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The addition of water to sulfur trioxide in liquid water has been studied using the ab initio molecular dynamics
(MD) method. The hydration reaction observed in the MD simulation is spontaneous and, within a few
hundred femtoseconds, yields a contact ion pair consisting of a hydrogen sulfate anion and a hydronium
cation. The reaction mechanism is concerted: sulfur-oxygen bond formation and deprotonation of the
hydrating water occur simultaneously. The reaction in solution is compared to two gas-phase additions,
namely, the bare reaction with only the two reactants present and the reaction catalyzed by an additional
water molecule. Both of these reactions lead to neutral products and require substantial amounts of activation
energy. The gas-phase results have also been used to evaluate the accuracy of the BLYP (Becke-Lee-
Yang-Parr) functional, which has been used in the ab initio MD to determine the density functional electronic
structure. Whereas the calculated geometries of the sulfur trioxide-water complexes SO3‚H2O and of the
reaction product H2SO4 are in good agreement with experiment, the formation energies are significantly
underestimated, in particular for H2SO4.

Introduction

Sulfur trioxide (SO3) is one of the most reactive species in
aqueous solution. Its conversion to sulfuric acid (H2SO4) is
highly exothermic and occurs almost instantly. In contrast, the
addition of water to SO3 in the gas phase is an activated reaction
that proceeds at a much slower rate. The gas-phase reaction is
important in the context of atmospheric processes. It is the final
stage of the oxidation reaction of sulfur dioxide, which enters
the atmosphere mainly through the burning of coal and volcanic
activity. Sulfuric acid is the main acid component of acid rain,1

and it is an important precursor for the formation of atmospheric
aerosols. These aerosols play a key role in atmospheric
chemical reactions2 and also influence the climate.3 The interest
in this reaction in the field of atmospheric science has stimulated
renewed research into the mechanism of gas-phase hydration
of sulfur trioxide. Recent high-level ab initio molecular orbital
calculations4-5 and careful experimental studies6-8 have revealed
that the dominant channel involves two water molecules.6 These
developments have been summarized in ref 9.
The function of the second H2O molecule is to assist in the

transfer of the proton from the water molecule, which is
attacking the S atom, to one of the three O atoms already
attached to the sulfur. By acting as an intermediate link in a
two-step proton exchange, the second H2O lowers the barrier
for the redistribution of protons in the hydrated SO3.5,9

Participation of ancillary water molecules is already known to
facilitate the addition of H2O to the carbonyl group in
aldehydes10-l2 and CO2.13 Solvent catalysis involving coopera-
tive proton transfer via one or more water molecules has also
been postulated for the addition of water to carbonyl bonds in
aqueous solution under neutral pH conditions.14 A similar

mechanism could also accelerate the hydration of SO3 in
solution. However, the product H2SO4 is a much stronger acid
than carbonic acid or diols. Hence, the excess proton of the
H2O being added can simply remain with the solvent molecule
that receives it. The result is a H2SO4 molecule already
dissociated into ionic HSO4- and H3O+ fragments.
The addition of H2O to SO3, therefore, is an elementary

example of a chemical process which can be completely altered
by solvation. The solvent effect can be drastic enough to prefer
products that are different from the neutral species formed in
the gas-phase reaction. This motivated us to select this reaction
for a computational study that takes into account the molecular
details of the solvent. The technique we employ is ab initio
molecular dynamics (MD) simulation,15 originally proposed by
Car and Parrinello and therefore also referred to as CPMD. With
this MD method the forces on the atoms are obtained from a
continuously updated electronic-structure calculation. The
details of the motion during reactive encounters as well as the
finite-temperature solvent dynamics are described by this
approach. This feature makes ab initio MD particularly suitable
for the investigation of reactions in solution. Examples of
previous applications to solution chemistry can be found in refs
16-18.
The electronic states in our ab initio MD method are

determined by a computational approach based on density
functional theory (DFT) employing a general gradient ap-
proximation (GGA) for the energy functional. The GGA used
here is Becke-Lee-Yang-Parr (BLYP).19,20 Oxides of sulfur
and the related oxy-acids and oxy-anions belong to the more
difficult compounds for treatment by quantum chemistry
methods. A second objective of our study is, therefore, to
evaluate how BLYP performs for this class of molecules. Here
we can exploit the accurate molecular orbital (MO) type
calculations and experimental data on the gas-phase reactions
that have recently become available in the literature.4,5 Hence,
we have repeated some of the calculations of refs 4 and 5. First
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we will compare our gas-phase results with these data and with
experiment, and then we will continue the discussion of the ab
initio MD simulation of the reaction in solution.

