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Abstract: Dry carbonic acid has recent-
ly been shown to be kinetically stable
even at room temperature. Addition of
water molecules reduces this stability
significantly, and the decomposition
(H2CO3 � n H2O! (n�1)H2O � CO2)
is extremely accelerated for n� 1, 2, 3.
By including two water molecules, a
reaction rate that is a factor of 3000
below the experimental one (10 sÿ1) at
room temperature was found. In order
to further remove the gap between
experiment and theory, we increased
the number of water molecules involved
to 3 and took into consideration differ-
ent mechanisms for thorough elucida-

tion of the reaction. A mechanism
whereby the reaction proceedes via a
six-membered transition state turns out
to be the most efficient one over the
whole examined temperature range. The
determined reaction rates approach ex-
perimental values in aqueous solution
reasonably well ; most especially, a sig-
nificant increase in the rates in compar-
ison to the decomposition reaction with

fewer water molecules is found. Further
agreement with experiment is found in
the kinetic isotope effects (KIE) for the
deuterated species. For water-free car-
bonic acid, the KIE (i.e. , kH2CO3

/kD2CO3
)

for the decomposition reaction is pre-
dicted to be 220 at 300 K, whereas it
amounts to 2.2 ± 3.0 for the investigated
mechanisms including three water mole-
cules. This result is therefore reasonably
close to the experimental value of 2 (at
300 K). These KIEs are in much better
accordance with the experiment than
the KIE for decomposition with fewer
water entities.
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Introduction

In a preliminary communication we reported on the influence
of additional water molecules on the decomposition rate of
carbonic acid.[1] Here we provide the details of the reactions
investigated formerly and a further extension to another
additional water entity in this reaction.

Carbonic acid is known to be one of the molecules that have
a fundamental impact on biological systems.[2±5] The hydration
equilibrium is well examined experimentally,[6±10] and there
have been many attempts to interpret it theoretically.[11±16] We
have studied the influence of water molecules on the kinetic
stability of carbonic acid by means of quantum chemistry.[1]

We concluded that dry carbonic acid in the gas phase is
kinetically stable, even at room temperature. Stored in liquid
nitrogen (at a temperature of 77 K), the reaction rate of the
decomposition amounts to 10ÿ28 sÿ1, corresponding to a half

life of 2� 1020 years. Carbonic acid in the gas phase consists of
a mixture of monomers and dimers, with a temperature
depending ratio.[17] Whereas the dimer has been calculated to
be of similar energy with respect to its constituents,[13] the
monomer is thermodynamically unstable and was believed to
decompose immediately.[11, 14, 18]

Despite the usual belief in the nonexistence of carbonic
acid, chemists have generated and isolated the pure com-
pound either by proton irradiation of H2O/CO2 ice mixtures[19]

and solid carbon dioxide[20] or by protonation at low temper-
atures of carbonate or bicarbonate.[21] The formation of
carbonic acid in H2O/CO2 ices could also be achieved by
UV irradiation but to a smaller extent, limited by the
penetration of the photons into the ice.[22] Furthermore, the
stability in the gas phase at temperatures around 200 K could
be proved by sublimation and recondensation experiments.[17]

This remarkable stability gives an indication of the astro-
physical relevance of carbonic acid; H2CO3 is believed to be
present on planets or comets.[17] Especially, the planet Mars
could provide the conditions necessary for the formation of
solid carbonic acid with its frozen polar caps, which mainly
consist of water and carbon dioxide,[23, 24] and the absence of a
magnetic field,[25] in analogy to the experiments of Moore and
Khanna.[19, 22] Comparison of the infrared spectrum of the
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Martian surface to laboratory spectra of H2CO3 suggests that
carbonic acid is present.[17, 23]

A more technical occurrence of carbonic acid is in steam
reactors, where it is shown to be one of the contaminants that
leads to corrosion of the working turbines.[26] Generally, it
appears in all water-based steam ± condensate cycles of
nuclear and fossil-fuel power plants and contributes to the
corrosion of steam and return lines. Special analytical
methods have been developed to quantify even very low
concentrations of carbonic acid in steam.[27] One way of
attempting to understand the process of corrosion in these
systems is to investigate the contributing reaction mecha-
nisms, in which the formation of carbonic acid seems to be one
of the key steps.

