLE

at the ice surface.33 Theoretical studies on the addition of H2O
and OH to SO2 were also carried out to explore the mechanism
for the formation of other sulfur products, such as sulfonate,
H2SO3, and HOSO2 radical.34,35 The central role of sulfur
species in many atmospheric processes is believed to be under-
stood as SO2 interactions at aqueous interfaces, but its role in
aqueous solutions will be helpful to explore the overall hydration
behavior of the solute, which upon hydration readily tranforms
into different sulfur species. As mentioned earlier, SO2 indirectly
plays very significant roles in the atmospheric environment, and
this study was carried out to emphasize the characteristic behavior
of SO2 in connection with water. For this purpose, an ab initio
Quantum Mechanical Charge Field Molecular Dynamics Simula-
tion (QMCF MD) was performed with a single SO2 molecule in
water to investigate the structure and dynamics of hydrated SO2 as
the detailed structural and dynamical features of hydrated SO2 can
be helpful to elucidate the role of SO2 embedded in water either in
solution or in aerosols and hence to obtain a better understanding
of the aforementioned atmospheric phenomena.36�38

2. METHODS

Simulation Method. The ab initio Quantum Mechanical Charge
FieldMolecular Dynamics (QMCFMD) is an advanced approach of the
QM/MM MD simulation method without the need for constructing
force field potentials of solute�solvent interactions, thus requiring only
solvent�solvent interaction potentials.36�38 The QMCF MD code has
an interface to the parallel version of the QMprogram “TURBOMOLE”
for the quantum chemical calculations.39 The inner core and extended
layer zone constitute the chemically most relevant region which is
treated quantum mechanically. It contains the solute molecule along
with the full hydration shell while the remaining system is treated by the
solvent potential, in our case by the flexible BJH�CF2 water model.40,41

The ab initio Hartree�Fock (HF) level of theory for the QM regions
employing Dunning double ξ plus polarization basis sets has proved to
be the best compromise between accuracy and computation cost.42�45

The point charges assigned to atoms in theMolecularMechanical region
that dynamically change their positions are incorporated via a perturba-
tion term in the core Hamiltonian for the QM region, which is an
important feature of the QMCF MD methodology.

V 0 ¼ ∑
M

J¼ 1

qJ
riJ

ð1Þ

The Coulomb interactions between atoms in the QM and MM
regions are described by the dynamical fluctuating charges of the QM
atoms derived from Mulliken population analysis which has proved the
best compatibility with the flexible BJH�CF2 water model, thus
considering all polarization and charge transfer effects.46 The forces
considered in the core zone are quantum mechanical and Coulomb
forces whereas in the layer zone, besides these forces, non-Coulomb
forces between layer zone and the solvent molecules in the Molecular
Mechanical region are also taken into account. The forces on particles in
the Molecular Mechanical region are calculated by the selected water
model (BJH) augmented by Coulomb and non-Coulomb contributions
from theQM region. To ensure a smooth transition of solvent molecules
between QM and MM region, a smoothing function S(r) is also applied
in this approach. The details of the method are given in ref 37.

The appropriate selection of basis sets is a critical factor to carry out a
successful QMCF MD simulation. Therefore, geometry optimization
calculations were performed for a gas phase SO2, as well as with
continuum solvent modeled by a self-consistent reaction field (SCRF)
at different levels of theory employing Dunning DZP basis sets,
to produce the structural features compared to experimental values.47

The calculated SdO bond lengths are given with the experimentally
determined values summarized in Table 1. The SdO bond lengths
calculated at the HF level of theory in gas phase and with the SCRF
model are slightly shorter than the experimental values while the
correlated ab initio methods slightly overestimate them. Table 2 shows
interaction energies calculated for 1:1 SO2�H2O complex at the HF,
MP2, and CCSD level of theory employing DZP basis sets for all atoms
of the cluster. The interaction energy obtained at the HF level of theory
is very close to the CCSD value whereas MP2 shows underestimation in
the calculated energy. The HF level of theory with the Dunning DZP
basis set was thus considered appropriate for the QMCFMD simulation
of SO2 immersed in water molecules. Although H-bonds result slightly
too weak and flexible at the HF level compared with those of the
correlated methods, but this error is less serious than the too rigid structures
of H-bonded systems resulting from DFT methods.48�50