Methods
The electronic states were computed within the Kohn-Sham

formulation of DFT using the BLYP density functional. This
GGA functional consists of the local exchange energy of the
electrons with the gradient correction according to Becke19 and
the GGA correlation energy expression proposed by Lee, Yang,
and Parr.20 The BLYP functional has proved to provide a
reasonable description of the hydrogen-bond strength of the
water dimer as well as of the local structure and diffusion
constant of liquid water under ambient conditions.21 The
Kohn-Sham equations were solved using the pseudopotential
approach.15-22 The one-electron wave functions are expanded
in a plane-wave basis set, and truncated at a kinetic energy
Ecut, the value of which will be specified below. Only valence
electrons are considered explicitly, and semilocal norm-conserv-
ing pseudopotentials were used to account for interactions
between the valence electrons and the ionic cores. The
pseudopotentials for oxygen and sulfur were generated using
the Troullier-Martins procedure.23 The oxygen potential was
generated with a ground-state valence-electron configuration
using radii ofrc ) 1.1 au for both thel ) s andl ) p term. The
sulfur potential was constructed with an excited positively
charged valence-electron configuration s1.75p3.25d0.50, using radii
of rc ) 1.34 au for thel ) s, p, and d terms. The potentials
were transformed into the Kleinman-Bylander form24 with l
) p and l ) d as the local terms for oxygen and sulfur,
respectively. For hydrogen we employed a simple analytic
pseudopotential that is essentially a softened Coulomb potential.
All calculations were carried out using the CPMD package25

for ab initio electronic-structure and MD calculations (for
technical details of the MD algorithms used in CPMD, see also
refs 26 and 27).

Results
Gas-Phase Hydration. The quantum chemistry calculations

that are the reference for the evaluation of our DFT results of
the energetics on the SO3 hydration reaction are high-level ab
initio MO calculations using fourth-order Møller-Plesset
perturbation theory (MP4).4,5 Hofmann and Schleyer4 studied
the reaction involving a single water molecule at the RMP4SDQ/
6-311+G(2df,p)//RMP2(fu)/6-31+G*+ZPE(RMP2(fu)/6-
31G*) level. Morokuma and Muguruma5 used MP4SDQ/6-
311+G(d,p)//MP2/6-311+G(d,p)+ZPE(HF/6-311+G(d,p)) in a
study of the hydration of sulfur trioxide involving both one and
two water molecules. Figure 1 schematically shows the
geometries of the reactant, transition, and product states found
in these studies. The monocomplex SO3‚H2O reacts by
transferring a single proton from the hydrating water to an
oxygen of the SO3, whereas SO3‚(H2O)2 converts into a sulfuric
acid-water complex by simultaneously transferring two protons.
Before we discuss the results obtained for the systems in

Figure 1 using the DFT methodology outlined in the preceding
section, we will give the values of some of the essential
parameters in the calculation. The SO3‚H2O, SO3‚(H2O)2
complexes and H2SO4 molecule were placed in a periodic face-
centered cubic box, with periodic image distances of 9.4 Å for
the monocomplex SO3‚H2O and H2SO4, and 11.2 Å for
dicomplex SO3‚(H2O)2. The plane-wave basis set was trun-
cated at a cutoff energy ofEcut ) 70 Ry. For these values of
box size and energy cutoff, the formation energy of the reaction
SO3 + H2O f H2SO4 converged within 1 kJ/mol, as we

determined by calculating the formation energy using a box size
with a periodic image distance of 13.1 Å and a plane-wave
energy cutoff ofEcut ) 100 Ry.
In order to estimate the location of the transition state of the

