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About the Stability of Sulfurous Acid (H,SO;) and Its Dimer

Andreas F. Voegele,?! Christofer S. Tautermann,'*! Thomas Loerting,!* !
Andreas Hallbrucker,?! Erwin Mayer,?! and Klaus R. Liedl**!

Abstract: The characterization and iso-
lation of sulfurous acid (H,SO;) have
never been accomplished and thus still
remain one of the greatest open chal-
lenges of inorganic chemistry. It is
known that H,SOj; is thermodynamically
unstable. In this study, however, we
show that a Cj-symmetric dimer of
sulfurous acid (H,SOs), is 3.5 kcal mol ™!
more stable than its dissociation prod-
ucts SO, and H,O at 77 K. Additionally,
we have investigated the kinetic stability
of the sulfurous acid monomer with
respect to dissociation into SO, and
H,O and the kinetic isotope effect

deuterated molecule (D,SO;) it increas-
es to 7.9 x 10% years. At room temper-
ature, the half-life of sulfurous acid is
only 24 hours; however, a KIE of 3.2 x
10* increases it to a remarkable 90 years.
Water is an efficient catalyst for the
dissociation reaction since it reduces the
reaction barrier tremendously. With the
aid of two water molecules, one can
observe a change in the reaction mech-
anism for sulfurous acid decomposition
with increasing temperature. The most
likely mechanism below 170 K is via an

Keywords: ab initio calculations

eight-membered transition-state ring;
yet, above 170 K, a mechanism with a
six-membered transition state ring be-
comes the predominant one. For deu-
terated sulfurous acid, this change in
reaction mechanism can be observed at
120 K. Consequently, between 120 and
170 K, different predominant reaction
mechanisms occur for the decomposi-
tion of normal and deuterated sulfurous
acid when assisted by two water mole-
cules. However, the much longer half-
life of deuterated sulfurous acid and the
stability of the sulfurous acid dimer at
77 K are encouraging for future syn-

(KIE) on this reaction by transition-
state theory. At 77 K, the half-life of
H,SO; is 15 x 10° years, but for the

autocatalysis
kinetics -

Introduction

In many inorganic chemistry textbooks it is still reported that
the molecules sulfurous acid (H,SO;) and carbonic acid
(H,CO;) cannot be isolated in (water-)free form.['l However,
this picture has been partially revised in the last couple of
years since it has become possible to prepare and isolate
carbonic acid by several methods!®'? and to show its
remarkable kinetic stability.['" 13!

Attempts to isolate and characterize free H,SO; from an
aqueous SO, solution have not yet been successful. However,
presumably a small fraction of SO, dissolved in water is
present in the form of H,SO;.P 'l On cooling of such a
solution, SO, hydrates form instead of H,SO;.['-%l Solutions of
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thesis and characterization under labo-
ratory conditions.

SO, are weakly acidic and form two series of salts namely
sulfites (SO5?7) and bisulfites (HSO;~). The bisulfite ion has
been characterized by NMR spectroscopy by Horner and
Connick,™ who showed that there are two isomeric forms of
the bisulfite ion. In one form the proton is attached to the
oxygen atom (SO,(OH)", bisulfite ion), whereas in the other
form it is attached to the sulfur atom (HSO;, sulfonate
ion).[¥] The equilibrium was determined to be in favor of the
bisulfite ion; this was confirmed by ab initio studies of
bisulfite and sulfonate water clusters.l'>!81 Siilzle et al. report a
successful generation of H,SO; and showed that the bisulfite
form is produced rather than the sulfonate form.'] In the
course of this study, H,SO; was prepared in situ by a
dissociative ionizing process with diethylsulfite, followed by
a neutralization —reionization process experiment during
mass-spectroscopic studies. The H,SO; molecule produced
in this experiment was extremely short-lived and was neither
isolated nor characterized except by mass spectroscopy.
Taking ab initio calculations into consideration, the question
why it was hitherto impossible to isolate H,SO; under normal
conditions becomes clearer.’*?2l The Gibbs standard state
free energy (AG") for the reaction