Analysis. The structural properties of the sulfur dioxide in solution
were evaluated by radial distribution functions (RDFs) and angular
distribution functions (ADF). Mean residence time (MRT) of ligands in
the hydration shell were determined from the trajectories sampled over
10 ps for t* values of 0.0 and 0.5 ps, denoted as τ0.0 and τ0.5 in ps utilizing
the direct method.51 The ratio of the number of all transitions occurring
through a shell boundary to the number of changes persisting longer
than 0.5 ps, is termedRex. It counts the number of attempts for migration
of water ligands required to achieve one lasting exchange event.

Rex ¼ N0:0
ex

N0:5
ex

ð2Þ

where Nex
0.0 and Nex

0.5 are the number of exchange events occurred for t*
0.0 and 0.5 ps, respectively.
Simulation Protocol. The simulation was carried out in the

canonical NVT ensemble with periodic boundary condition for a box
containing one SO2 molecule and 999 water molecules. This simulation
box is a cube of 31.05 Å side lengths having density of 0.997 g/cm3,
corresponding to that of water at ambient condition. The Newtonian

Table 1. Intramolecular Structural Features of SO2 Evaluated
from QMCF MD Simulation in Comparison to the Values
Obtained from Optimization Calculations and Experimentsa

method(basis sets)

SdO bond

length [Å]

OdSdO

angle [deg]

Gas Phase

MP2(DZP) 1.47 119.0

CCSD(DZP) 1.45 118.7

HF(DZP) 1.41 118.5

SCRF

MP2(DZP) 1.47 117.5

CCSD(DZP) 1.45 116.8

HF(DZP) 1.41 116.5

Experiments

X-ray crystallography64 1.43 ( 0.015 119.5 ( 1.5�
electron diffraction65 1.43 ( 0.01 120 ( 5�
microwave spectrum66 1.4321 119�2.10

X-ray (liquid)32 1.42(1)

electron diffraction (gaseous)67 1.4343(2) 119.5(3)

neutron diffraction (liquid)32 1.42(2) 121(3)

XANES spectrum (gaseous)61 1.432 119.53

QMCF MD 1.415 ( 0.075 116.2 ( 8�
aThe values in parentheses are their estimated standard deviations.
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equations of motion were integrated with a time step of 0.2 fs using a
second-order Adams�Bashforth predictor�corrector algorithm. The
Berendsen algorithm with coupling constant of 0.2 ps was employed to
keep the temperature at 298 K.52 The reaction field method was used to
address the long-range Coulomb interactions for which the cutoff

distance was set to 15.0 Å whereas for non-Coulomb interactions cutoff
distances of 5.0 and 3.0 Å were used for O�H and H�H interactions
among water molecules, respectively. The BJH�CF2 water model
includes intramolecular parameters, thus providing the full flexibility
specially needed for smooth transitions between QM and MM
regions.40,41 The radius of the core zone was 3.0 Å, the layer zone
extended to 5.7 Å, and the smoothing region had a thickness of 0.2 Å
ranging from 5.5 to 5.7 Å. The gas phase optimized structure of a SO2

molecule immersed in a pre-equilibrated water box was subjected to
thermal equilibration at 298.16 K for 10 ps, followed by a sampling of
10 ps.

3. RESULTS AND DISCUSSION

Structure. The structural features of SO2 obtained from the
QMCF MD simulation are in good agreement with the experi-
mental data (cf. Table 1). The RDFs between atomic pairs of SO2

Figure 1. RDF between (a) sulfur atom of SO2 and oxygen atoms of water molecules and (b) plane segmented S�Owat RDFs for two hemispheres, the
proximal and the distal.