Due to the huge impact of the anhydride of carbonic acid,
namely carbon dioxide, on the climate as a greenhouse gas,
there are many attempts to remove it from the atmosphere.[28]

One method of CO2 sequestration is to dispose it at the
bottom of the oceans as solid CO2,[29] where huge amounts of
carbon already occur naturally in the form of solid carbon
dioxide or carbonate.[30] Before this disposal can be carried on
a large scale, the impacts on maritime life have to be
investigated.[31] In ocean carbon-cycle models, the effect of
CO2 sequestration is investigated, and these models require
knowledge of the equilibrium constant of the hydration
equilibrium of carbon dioxide at many different conditions
(temperature, pressure, salinity) in order to consider changes
in the pH value.[32]

However, the mechanisms of dehydration of carbonic acid
in aqueous solution, and the reaction in the backward
direction (that is the hydration of carbon dioxide to carbonic
acid) were for a long time the subject of speculation.[6, 33] By
contrast, the reaction rates (9.2 sÿ1 ± 14.6 sÿ1 at 18 8C[7, 9] and
10 sÿ1 at 20 8C[8] for the decomposition of carbonic acid) as
well as the kinetic isotope effects (kH2CO3

/kH2CO3
� 2, i.e., the

decomposition ratio of deuterated carbonic acid in deuterated
water is twice as slow as carbonic acid in water[6]) are well
known. The main interest in previous studies was on the
water-catalyzed decrease of the energy barrier.[18] Additional
water molecules thus have a very strong effect on the reaction
rate, that is, the decay is tremendously accelerated by water
mediated proton transfer, Equation (1).

H2CO3 � n H2O ÿ! CO2 � (n�1)H2O for n� 0, 1, 2, 3,. . . (1)

We used this reaction as a starting point for a detailed
investigation to get a better understanding of the processes
taking place in aqueous solution.

Computational Methods

Theory : We have applied the variational approach to
transition state theory (TST)[34±41] including quantum chem-
ical effects like tunneling and corner cutting in order to
calculate the reaction rates. The potential energy surface
(PES) was calculated at a lower level of theory by employing
the hybrid density functional method B3LYP with the 6 ± 31�
G(d) basis set. 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 ± McIver method.[42, 43] The step size was set to
0.05 Bohr, and every third step along the MEP harmonic
frequencies was calculated.

The stationary points were determined at the CCSD(T)/
aug-cc-pVDZ//MP2/aug-cc-pVDZ (for n� 0 up to the aug-cc-
pVTZ basis set) level of theory and for n� 0, 1 we compared
the energy differences with G2* values.[44±46] The results of
these high-level methods are in excellent agreement with each
other as they deviate by less than 1 kcal molÿ1 (see Table 2,
below). Vibrational frequencies were determined at the
B3LYP/aug-cc-pVDZ level of theory.

The PES was interpolated to the 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.[47]

Quantum chemical corrections were applied to the varia-
tional transition state theory (VTST). We used three different
approaches for taking into account tunneling contributions in
the framework of the semiclassical theory:[48] 1) The zero-
curvature tunneling approach (ZCT), which assumes that
tunneling occurs only along the MEP, 2) the small-curvature
tunneling approach[39, 49] (SCT), which allows moderate cor-
ner-cutting along a curved MEP, and 3) the large-curvature
tunneling approach[37] (LCT), which leads to tunneling paths
far off the MEP in the nonadiabatic region. As large curvature
method we employed the LCG4 method to include anharmo-
nicitiy in the tunneling calculations.[50]

The first two methods do not require any information
additionally to the MEP and the harmonic frequencies along
it, but in the LCT method it is normally necessary (depending
on the curvature of the MEP) to calculate more energy points
in the region between the two branches of the MEP, that is, the
so-called reaction swath. Whereas the ZCT method gives
poor results for the tunneling correction, the other methods
work well. As both the LCT and SCT methods perform well in
quite different situations, mostly depending on the temper-
ature and the masses of the atoms involved in the tunneling
process, the optimum is to use the larger tunneling correction
of the two. This is called the microcanonical-optimized
multidimensional tunneling method,[51] which is an excellent
approach for including tunneling corrections over the full
temperature range.