SO, + H,0 — H,SO, )
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is +14.6 kcalmol ! at 298 K at the G2 level of theory. Thus,
under standard conditions, H,SO; is thermodynamically
unstable and can be expected to dissociate into SO, and
H,0.?1 Additionally, it has been shown that water acts
catalytically; thus, it lowers the reaction barrier between
H,SO; and SO, + H,0. This catalytic effect not only
accelerates the rate of decomposition but also explains why
attempts to isolate sulfurous acid from aqueous SO, solutions
failed. Castleman and co-workers have studied protonated
sulfur dioxide —water clusters experimentally and character-
ized them mass-spectroscopically.?* 24 Clusters of constitu-
tion H;SO;* are composed of two isomers, namely H,OH" -
SO, and SO,H"-H,0, but not of S(OH);"; this shows that
H,SO; does not form in an aqueous environment. SO, and
water mixtures have also been investigated by infrared and
microwave spectroscopy,? %! and a SO,-H,0O complex in
which the planes of H-O-H and O-S-O are almost parallel was
identified.®! Apart from these studies, the anhydride of
sulfurous acid SO, itself has gained much attention. Since SO,
is one of the major pollutants in our atmosphere, it is not
surprising that researchers have been focusing on the
behavior and fate of SO, in our atmosphere.?* 81 However,
hydration of SO, to H,SO; has not been observed in our
atmosphere because of its slow rate.”” Instead, SO, is
oxidized, formally to SOs;, in several steps. Therefore, much
research on mechanisms describing the oxidation of SO, has
been done. It has been shown that oxidizing agents like HO"
and O, are responsible for the oxidation to SO;.% 337 Then
SO; is hydrated and forms sulfuric acid, H,SOy,, in a multistep
mechanism.’352 In this study we investigate the Kinetic
stability of H,SO; and its deuterated form by transition-
state-theory considerations. We evaluate which laboratory
conditions are necessary to synthesize sulfurous acid and
characterize H,SO; spectroscopically. Additionally, we show
for the first time that a symmetric sulfurous acid dimer is
thermodynamically stable with respect to dissociation into
SO, + H,0.

Computational Methods

In order to calculate reaction rate constants, we have applied the
variational transition-state-theory approach (VTST) with inclusion of
quantum chemical effects like tunneling and corner cutting.>%! This
approach requires a detailed knowledge of the potential-energy surface
(PES). Calculation of a PES is computationally expensive, therefore the
PES was calculated by employing the hybrid density-functional method
B3LYP,* %! with the 6-31+ G(d) basis set, which is known to yield a
reasonably good description of the PES.'*5 71l The minimum energy
path (MEP), which is the path of least energy connecting products and
reactants in internal mass-weighted coordinates, was determined by using
the Page — Mclver algorithm.> 7l The step size was set to 0.05 bohr, and at
every third step along the MEP, second derivatives of the energy with
respect to the nuclear coordinates were determined. To improve the quality
of the PES, the B3LYP energy surface was interpolated to three high level
stationary points (i.e., the reactants, the transition state, and the products)
according to an interpolation scheme that also maps the harmonic
frequencies and moments of inertia onto the high-level data.™ 7! The
three stationary points (reactants, transition state, and products) have been
determined at several higher levels of theory, namely MP2/aug-cc-pVxZ
(x=D, T),/>7 CCSD(T)/aug-cc-pVxZ//IMP2/aug-cc-pVxZ [x=D, T;
shorthand notation ~CCSD(T)/VxZ],’® and Gaussian theory
[G2(MP2)].I" %1 Comparison of these high-level methods showed that
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they are in good agreement with each other within chemical accuracy.
Harmonic vibrational frequencies were determined at the B3LYP/6-31 +
G(d) and the MP2/aug-cc-pVxZ (x=D, T) levels of theory. Quantum-
chemical corrections have been applied to the variational transition-state-
theory result by the microcanonical-optimized multidimensional-tunneling
approach. In this approach, the Arrhenius prefactor of the rate constant is
multiplied by a transmission coefficient x. The transmission coefficient is
evaluated by different methods, which consider that the system tunnels
along shorter paths in the course of the reaction that are more demanding
in terms of energy. The methods we consider are the small-curvature-
tunneling (SCT) and large-curvature-tunneling (LCT) approaches within
the framework of semiclassical theory.’!] The SCT approximation!s> 2
allows moderate corner-cutting along a curved MEP and is calculated by
means of the centrifugal dominant small-curvature semiclassical adiabatic
ground-state tunneling method according to the concept of Marcus and
Coltrin.3+ 55618384 The LCT correction assumes that tunneling occurs
along straight-line connections between the reactant and the product
valley; this leads to tunneling paths far off the MEP in the nonadiabatic
region of the PES. We employed the large-curvature ground-state
approximation version 4 (LCG4)# to calculate LCT effects. Due to the
involvement of proton transfer in the course of H,SO; decomposition, we
also investigated the influence of the substitution of “normal” hydrogen
(i.e. {H) by deuterium (H). Due to the difference in mass between }|H and
?H, molecules carrying either of the two isotopes have different zero-point
energies. The mass difference will usually result in a smaller transmission
coefficient for D transfer compared with H transfer. Therefore we
determined the rate constant kpgo, for the deuterated reaction, which
was done in analogy to ky,s0,. The MEP was recalculated at the B3LYP/6 -
31+ G(d) level of theory with }H instead of {H and then interpolated to
G2(MP2). Rate constants and transmission coefficients were calculated by
VTST and the microcanonical optimized multidimensional tunneling
approach, respectively. The kinetic isotope effect (KIE) was calculated as
the ratio between “normal” and deuterated reaction-rate constants K/E =