Table 2. Interaction Energies and Structural Features
Calculated for 1:1 SO2�H2O Complex at Different Level of
Theory Employing DZP Basis Set for All Atoms of the Cluster

structural features

level of theory

interaction energies

(kcal/mol)

SdO bond

length [Å]

OdSdO

angle [deg]

HF �5.67 1.41 117.8

MP2 �5.24 1.47 118.5

CCSD �5.66 1.45 117.9
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and water molecules were plotted to explore the structural
features of hydrated SO2. The total S�Owat RDF exhibits a
broad peak between 2.3 and 4.7 Å with a strong shoulder peak at
2.9 Å as shown in Figure 1a. Integration of this RDF up to the
minima after the shoulder peak and the major broad peak yielded
∼4 and∼10 water molecules, respectively. The S 3 3 3Owat mean
distance deduced from the shoulder peak of the S�Owat RDF
correlates with experimental data available for SO2�H2O comp-
lexes.20 Beside the experimental observation, the S�Owat RDF
plot from the QMCF MD simulation is in reasonable agreement
with the RDF in the bulk condition, evaluated for sulfur dioxide
at the air/water interface using molecular dynamics with KS-
DFT and classical polarizable interaction potentials.53 A detailed
analysis was also performed to interpret the shoulder peak which
is indicative of two different types of hydration because of
nonlinearity of the SO2 molecule. This was accomplished by
plane-wise partitioning of the simulation box into two subregions
by defining a plane centered at the sulfur atom with a normal
vector resulting from the sum of the two SdO vectors. Thus, the
system was separated into a proximal and a distal hemisphere
(see Figure 1b), enabling the decomposition of the overall RDF.
The mean distances between sulfur and water oxygens were
centered at 2.9 and 4.3 Å, corresponding to the shoulder peak
and a broad peak belonging to the “proximal” and “distal”
hemishpere, respectively (cf. Figure 1b). The splitting of RDF
analysis into two different domains unfolded the asymmetric
hydration behavior of the solute.
The characteristic features of the hydration layer were also

elucidated using the sectorial RDF defined by a SdO bond
vector of the OdSdO. The chemically equivalent nature of each
oxygen atom of the solute led to calculate the average O�Owat

and O�Hwat RDF, which served to determine the existence of
hydrogen bonds between solute and solvent molecules (Figure 2).
A wide peak from 2.6 to 3.9 Å was observed in the O�Owat RDF
whereas the mean distance between the hydrogen of water mol-
ecules and oxygen of SO2 was evaluated as 2.2 Å, deduced from the
distinct peak observed in the O�Hwat RDF. The O�Owat and
O�Hwat RDF plots were integrated to∼1watermolecule bound to
each oxygen atom of SO2 molecule making hydrogen bonds. The

Figure 2. RDF between oxygen atoms of SO2 and hydrogen and oxygen atoms of water molecules.

Figure 3. Contour maps obtained from ARD analysis showing the
difference in the hydration shell of the (a) SO2 and (b) CO2. Color keys;
blue = low intensity; red = high intensity.
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O�Hwat bond distance of 2.2 Å indicates that explicit hydration of
SO2 influences the geometrical arrangement of hydrates and leads to
different numbers of hydrogen bonds. With increasing number of
water molecules, the strength of hydrogen bonds increases reflected
by the short O�Hwat bond distance. This observation is in fair
agreement with the theoretical study performed on sulfur dioxide-
water clusters (SO2 3 nH2O) to evaluate structure and energetics of
hydrated species.21

To further verify the difference in the distribution of solvent
molecules, conical regions surrounding the SO2 atom have been
defined. The sum of the two SdO vectors acted as an axis for the
cones, the angle increment of the cones was set to 10�. Evaluation
of RDFs within the defined cone-segments enable the analysis of
the angular-radial distributions (ARDs) of the system (see
Figure 3). The varying arrangement of solvents around sulfur
dioxide was also compared with the symmetric ligand density
distribution around CO2 which has nearly linear structural
attributes (cf. Figure 3b). The hydration properties of SO2

analyzed by ARD exhibited asymmetric distribution of solvent
molecules illustrated by the contour plot in Figure 3a. The

solvent density in the hydration shell was reduced at the proximal
side because of the influence of the electron lone pair on the
sulfur atom of SO2. This was attributed by the hollow cavity or
empty space at the proximal side (shown above the horizontal
line bisecting the plot into two distinct sides) compared to the
distal one where oxygens of sulfur dioxide interact with water
molecules via H-bonds indicated by high solvent density dis-
tribution. Figure 4 shows the normalized ADF (ADFnorm) for the
OSO2