hydration reactions, we assumed the reaction path to be in the
subspace of geometries obtained by varying the antisymmetric
stretch coordinate associated with the transferred proton(s):RAB
) RA - RB for SO3‚H2O andRAB ) RA - RB andRCD ) RC -
RD for SO3‚(H2O)2. We refer to Figure 1 for the definition of
the distancesRA, RB, .... The energy was determined as a
function of the reaction coordinates by simulated annealing: for
various fixed values of the reaction coordinate(s) we performed
a finite-temperature CPMD simulation during which the tem-
perature was decreased stepwise to approximately 5 K. During
this simulation the reaction coordinate was fixed by the method
of constraints.18,28 We estimate the calculated energy to be
within 2 kJ/mol of the true minimal energy. In our calculation
of the transition states, we started from the transition-state
geometry of ref 4 for SO3‚H2O and that of ref 5 for SO3‚(H2O)2.
Subsequently, we calculated the energies of geometries obtained
by small variations of the reaction coordinates about the initial
geometry.
The zero-point energies (ZPEs) were estimated using values

reported in the literature. Reference 4 provided the ZPEs of
H2O, SO3, SO3‚H2O, SO3‚H2OTS, and H2SO4, obtained from
vibrational frequencies calculated at the RMP2(fu)/6-31G* level.
The ZPEs of SO3‚(H2O)2 and SO3‚(H2O)2TS are not yet available
in the literature and were estimated as the sum of three
contributions: (i) the ZPEs of SO3‚H2O and SO3‚H2OTS (ref 4,
RMP2(fu)/6-31G* level), (ii) the ZPE of H2O (ref 4, RMP2(fu)/
6-31G* level), and (iii) the difference of the ZPE of (H2O)2
and twice the ZPE of H2O (ref 29, MP2/aug-cc-pVTZ level).
We estimate the accuracy of these approximate ZPEs to be better
than 4 kJ/mol.
Tables 1 and 2 list the DFT results for selected geometrical

parameters of SO3‚H2O, SO3‚(H2O)2, their transition states, and
H2SO4, and the tables compare these to experimental values
(where available) and to quantum chemistry calculations.
Overall, the DFT results are in good agreement with experiment,
the intramolecular SO bond lengths showing the largest devia-
tions. The OH bond lengths agree within 0.01 Å, whereas the
intramolecular SO bond length for SO3 in the SO3‚H2O and
the bonds from S to a hydroxyl O in H2SO4, both labeledR1 in
Figure 1 and Table 1, are overestimated in DFT by 0.02-0.06

Figure 1. Geometries of SO3‚H2O, SO3‚H2OTS, and H2SO4 (upper row),
and SO3‚(H2O)2, and SO3‚(H2O)2TS (lower row). The calculated values
of the indicated bond lengths and angles are listed in Tables 1 and 2.
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Å. Most of the bond angles in SO3‚H2O and H2SO4 are
reproduced within 2° by DFT. Exceptions are the orientation
R2 of the OH bond of H2O in SO3‚H2O, which differs up to 4°
from the experimental values, and the SO-SOH bond angle
R2 in H2SO4, which is underestimated by≈3°.
Regarding the comparison to MP2, the tables show that DFT

performs on practically the same level of accuracy for both the
minimum-energy configurations and the transition-state geom-
etries. Note that for the elongated SO bonds the discrepancies
of the MP2 and DFT results with respect to experiment are
similar. The antisymmetric stretch coordinates of the transferred
protons, RAB for the monohydrate andRAB, RCD for the
dihydrate, agree within 0.02 Å. Other intermolecular bond

lengths can differ by as much as 0.03 Å. For intramolecular
bond lengths the discrepancies are smaller, namely≈0.01 Å.
Intramolecular bond angles agree within 3°. For the intermo-
lecular bond angles we find differences with a maximum of
10°. These are the quantities that are most sensitive to the exact
path of proton transfer, see, for example, the OSO angleR1 of
SO3‚H2OTS in Figure 1 (recall that the configuration space of
our transition-state search is limited).
The DFT energies for the sulfur trioxide-water complexes,