Ki,s0,

kD-,SO-;

All stationary points were determined with the Gaussian 98 program
package,® and the kinetics calculations were performed with Poly-
rate 8.517) and Gaussrate 8.6, which is an interface between Gaussian 98
and Polyrate 8.5.

Results and Discussion

Sulfurous acid: As already outlined in the introduction, there
are two isomeric forms with stoichiometry H,SO; when sulfur
is in the oxidation state S™.™ Since the “sulfurous acid”
isomer is more stable than the sulfonic acid isomer, we have
concentrated only on sulfurous acid. In fact Li and McKee
reported that the standard state free energy (AG°) for the
reaction SO, + H,O — H,SO; is 14.6 kcalmol ! at 298.15 K at
the G2 level of theory.” This is already highly endergonic, so
the sulfonic acid isomer would be even more endergonic. The
standard-state free-energy change reported by Li and McKee
is in very good agreement with our G2(MP2) result of
AG°(298.15K, 1bar)=15.1 kcalmol~". Another level of
theory namely CCSD(T)/VTZ yields a AG°298.15K) of
12.6 kcalmol~!, which is 2 kcalmol™' lower than the G2
results. It is difficult to judge which of the results is most
accurate in describing the zero-point energy: while G2 uses
scaled Hartree — Fock harmonic frequencies with a small basis
set, we used Mgller—Plesset perturbation theory with a large
basis set [MP2/aug-cc-pVTZ]. However, we used the
CCSD(T)/VTZ energies because we believe in using the
larger basis set. Figure 1 shows changes in free energy and in
standard-state free energy as a function of temperature. At
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Figure 1. Free-energy change for the formation of H,SO; according to the
reaction SO, + H,0 — H,SO;. Three different pressures were investigated,
namely 0.001, 1.0 (standard state), and 10.0 bar. The energies were
determined at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ level of
theory, and zero point corrections were obtained with MP2/aug-cc-pVTZ.

77 K, AGY for this reaction is o

+5.4 kcalmol™!; this demon- H S| H

strates that at this temperature S0 Yo7

H,SO; is only slightly unstable. b

The structure predicted in this

study does not deviate signifi- o

cantly from the one reported by I

Li and McKee.? The orienta- o~ o

tion of the hydrogen atoms is i f

cis-like to the double-bond oxy- C, /ﬁ

gen, as indicated in Scheme 1. c‘)