All stationary points were determined with the Gaussian98
package,[52] and the kinetics calculations were performed with
Polyrate[53] and Gaussrate,[54] this being an interface between
Gaussian98 and Polyrate.

Mechanisms : For determining the kinetics of the reaction, it is
necessary to investigate and understand the reaction mech-
anism thoroughly. In the case of the decay of carbonic acid,
this mechanism is called water-mediated proton transfer.

This mechanism was found for other reactions as well, like
the clockwise or counterclockwise movement of the protons
in neutral cyclic water clusters[55] as an example of synchro-
nous transitions. Systems showing an asynchronous proton
transition behavior are, for example, the hydration equilib-
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rium of SO3,[56±59] which plays a very important role in
atmospherical chemistry, as well as the competing hydration
equilibrium of SO2,[56, 60] and the hydrolysis of N2O5.[61] Other
examples of asynchronous transition behavior are the water-
assisted tautomerizations of formamide[62] and 7-azain-
dole,[63, 64] which play a fundamental role in biological systems.
The formamidine dimer has a concerted, synchronous proton
transfer in the gas phase but a stepwise mechanism is followed
in aqueous solution.[65]

It is also necessary to use diffuse functions in order to get an
adequate representation of the H bonds. When dealing with
reaction dynamics it is crucial to know the energy barrier
accurately in order to get reliable results. According to
Eyring�s theory of the activated complex,[66±68] errors in the
energy barrier of only 1.4 kcal molÿ1 lead to perturbations
larger than one order of magnitude in the reaction rate at
300 K.

In addition, tunneling corrections have to be employed to
conventional Transition State Theory in order to achieve
accurate results in the reaction rates.[35, 37±41, 69±71]

Results and Discussion

Reaction geometries and energetics : The geometries of the
stationary points were optimized at the MP2/aug-cc-pVDZ
level of theory (for the uncatalyzed case up to MP2/aug-cc-
pVTZ level), and for n� 0, 1, 2 good agreement with the
geometries obtained by Nguyen et al.[18] was found. For the
n� 3 case we determined several different reaction channels.
Some of them could be excluded as having a too high reaction
barrier. Therefore, the three pathways with the lowest barriers
were chosen for further investigation. Channel (a) contains a
six-membered transition state, channel (b) involves an eight-
membered one, and channel (c) has a 10-membered one
(Figure 1). Channel (a) can be seen to be similar to the

Figure 1. Transition states of the decomposition of carbonic acid catalyzed
by three additional water molecules. a) transition state with a six-mem-
bered ring, b) with an eight-membered ring, and c) with a 10-membered ring.

decomposition reaction with one water molecule (i.e., n� 1)
and two ªspectatorº water entities, which are not actively
involved in the proton transfer. The importance of these water
molecules lies in their ability to microsolvate the system and,
therefore, stabilize the transition state with respect to the
reactants. This stabilization amounts to more than
6 kcal molÿ1 (see Table 2, below) and leads to a strong
enhancement of the reaction rate.

Similarly, channel (b) may be seen as the decomposition
reaction with two additional water molecules (i.e. , n� 2) and
one ªspectatorº water entity. The lowering of the energy
barrier due to the spectator is only 1.3 kcal molÿ1 in this case,
and thus leads to no strong acceleration of the reaction.

Finally, channel (c) might be seen as a direct extension of
the mechanisms with fewer water entities (see Loerting
et al.[1]), because all the water molecules are actively involved
in the proton transfer. At low level (B3LYP/6 ± 31 � G(d)),
this mechanism yields similar reaction rates as channel (a),
but high-level treatment of the activation barrier reveals its
kinetical inferiority. Although possessing comparable energy
barriers at a low level of theory, at a high level channel (c)
turns out to have a barrier 2.2 kcal molÿ1 higher and also
significantly wider (see Figure 2, below).