�Hwat�Owat angle depicting the existence of hydrogen
bonds between solute and solvent molecules. The highest
angular probability of this angle at ∼167.5� characterizes the
linearity of these hydrogen bonds. The strength of hydrogen
bonds between sulfur dioxide and water molecules is also evident
from the ADFnorm.
The hydration shell surrounding the whole SO2 molecule was

also analyzed in terms of the coordination number distribution

Figure 4. Normalized ADF (ADFnorm) of OSO2
�Hwat�Owat angle

between SO2 and water molecules.

Figure 5. Coordination number distributions of (a) water molecule
surrounding the whole SO2 molecule and (b) hydrogen atoms bound to
each oxygen of SO2.

Figure 6. Snapshot of the SO2 molecule surrounded by hydration layer.

Figure 7. Fluctuation of partial atomic charges of all three atoms of the
SO2 molecule: (a) sulfur atom, (b) and (c) oxygen atoms.
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(CND), leading to a variation between 5 and 15, with an average
value of 10 as presented in Figure 5a. The average number of
hydrogen atoms of water molecules interacting with each oxygen
atom of SO2 was evaluated as 0.8 with a CND ranging from 0 to 3
(cf. Figure 5b) using the cutoff limit of 2.5 Å, adopted from the
g(r) functions (see Figure 2). The highest probability of one
hydrogen atom bound to each oxygen of the solute indicates
more or less constant existence of two hydrogen bonds between
solute and solvent molecules. The snapshot shown in Figure 6
visualizes the overall hydration shell surrounding the whole
solute as well as the hydrogen bonding between oxygens of
solute and hydrogen atoms of solvent molecules. The interac-
tions of the SO2 molecule with water lead to numerous possibi-
lities of geometrical arrangements, leading to different pathways
of SO2 hydration which can ultimately result in the formation of
different sulfur species. This is also reflected by the dynamics of
the hydrated SO2 in the following section.35

Dynamics. The fluctuation in the Mulliken partial charges for
sulfur and two oxygen atoms of sulfur dioxide was alsomonitored
during the whole simulation and is presented in Figure 7, for a
fraction of sampling time.The charge on sulfur atomvaries between
þ1.35 and þ1.48 with an average value of þ1.41 whereas the
oxygen atoms carry an average charge of�0.72 varying from�0.78
to �0.64. These charge variations in every step of the simulation
demonstrate the importance of its implementation in the QMCF
MD methodology.

Table 3 shows the data related to hydrogen bond dynamics of
the hydrated SO2 in comparison to hydrated CO2 and pure
water. The MRT for the hydrogen atoms in proximity of oxygen
atoms of SO2 was determined as 2.44 ps adopting the cutoff limit
of 2.5 Å. The MRT value for the hydrogen bonds is 0.4 and
1.14 ps higher than the values of hydrated CO2 (2.04 ps) and
pure water (1.3 ps), respectively, thus indicating the formation of
fairly stable hydrogen bonds.54 The average lifetime of hydrogen
bonds between SO2 and water molecules was also calculated as
0.83 ps which is also higher than the lifetime of hydrogen bonds
in hydrated CO2 and pure water obtained also by the same
simulation technique (0.47 ps) and by experiment.55,54,56 These
dynamics data of the water ligands verify the SO2 molecule to
have potential structure making properties compared to CO2.
Vibrational Frequencies of Hydrated Sulfur Dioxide. The