We also identified a trans-like H

H,SO; molecule, which is

0.98 kcal mol ! higher in energy

with a cis—trans isomerisation ﬁ

barrier of 2.38 kcalmol™' (de- O/S\O/H

termined at the CCSD(T)/VTZ I

level of theory). H H
(\ ___\O—H

Mechanism of H,SO; decom- ‘07"(/4

position: The mechanism of 'L

H,SO; decomposition is shown

schematically in Scheme 1 (n=

0). The transition state during /,'H\O/H

H,SO; decomposition is com- o}

prised of a four-membered ring |S| H

that suffers from high ring o~ \Q/

strain, which in turn explains ;!1

the high reaction barrier of b xo/H

30.0 kcalmol . In the presence 'L

of only one water molecule, the
mechanism proceeds via a six-
membered transition state as
shown in Scheme 1 (n =1). This
transition state does not suffer
so much from ring train, and
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therefore the reaction barrier is 12.5 kcalmol~! lower than for
n=0. From the mechanistic point of view, one proton from
H,SO; is transferred to the assisting water molecule and not
directly to the leaving —OH group. The water molecule in turn
transfers one of its own protons to the —OH leaving group.
Such a mechanism is termed water-mediated proton transfer,
and a similar mechanism has been described by Li and
McKee.?! For cases with two water molecules there are
several mechanisms: the probably two most important ones
are drawn in Scheme 1 and termedn =2 and n=1+1. Then=
2 mechanism is the continuation of the previous mechanisms
with an increase in size of the transition-state ring. The
transition state ring is eight-membered, and one of the
protons is transferred via both water molecules to the leaving
group. In contrast to this mechanism, the n =1+1 mechanism
can be seen as an “improved” version of the n=1 reaction.
One water molecule is actively involved in the proton transfer
and the other water molecule is only a spectator. This
spectator stabilizes the transition state and therefore lowers
the reaction barrier. Table 1 summarizes the reaction barriers
for the different reaction mechanisms.
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Scheme 1. Reaction mechanisms for the decomposition of H,SO;. The left-hand structures correspond to the
reaction complexes, the middle ones to transition states and the right-hand ones to the products. In the series n =0,
n=1, and n =2 the transition-state ring size increases systematically from 4 to 8, whereas in the n =141 system,
the second water molecule acts as a spectator molecule that stabilizes the transition state by formation of
hydrogen bridges; this results in a lower reaction barrier than in the pure n=1 case. (The arrows indicate the
motion of protons during the reaction.)
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Table 1. Energy barriers and reaction energies of the reactions H,SO; +
nH,0 — (n+1)H,0 + SO, at the G2(MP2) and CCSD(T)/aug-cc-pVxZ//
MP2/aug-cc-pVxZ (x =D, T) levels of theory. All values are in kcalmol~'.

n Method Energy Barrier Reaction Energy

0 G2(MP2) 30.0 —8.09
CCSD(T)/VDZ 27.4 —6.82
CCSD(T)/VTZ 28.6

1 G2(MP2) 17.4 —5.42
CCSD(T)/VDZ 17.7 —4.47

2 G2(MP2) 12.4 -832

1+1 G2(MP2) 8.44 —5.05

The reaction barrier for n=1+1 is 4.0 kcal mol~! lower than
the barrier for n=2; this makes the n=1+1 mechanism
preferable. Taking a look at the reaction paths of the different
mechanisms shows that the shape of the minimum energy
path (MEP) with n =2 water molecules is higher but narrower
than the n =1+1 mechanism (see Figure 2). The shape of the
MEDP has an effect on the probability of tunneling, which will
be discussed in more detail below. Extending the theoretical
consideration of H,SO; decomposition to a “real event”
(either in solution, gas-phase, or crystal) this process is
autocatalytic. Every single decomposition event releases one
molecule of water that can act as a catalyst to destroy the next
H,SO; molecule and so forth. In the gas-phase, however,
reaction mechanisms with a low number of water molecules
will occur since the probability that several water molecules
come into contact with H,SOj; is small.