transition states, and product H2SO4 are given in Table 3
together with the available experimental values and the results
obtained with the MP4 calculations. Whereas the DFT and MP2
descriptions of structure are of comparable quality, the energetics
yields a less consistent picture. Stabilization energies of the
equilibrium SO3‚H2O and SO3‚(H2O)2 are similar in DFT and
MP4. The differences in the range of 10 kJ/mol are not
insignificant but are still within the limits of what can be
expected considering the complicated nature of the binding of
the adduct states, which is intermediate between a chemical bond
and intermolecular interaction. The≈30 kJ/mol underbinding
of SO3‚H2O in DFT with respect to experiment is more serious.
The variation of energy barriers in DFT compared to MP4 is
also of the order of 10-20 kJ/mol, with DFT again yielding
somewhat smaller values. As in ref 5, we find that the energy
barrier is significantly lower for the dihydrate than for the
monohydrate. Hence, the DFT calculations are consistent with
the observation in ref 5 that the energetics of the sulfur trioxide-
water complexes are in qualitative agreement with the recent
experimental findings6,8 that the gas-phase hydration reaction
of sulfur trioxide is second order in the water concentration.
From the data in Table 3 it is evident that our DFT calculation

has a tendency to reduce energy maxima as well as minima.
This leads to an energy profile that is more uniform than those
from MP4 and experiment. This equalizing effect is most
pronounced for the H2SO4 formation energy. The stability of
H2SO4 with respect to SO3 and H2O is underestimated by as
much as 60 kJ/mol (i.e., by a factor of 3). The RMP4 formation
energy of H2SO4 in ref 4 is much better and in almost perfect
agreement with experiment. Note, however, that the MP4
calculation in ref 5 also underestimates the formation energy
of H2SO4 by a significant amount, although not by as much as
DFT does. To analyze the disappointing performance of DFT,
we start with the observation that basis-set superposition errors
are absent from our results. This is the advantage of using a
plane-wave basis set. Moreover, remaining limitations of the
size and convergence of the basis set applied here (see above)

TABLE 1: DFT Results for Selected Bond Lengths and
Angles of SO3‚H2O, SO3‚H2OTS, and H2SO4

a

DFT RMP2b MP2c exptl

SO3‚H2O R1 (SO) 1.448(2) 1.457 1.447 1.4198d

R2 (SO) 2.45(2) 2.453 2.512 2.432e

R8 (OH) 0.976(2) 0.975 0.962 0.965f

R1 (OSO) 95(1) 94.3 93.9 92.6e

R2 (SOH) 107(1) 116.1 l03e

R3 (HOH) 105.4(3) 105.9 104.6 104.8f

SO3‚H2OTs R1 (SO) 1.533(2) 1.539 1.528
R2 (SO) 1.935(5) 1.896 1.921
R3 (OH) 0.9803(3) 0.984 0.970
RA (OH) 1.250(2) 1.254 1.236
RB (HO) 1.270(2) 1.274 1.237
RAB -0.020 -0.020 0.001
R1 (OSO) 80.8(1) 90.8 80.4
R2 (SOH) 109.2(3) 110.2 110.8
R3 (SOH) 67.7(2) 66.9

H2SO4 R1 (SO) 1.633(2) 1.623 1.615 1.574(10)
R2 (SO) 1.441(2) 1.446 1.432 1.422(10)
R3 (OH) 0.981(2) 0.982 0.969 0.97(1)
R1 (OSO) 102.0(5) 101.7 101.3(1.0)
R2 (OSO) 104.8(2) 108.9 108.9 108.6(5)
R3 (SOH) 108.4(2) 108.5 108.7 108.5(1.5)
R4 (OSO) 124.2(2) 125.0 123.3(1.0)

aDefinitions of the bonds (angstroms) and angles (degrees) are given
in Figure 1. The DFT energies are calculated using the BLYP functional.
For comparison the table also lists values obtained experimentally and
by (R)MP2 molecular-orbital calculations. The numbers in the row of
experimental values for SO3‚H2O in italic are the gas-phase values for
isolated SO3 and H2O. bReference 4.cReference 5.dReference 47.
eReference 44.f Reference 45.