SO2 molecule being of C2v symmetry has an inherent dipole
moment which is expected to be slightly influenced by interaction
with water molecules.20 Therefore, vibrational frequencies of
hydrated SO2 have been considered, particularly regarding the
influence of water molecules on SO2 in the form of aerosols. The
frequencies for symmetric stretch, asymmetric stretch, and bending
mode for SO2 embedded in water were calculated from Fourier
transformed velocity autocorrelation functions (VACF) from the
10 ps trajectory of the QMCF MD simulation.57,58 Normal mode
calculations were also performed for gaseous SO2 at different levels
of theory with and without PCM model for comparison with
experimental values and other theoretical calculation for all vibra-
tional modes of SO2 (cf. Table 4).

59 The IR frequencies of SO2 in
solution are in good agreement with the experimental frequencies.60

Application of the Polarized Continuum Model (PCM) in these
calculations slightly shifted these frequencies because of the solvent
effects. The frequencies calculated from the QMCF MD simula-
tion present a similar picture of the solvent effects which can be
compared to recent data obtained from various experiments for
aqueous solution of SO2 and for SO2-water clusters as summarized

Table 4. Vibrational Frequencies (cm�1) of SO2(g) Determined by Experiment and Normal Modes Calculations in Comparison
to Values for SO2 in Water Obtained by Experiment and QMCF MD Simulationa

SO2

frequency (cm�1)

gas PCM

SdO νas SdO νs OdSdO νδ SdO νas SdO νs OdSdO νδ

HF 1410 1229 539 1345 1215 527

MP2 1308 1089 494 1307 1122 507

CCSD 1396 1195 529 1359 1197 521

experiment59 1361 1151.2 519

Hydrated SO2

frequency (cm�1)

SdO νas SdO νs OdSdO νδ

experiment60 1333 1155 528

SO2(aq)
61 1330 1151 559

(H2O�SO2)
17 1337.6 1160.2

QMCF 1373 1224 549
aValues scaled by factor 0.89 according to refs 68,69.

Table 3. Characteristic Data for the Hydrogen Bond Dy-
namics of Hydrated SO2 in Comparison to Hydrated CO2 and
Pure Water from QMCF MD Simulation

Nex
0.5/10 ps Nex

0.0/10 ps τ0.5 (ps) Rex ref.

OSO2 3 3 3Hwat 4 269 2.44 75 this work

OCO2 3 3 3Hwat 3 264 2.04 88 55

pure water 20 131 1.3 6.5 54
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in Table 4.61,17 There are numerous theoretical studies performed
for the evaluation of vibrational frequencies which are in good
agreement with our QMCF MD simulation.22,21,62 All these data
comparatively show that the presence of water has only a minor
effect on the vibrational modes of SO2, and hence the infrared
absorption of this molecule in aerosols formed in the atmosphere
will not change much compared to unhydrated SO2.

4. CONCLUSION

The application of the QMCF MD methodology enabled an
accurate treatment of sulfur dioxide in bulk water, thereby treating
SO2 and its immediate surrounding on a quantum chemical basis.
All structural and dynamical characteristics agree well with available
experimental data. The structure and dynamical characteristics
of the hydrated sulfur dioxide prove a fairly strong association of
SO2 with high abundance of water molecules, forming stronger
hydrogen bonds than hydrated CO2.

55 The simulation results also
establish the solutemolecule as structuremaker in aqueous solution
or water aerosols. Although the quantum chemical treatment of
sulfur dioxide and its surrounding molecules would enable the
formation of hydrolyzed species such as HSO3

�, no such processs
was observed within the simulation time of 10 ps. This finding
agrees with studies of SO2(H2O)n clusters via laser pulse spectros-
copy demonstrating that surface hydration is dominant and that
thus conversion to HSO3

� ions is a slow process.63 In the atmo-
spheric processes, aerosol formation is an important phenomenon,
and the full hydration of SO2 and its oxidized products in water has
been held responsible for nucleation processes in cloud formation.
The presented simulation results are encouraging, therefore, for
further studies aimed at elucidating such atmospheric processes in
the light of supported experimental and theoretical data.
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