Rate of decomposition and kinetic isotope effects: Figure 3A
shows the rates of H,SO; decomposition for the different

n
o
I
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o
[

ol
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Figure 2. Potential energy along the minimum-energy path as a function of
the reaction coordinate s for the reactions H,SO; + nH,0— SO, +
(n+1)H,O for n between 0 and 2. The reaction barrier decreases for an
increasing number of water molecules n. While the barrier becomes lower
and narrower for n=1 and 2 relative to the uncatalyzed reaction, for n=
1+1 (one spectator water molecule) the reaction barrier is the lowest but
becomes wider again. The negative side of s corresponds to “reactant-like”
species, the positive side to “product-like” species and s=0 to the
transition state. Reaction barriers for H,SO; decomposition are n=0:
30.0 kcalmol~!, n=1: 17.4 kcalmol~!, n=2: 12.4 kcalmol~!, and n=1+1:
8.44 kcalmol~!. Values determined at the G2(MP2) level of theory.
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Figure 3. Reaction rates of sulfurous acid decomposition, as a function of
temperature, as catalyzed with no, one, or two water molecules. A) reaction
rate constants with the |H isotope, B) reaction rates for the deuterium (3H)
isotopes. In both cases quantum-mechanical tunneling is important. The
contribution of tunneling is lower for the deuterium-substituted reaction
channels, thus the cross-over between n=2 and n=1+1 occurs at lower
temperatures.

reaction channels. Pure H,SO; decomposes at a rate of 7.8 x
10-°s~! at 300 K. This corresponds to a half-life of approx-
imately 24 hours. The reaction rates of “water-contaminated”
H,SO; increase up to 7.1 x 10*s™! (n=1+1), which corre-
sponds to a half-life of only 10 us and is 9 x 10° times faster
than the uncatalyzed reaction. The value for the rate constant
(for mechanism n=1+1) at room temperature is only lower
than the value of H,SO; decomposition determined exper-
imentally by Eigen et al. for an aqueous solution by a factor of
90.%1 An extension of the n=1+1 mechanism to an n=1+m
mechanism will presumably lead to a result that is comparable
to experiment and will be the subject of future studies.

At lower temperatures, the n =2 mechanism is faster than
the n =141 mechanism, whereas at higher temperatures we
observe a crossover, and the n=1+1 mechanism becomes
predominant. These large differences in the reaction rates are
caused mainly by the much stronger acceleration of the n =2
mechanism due to tunneling as compared with the n=1+1
mechanism. The higher barrier in the n =2 case together with
the much lower tunneling enhancement than in the n=1+1
case lead to the very rare case of a crossing in the reaction-rate
constants as a function of the temperature alone. This means
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that the chemical mechanism changes on reduction of the
temperature while keeping all other experimental parameters
constant, and goes over an eight-membered instead of a six-
membered transition state. However, if we consider possible
laboratory conditions, for instance the temperature of liquid
nitrogen (77 K), we observe that pure sulfurous acid is
kinetically stable for 15 x 10° years (k=15 x 107¥s7!) but
two water molecules lower this half-life to a few hours (k=
4.7 x1075s7"). As already indicated, tunneling plays a very
important role in the course of H,SO; decomposition because
it accelerates the reaction rate by several orders of magnitude.
Therefore, we have substituted {H by deuterium (H) and
investigated the kinetic isotope effect on the reaction rates
(see Figure 3B). The reaction-rate constants with deuterated
species are significantly lower, and the kinetic isotope effects
(KIE) are relatively big for some of the reactions. The KIEs
are given in Table 2. In terms of kinetic stability, the KIE
increases the half-life of pure H,SO; 6.3 x 10'%-fold at 77 K
N ky i
Table 2. Kinetic isotope effects <k7> for the decomposition of H,SO;

D
catalyzed by n=0 to n =2 water molecules.

T [K] KIE
n=0 n=1 n=1+1 n=2

77 5.3 x 10 6.2 x 103 4.0 x 102 12 x10°
100 1.1 x 108 6.8 x 103 25 3.5%x10°
150 12 x10° 6.5 x 103 22 1.6 x 10°
175 7.8 x 107 51x103 1.97 4.4 x 107
200 9.5 x 10° 37 x10° 1.86 1.2 x 10?
300 32x10% 1.2x10° 1.69 10.5
350 8.3 x10° 9.2 x10% 1.65 7.1

and 3.2 x 10*fold at 300 K. These rates of decomposition
correspond to half-lives of 8.0 x 10? years at 77 K and still
90 years at 300 K.
The cross-over between

mechanisms n=2 and n=1+1 80
has major consequences for the -
reaction mechanism. First of or
all, the predominant mecha- 60+
nism at lower temperatures is

via an eight-membered transi- 50:
tion state that is favored over a "5 40r
six-membered transition state. ; 30l
At approximately 170 K both = F
mechanisms are equally impor- Eﬂﬂq 2“:

tant, at higher temperatures the 10+
six-membered transition-state -
mechanism becomes the more L

dominant one. Even more in- 10
teresting is the fact that for the 20k

this would mean that in this range the observed KI/E would be
a ratio between two different reaction channels. Therefore,
the KIEs between 120 and 170 K reported in this study will
not coincide with experimentally observable KIEs.