TABLE 2: DFT Results for Selected Bond Lengths and
Angles of SO3‚(H2O)2 and SO3‚(H2O)2TS a

SO3‚(H2O)2 SO3‚(H2O)2TS

DFT MP2b DFT MP2b

R1 (SO) 1.460(2) 1.452 1.503(1) 1.492
R2 (SO) 2.22(2) 2.331 1.865(5) 1.837
R3 (OH) 0.976(1) 0.963 0.9775(5) 0.967
R4 (OH) 0.973(1) 0.960 0.9768(5) 0.966
RA (OH) 1.010(2) 0.979 1.386(2) 1.359
RB (HO) 1.67(1) 1.785 1.115(2) 1.088
RAB -0.66(1) -0.806 0.27(1) 0.271
RC (OH) 0.980(2) 0.965 1.076(3) 1.053
RD (HO) 2.15(3) 2.108 1.464(2) 1.442
RCD -1.17(3) -1.143 -0.39(1) -0.389
R1 (OSO) 95.5(5) 92.1 98.4(2) 95.2
R2 (SOH) 104.8(5) 107.8 105.4(4) 106.9
R3 (OHO) 166(1) 158.7 156.8(2) 154.0
R4 (HOH) 97(1) 91.6 90.8(4) 91.6
R5 (HOH) 107.0(2) 105.1 115.4(4)
R6 (HOH) 106.3(2) 105.2 109.6(4)

aDefinitions of the bonds (angstroms) and angles (degrees) are given
in Figure 1. The DFT calculation is based on the BLYP functional.
For comparison the values obtained by MP2 molecular-orbital methods
are also listed.bReference 5.

TABLE 3: DFT Energies (kJ/mol) of the Sulfur
Trioxide-Water Complexes, Their Transition States, and
Corresponding Reaction-Barrier Heights (∆), and H2SO4

a

DFT RMP4b MP4c exptl

SO3‚H2O -21 (-29) -33 -35 -54d
SO3‚H2OTS 78 (76) 80 100
∆ 99 113 135
SO3‚(H2O)2 -49 (-66) -65
SO3‚(H2O)2 -18 (-29) -13 -54d
∆ 31 52
H2SO4 -30 (50) -86 -58 -93( 10e

aDFT energies are calculated using the BLYP functional and are
relative to the sum of the energies of isolated H2O and SO3. For
comparison the table also lists the values obtained by (R)MP4 molecular
orbital calculations, and the experimental value46 for sulfuric acid. All
values include zero-point energies (see text); the DFT values in
parentheses are without zero-point energy correction. The basis-set
superposition error in the RMP4 energies, not corrected for in the table,
is estimated by Hofmann and Schleyer4 to be less than 2 kJ/mol.
bReference 4.cReference 5.dReference 8.eReference 46.
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cannot be responsible for an error of this magnitude. Another
source of error in our approach is the use of pseudopotentials.
Although the possibility of a bias introduced by insufficient
transferability of the pseudopotentials cannot be completely
eliminated, the amount of energy that is missing in the formation
of H2SO4 is too large to be explained by this effect. To support
this claim we have verified that a frozen-core molecular orbital
DFT calculation based on the same density functional (BLYP)
yields a comparable number. Using the ADF code30 with a
large basis set,31 we obtained a H2SO4 formation energy of 27
kJ/mol.
This leaves the approximations underlying the BLYP func-

tional as the main suspect. We have not been able to analyze
the possible reason for failure of BLYP in more detail.
However, surveying the literature on comparative tests of GGAs,
we noticed that a considerable fraction of the systems identified
as a bad case in terms of energetics concerns addition reactions.
Similar to SO3 hydration, these reactions involve the transfor-
mation of reactants containing bonds of high bond order to
products with a larger number of bonds of lower bond order.
Examples are the reactions discussed in ref 32. Further
discussion of this crucial issue will be deferred to the summary
in the last section after presentation of the simulation of the
reaction in aqueous solution.
Condensed-Phase Hydration.Next we turn to the main