Sulfurous acid dimer: The sulfurous acid monomer turned out
to be thermodynamically unstable with respect to SO, and
H,O over the complete temperature range investigated, even
though the AG? at 50 K was only +4.6 kcalmol~!. However,
we investigated whether there is a sulfurous acid dimer that is
stable compared to the decomposition products SO, and H,O.
We found a highly symmetric supermolecule with a center of
inversion (point group C;) that is shown in Figure 4.

Figure 4 also shows the change in standard-state free energy
for the decomposition of the sulfurous acid dimer (H,SO;),
into the monomer H,SO; and into the constituents SO, and
H,O according to the reactions

(H,S805), — 2H,S0;4 ()

(H,80,), =280, + 2H,0 Q)

For reaction (2), AG° is positive throughout the whole
investigated temperature range. The entropy of the dimer is
lower than that of the two monomers; however, the gain in
enthalpy due to the formation of four hydrogen bridges
clearly overcomes the entropic effect. Even though the four
hydrogen bridges are not linear, which normally lowers the
strength of hydrogen bonds significantly, the sum of all four
hydrogen bridges is —21.8 kcal mol~!, which is on average still
—5.5 kcalmol~! each. Due to the symmetry of the molecule,
the protons can change their position and hop between the
two H,SO; entities. This hopping occurs at a frequency of
about 5 GHz at 77 K, and the barrier for the proton transfer is

deuterated species this cross-
over occurs at a much lower
temperature (approx. 120 K).
Thus, in the temperature range
between 120 and 170K the
predominant mechanism for
the 1H- and ?H-substituted
molecules are different. From
an experimental point of view,
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Figure 4. Standard-state free-energy change (AG") for the decomposition of the H,SO; dimer. The solid line
shows AG" for the decomposition of the dimer into the monomers [(H,SO;), =2H,SO;], whereas the dashed line
represents decomposition of the dimer into the constituents SO, and H,O [(H,SO;), =2H,O0 + 2S0O,]. The insert
shows the structure of the highly symmetric sulfurous acid dimer with its four hydrogen bridges. The dimer is
stable relative to the monomers within the total temperature range and is also stable compared with SO, and H,0O
below 110 K. Harmonic infrared spectroscopic frequencies (intensity in kmmol™'): 3523.03 (1244), 3466.84 (0.1),
1276.10 (163), 1153.21 (170), 1095.90 (485),783.08 (330), 777.35 (439), 636.74 (17), 626.98 (96), 471.53 (42),374.76
(12), 364.12 (7.1), 213.13 (43), 96.01 (1.0), 62.91 (0.3)—calculated at the MP2/aug-cc-pVDZ level of theory.

0947-6539/02/0824-5648 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 24



Stability of Sulfurous Acid

5644-5651

12.0 kcalmol~! at both the G2(MP2) and the CCSD(T)/VDZ
level. Additionally such a symmetric supermolecule as the
sulfurous acid dimer shows a ground-state tunneling splitting,
which is a small difference in the ground-state energy
potential occurring in symmetric molecules.”” The ground-
state tunneling splitting determined for (H,SOs;), is 2.2 Hz
(equivalent to 1.6 x107J or 7.3 x 10~ cm™'), which is
clearly outside the experimentally accessible range and
cannot be used for characterization.”" *2 Therefore the infra-
red spectroscopic frequencies are shown in the legend of
Figure 4 and can be used for later spectroscopic identification.
If we take a look at the standard-state free-energy change for
reaction (3), we find that AG" is positive at temperatures
below 110 K. At 77 K, the thermodynamic stability of the
(H,S053), supermolecule is —3.5 kcalmol~! with respect to
SO, and H,O0. Thus, H,SO; is not only kinetically stable, as
shown above, but the dimer is also thermodynamically stable
below 110 K with respect to dissociation into 2 SO, and 2 H,O.
Compared with decomposition into a (SO, H,0), complex,
the dimer is energetically higher by a AG°(77K) of
9.6 kcalmol~! [G2(MP2)]. However, we do not believe that
decomposition into this complex does actually happen
because this process seems to be kinetically difficult. In fact,
we were not able to find a fully converged transition state for
this reaction, but our best guess for the reaction barrier with
an almost converged transition state is 19.7 kcalmol~' at the
B3LYP/6-31 + G(d) level and might be even larger for higher
levels of theory. A conservative TST guess based on such a
barrier suggests a rate of decomposition of approximately
1073 s~1, which would mean a half-life of 10?* years. The dimer
seems to be stable against attack of single water molecules,
thus the direct decomposition of the dimer is highly unlikely.
The alternative mechanism of decomposition by dissociation
into the monomer units that might decompose into sulfur
dioxide and water or the SO,-H,O complex (probably
catalyzed by additional water molecules) is thermodynami-
cally unlikely at temperatures below 100 K due to the stability
of the dimer compared with the monomer units.

Conclusion

In this study we have demonstrated that H,SOj is kinetically
stable at low temperatures. Even though sulfurous acid is
destroyed autocatalytically by water, it has a half-life of
1.1 million years at 77 K in the presence of one water
molecule. However, there are striking similarities between
carbonic acid and sulfurous acid in their thermodynamic and
kinetic behavior. While the monomers of both H,SO; and
H,CO; are thermodynamically unstable with respect to
dissociation (into SO, + H,0O and CO, + H,O, respective-
ly),1-%1 the dimers are stable.'% In recent studies it was
possible to sublime and recondense solid carbonic acid, and
thus, to prove the stability of H,CO; in the gas phase!'l and to
show its remarkable kinetic stability. The long half-life of
H,SO; at low temperatures demonstrated in this study should
encourage experimentalists to perform experiments under
similar conditions with lower temperatures than those that
were successful for synthesizing carbonic acid. For carbonic
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acid, several different cryogenic techniques have been suc-
cessfully applied to synthesizing it in crystalline form.[>"] For
instance, high energy and proton irradiation of cryogenic CO,/
H,O mixtures,® of pure solid CO,, and protonation of
bicarbonate and carbonatel® ' at temperatures around 200 K
are conditions under which it is possible to synthesize
carbonic acid. The chance of being successful in synthesizing
sulfurous acid from cryogenic SO, under laboratory condi-
tions is increased if deuterium is used instead of protons and if
lower temperatures are applied. At 77 K, the half-life of
H,SO; is increased from 1.5 x 10'° years to 7.9 x 10% years due
to deuteration. Even in the presence of a small fraction of
water (n=1), the half-life of deuterated sulfurous acid is
710 million years, which is 700 times longer than that of
“normal”, water-free sulfurous acid. Thus, in a similar way to
carbonic acid, it might be possible to prepare and characterize
H,SO; from cryogenic SO,, SO,/H,0, or HSO; /ice by proton
(deuterium) irradiation.

An interesting fact that can be observed is the change in
reaction mechanism for the decomposition reaction of
sulfurous acid due to deuteration. In the temperature range
120 K to 170 K, the mechanism of decomposition assisted by
two water molecules changes upon deuteration from a six-
membered transition state to an eight-membered transition
state. This is largely caused by a much larger tunneling effect
in one of the mechanisms. The fact that a sulfurous acid dimer
is thermodynamically more stable by 3.5 kcalmol~' at 77 K
compared with the decomposition products SO, and H,O is
encouraging for experimentalists attempting to synthesize
H,SO;. If they are successful in preparing H,SO; by, for
instance, one of the described techniques it is very likely that
the dimer forms spontaneously out of the monomers, since
this process should be barrierless. This dimer has C; symmetry
and is stabilized by altogether four hydrogen bonds; the
protons can hop from one H,SO; entity to the other. Once the
dimer has formed, it is thermodynamically unlikely that it will
dissociate back into monomers. Since this dimer is extremely
stable, and it is more stable against water attack than the
monomer, the chance to characterize H,SO; either as a
monomer or a dimer is increased.
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