theme of the present work: the effect of a dense aqueous
environment on the hydration of sulfur trioxide. In order to
study this reaction we performed an ab initio CPMD simulation
of a single sulfur trioxide molecule in liquid water at ambient
density and a temperature of 300 K. We used a periodic cubic
cell containing 20 water molecules and one sulfur trioxide
molecule. The density was taken from the density-composition
relation for aqueous sulfuric acid of ref 33 (eq A10), which
yields a cell size of 8.59 Å for a sulfuric acid-water mixture
with a number-density ratio of 1:19. The same plane-wave
energy cutoff was taken as in the calculations of the gas-phase
systems (i.e.,Ecut ) 70 Ry).
In order to generate an initial configuration, we first

performed an MD simulation of several picoseconds (ps) of the
SO3/H2O mixture using a simple classical force field. This
ensured an approximately correct hydrogen-bonded structure for
solvent and SO3 solute. With the final state of the model
simulation as input, the MD run was continued for about 1 ps
using ab initio CPMD, with the inversion plane of SO3 fixed to
180°. During this run the local water structure around the SO3

was allowed to relax under the influence of the ab initio forces.
The inversion-plane constraint was imposed to prevent immedi-
ate reaction of SO3 with H2O in this equilibration phase. The
temperature was controlled by a Nose´ thermostat with a target
average of 300 K (for the implementation of the Nose´ thermostat
in CPMD, see refs 26 and 27).
We prepared two independent configurations according to

this procedure. These samples were used as initial configura-
tions for two ab initio CPMD simulations of the SO3/H2O
mixture for approximately≈3 ps. In both runs we observed a
rapid conversion of the sulfur trioxide molecule and two
neighboring water molecules into a HSO4--H3O+ contact ion
pair. Attack by a nearby solvent molecule starts within 0.2 ps
from the beginning of the run, indicating that the energy barrier
for the reaction, if present at all, is of the order of the thermal
energykBT (≈2.5 kJ/mol). Figure 2 shows how the reaction
proceeds in three snapshots of the trajectory of one of the two
CPMD simulations. Initially, a water molecule orients its
oxygen toward the sulfur into a configuration similar to that of

Figure 2. Three snapshots of the trajectory of an ab initio molecular
dynamics simulation of the addition of water to sulfur trioxide in
aqueous solution. Hydrogen, oxygen, and sulfur atoms are white, blue,
and yellow, respectively. When an O atom is bonded to S it is colored
red. The green lines represent hydrogen bonds, whereas the other lines
indicate intramolecular bonds. The long, thin red lines mark the edges
of the cubic simulation box. Time is measured relative to an initial
configuration equilibrated with constraints on the sulfur trioxide
inhibiting reaction. (Top): Time is 30 fs. A water molecule above the
sulfur trioxide turns its oxygen toward the sulfur. (Middle): Time is
140 fs. This water molecule, with its oxygen (red) now oriented toward
the sulfur, is approaching the sulfur trioxide molecule. Simultaneously
with the nucleophilic attack, one of the protons of the H2O is passed
to the oxygen (pink) of a second water molecule. (Bottom): Time is
190 fs. A new sulfur-oxygen bond has formed, converting the sulfur
trioxide into a sulfate anion. The hydrating water molecule has
transferred a proton to the second water molecule, creating a hydronium
ion that forms a contact ion pair with the sulfate anion.
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the gas-phase monohydrate (see Figure 1). Subsequently, this
water molecule approaches the sulfur atom, and an oxygen-
sulfur bond is formed. Simultaneously, one of the protons of
the reactive water molecule is transferred along a hydrogen bond
to a neighboring water molecule. The product state is a contact
ion pair consisting of a hydrogen sulfate HSO4

- and a
hydronium ion H3O+. Hence, from this spontaneous and almost
instant reaction in the CPMD simulation, it must be concluded
that a sulfur trioxide-water complex similar to the adduct found
in the gas phase is not stable in aqueous solution. Solvation
strongly increases the acidity of the complex, inducing immedi-
ate deprotonation.
The concerted nature of the formation of the oxygen-sulfur

bond and the proton transfer are illustrated in Figure 3, where
the relative distances of the atoms participating in the reaction
are plotted as a function of time. Following the trajectories
from time zero, we see a water oxygen atom O1 approaching
the sulfur atom from a SO distance ofdSO1 ) 3.5 Å. This initial
distance is typical for intermolecular interactions. The almost
continuous and rapid decrease ofdSO1 is the signature of the
nucleophilic attack in progress. When, after 0.4 ps,dSO1 is close
to attaining the final equilibrium SO bond length of≈1.8 Å, a
proton that until then had been attached to O1 changes its
bonding site to atom O2 of a nearby H2O, turning this molecule
into a hydronium ion. Note that during the proton transfer,
which is completed in less than 0.2 ps, the oxygen-oxygen
distancedO1-O2 distance is small,≈2.4 Å. For protonated water
dimers it is known that for such short oxygen-oxygen distances
the hydrogen-bonded proton is located midway between the
oxygens of the two water molecules, and is confined in a single
potential well (see, e.g., ref 34). Applying this distance criterion
to the condensed phase, we infer that, during transfer, the proton
also moves in a single well. This would minimize the role of
tunneling and could be an argument to justify the total neglect
of nuclear quantum effects in the MD simulation in which all
atoms, including H atoms, are treated classically.
The sequence of events and the fast rate at which they proceed

suggest that the addition occurs as soon as a water molecule in
the first coordination shell of the sulfur center has the appropriate
orientation. This would imply that the rate-limiting step is the
reorientation time of a water molecule (i.e., the time it takes
for the hydrating molecule to orient its oxygen towards the sulfur
atom). The reorientation time in BLYP water, as determined
by the ab initio MD study of the pure liquid investigated in ref

21, is approximately 3 ps (the experimental value measured by
NMR is 2 ps35). This period of time must be interpreted as an
upper limit for the reaction time. The considerably shorter value
of ≈0.5 ps observed in our two samples could be explained as
resulting from favorable orientations of the water molecules in
the initial state. Alternatively, the short time scale might be an
indication that there is a significant force driving the reaction
(i.e., that the reaction is strongly exothermic).
The monocomplex SO3‚H2O in water has also been studied

by ab initio MO.4 This calculation, using the self-consistent
reaction field (SCRF) method to approximate the effect of the
aqueous environment, predicted that solvation increases the
binding energy of the monocomplex by as much as 49.8 kJ/
mol. The enhanced stability is reflected in a significant
reduction (0.63 Å) of the intermolecular SO distance. The
conclusion drawn in ref 4 that complexation is energetically
more favorable in solution is not contradicted by our results.
What the CPMD simulation demonstrates is that such an adduct
is unstable with respect to the hydrogen sulfate anion. Clearly,
the SCRF calculation can give only a limited picture of the
behavior of sulfur trioxide in water owing to its continuum
description of the aqueous environment. In particular, it is not
able to account for the dissociation of H2SO4 found in the
CPMD simulation. However, the SCRF trend of a decreasing
bond length and an increasing stability of solvated sulfur-
trioxide water complexes seems qualitatively consistent with
the high reactivity of these species observed in the CPMD
simulation.

Summary

Using ab initio molecular dynamics methods we have
compared the mechanism of the reaction of water and sulfur
trioxide in liquid water to the gas-phase process. The simulation
showed that reaction path and energetics in the two phases are
dramatically different. As can be expected in view of the strong
acidity of sulfuric acid, formation of a product H2SO4 molecule
is avoided in aqueous solution. Instead, sulfur trioxide is
directly converted into a hydrogen sulfuric acid anion. The main
result of the simulation is the observation that SO bond
formation and the transfer of a proton by the attacking H2O
molecule to the solvent are concerted events and occur on a
sub-picosecond time scale. The spontaneous and fast reaction
dynamics is an indication that solvation effects have completely
eliminated the barrier for hydration. An interesting question
that remains to be resolved is the minimum number of water
molecules needed in a gas-phase cluster to achieve a similar
reduction of the barrier.
A second, equally important objective of this paper was more

technical. The implementation of the Kohn-Sham method in
our ab initio MD code has certain special features which are
adapted to the determination of electronic states in extended
(periodic) systems. This involves, in particular, the use of
plane-wave basis sets and pseudopotentials for the core
electrons. GGAs, such as BLYP used here, can be included in
such an approach with negligible additional computational cost
compared to the corresponding local density approximation
(LDA) calculation and are now standard in ab initio MD.
Originally developed for typical problems in solid-state physics,
the number of applications to calculate reaction energies in finite
(gas phase) systems is still limited. Therefore, a thorough
evaluation of the performance in the case of a difficult chemical
process, such as the addition reaction considered here, may yield
useful information for future ab initio MD studies of chemical
reactions. The conclusions of this investigation are not positive

Figure 3. Time evolution of distances between reactive atoms in the
addition reaction of sulfur trioxide in liquid water. The proton
transferred from the reactive water molecule to a second water molecule
is indicated by H. O1 is the oxygen of the reactive water molecule; O2

is the oxygen of the second water molecule; the sulfur atom is labeled
S.
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in every respect. The geometries obtained for the gas-phase
complexes SO3‚H2O, SO3‚(H2O)2, and the H2SO4 product are
in good agreement with the results of experiment and of high-
level correlated molecular orbital methods.4,5 However, the
energetics was found to be severely in error. The stability of
the compounds is systematically underestimated. In particular,
the energy for the formation H2SO4 from SO3 and H2O is too
small by almost a factor of 3. We have verified that a bias of
this magnitude is not caused by restrictions in size of our basis
set or insufficient transferability of pseudopotentials. Therefore,
we concluded that the origin of these discrepancies must be
related to approximations implicit in the BLYP functional.
Addition reactions, indeed, are a stringent test for the

calculation of energies in DFT. Splitting of high-order bonds
into bonds of lower order leads to major rehybridization of the
atomic valence orbitals. However, as pointed out in ref 36, the
response of the exchange energy to changes in orbital symmetry
is not well described by either LDA or GGA. In fact, in order
to account for these nonlocal exchange effects, extension of the
GGA functional with an exact (Kohn-Sham) exchange com-
ponent may well be the only solution.37-39 A popular hybrid
functional mixing exact exchange with B88 exchange and LYP
correlation is B3LYP (see, e.g., ref 38). Unfortunately, evalu-
ation of the energy of Slater determinants consisting of Kohn-
Sham orbitals expanded in plane waves is a computationally
very expensive operation, and is, in practice, not feasible in ab
initio MD applications. Exclusion of hybrid functionals from
the list of density function options in ab initio MD code is an
indirect consequence of the use of a plane basis set and can,
therefore, be considered a serious drawback of this approach.
A further complication is that the prediction of relative

exchange energies is probably not the only source of error in
the BLYP treatment of the thermochemistry of addition reac-
tions. It has been suggested32 that correlation effects could also
be responsible. Because, in the course of the addition process,
the two electron pairs making up a double bond are spatially
separated, the correlation energy between parallel spins is
particularly sensitive to this redistribution of charge. The LYP
functional is clearly not the best choice to determine the change
in parallel spin correlation because it has been parametrized
using the total energy of the helium atom, which contains only
antiparallel spins. This argument was one of the main motiva-
tions for the generalization of the LYP functional proposed in
ref 32. A functional combining all of these effects (i.e., exact
exchange mixing and distinct treatment of dynamical parallel
and opposite spin correlations), is the recent one-parameter (B1)
hybrid developed by Becke in ref 39. The nonempirical
approach to density functionals of Perdew et al. also heads in
this direction.40

Which fraction of the missing 60 kJ/mol in the BLYP
formation energy of H2SO4 from SO3 and water is due to
exchange and which to correlation effects remains to be resolved
by careful comparison of the results of a number of functionals.
However, the perhaps somewhat extreme case of sulfuric acid
demonstrates that BLYP, which has become one of the preferred
functionals in ab initio MD applications, can fail by a un-
acceptable margin in the calculation of reaction energies. This
leads us to the urgent recommendation to the ab initio MD
community that elimination of the technical difficulties inhibiting
the implementation of hybrid functionals be made a priority in
the further development of the ab initio MD method. On the
other hand, the qualitative conclusions of the simulation study
of the bulk hydration reaction are not completely invalidated
by the underestimation of the reaction energy. The BLYP

results for the barriers for addition in the gas phase were found
to be considerably more reliable than the final energy of the
product. Therefore, a larger product formation energy can only
enhance the tendency toward spontaneous and concerted reaction
dynamics as observed for the simulation in liquid.
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