The nature of all stationary points was verified by a
harmonic vibrational frequency analysis, that is, the transition
states are required to have one imaginary frequency, whereas
the products and reactants must only possess real frequencies.
Table 1 shows the imaginary frequencies of the transition
states depending on n. Increasing the number of catalytic
water molecules leads to a strong decrease in the magnitude
of the imaginary frequencies. This, in turn, leads to strong
differences in the influence of tunneling effects within the
reactions. Even the crude Wigner approximation[69] for the
tunneling effect differs by more than one order of magnitude
at low temperatures.

The energy barriers and the reaction energies of the
decomposition reaction of carbonic acid (H2CO3 �
nH2O! (n�1) H2O � CO2) were determined at the
CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ level of theory
(for the uncatalyzed system up to CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level) and they are shown in Table 2. The
energy values for n� 0, 1, 2 are in very good agreement with
those published by Nguyen et al. ,[18] especially, the energy
barriers differ by less than 1 kcal molÿ1. For the n� 3 case no
data at a comparably high level were found in the literature.
Due to the catalytic effect of additional water molecules, the

Table 1. Imaginary frequencies in cmÿ1 at the transition state of the
decomposition reaction of carbonic acid assisted by n� 0, 1, 2, 3 water
entities.

n B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ

0 1724i 1707i
1 1080i 1102i
2 570i
3(a) 601i
3(b) 463i
3(c) 393i
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barrier decreases with the amount of water entities, whereas
the reaction energy is only slightly influenced. While the first
water entity lowers the barrier by about 16.5 kcal molÿ1, the
addition of further water molecules has a lowering effect of
less than 6.5 kcal molÿ1. This effect can be explained by the
unfavorable geometry of the transition state of the uncata-
lyzed reaction. The four-membered ring suffers from being
much more strained than the 6 ± 10-membered rings of the
catalyzed systems. The extent of the decrease of the barrier
diminishes with each new water entity, so that the barrier
height eventually becomes independent of the amount of
water molecules, that is, convergence against the activation
barrier in aqueous solution is achieved. Determining and
working with the amount of water molecules necessary to
reach bulk properties on a high level of quantum chemical
methods goes beyond today�s technical feasibility.

Reaction paths : Figure 2 shows the dual-level corrected
minimum energy paths of the decomposition reaction of
carbonic acid. The energy values of the stationary points have
been mapped onto the CCSD(T)/aug-cc-pVDZ values (Ta-
ble 2).

Figure 2. Dual-level corrected minimum energy paths of the reaction
H2CO3 � nH2O! (n�1)H2O � CO2 depending on n. s is a metric path
parameter along the minimum energy path, namely the reaction coordi-
nate. Paths with n� 0, 1, 2 were taken from Loerting et al.[1]

As the reaction mechanisms with n� 0, 1, 2 were discussed
earlier,[1] they will be reviewed briefly and we will then
concentrate on the reaction mechanisms with three additional
water molecules.

Reactions with n� 0, 1, 2 : In the case of the uncatalyzed
reaction, one proton is transferred via a four-membered
transition state. With n� 1 two protons are moved, and the
proton transfer is mediated by the additional water molecule.
The protons do not move at the same time, so the transfer
mechanism must be called asynchronous. As there are no
local minima along the reaction path, but only one transition
state, the proton transfer is concerted, that is, energetically
coupled. The transition state has a planar six-membered ring,
which is considerably less strained than the four-membered
ring in the uncatalyzed reaction. On adding another water
molecule, the type of reaction remains the sameÐan asyn-
chronous concerted proton transfer reactionÐbut the amount
of protons being transferred rises to three. Again some strain
may be relieved from the transition state, which contains an
eight-membered ring with H-O-H angles near to 1808.

Reactions with n� 3 : Scheme 1 shows three different reaction
channels that are proposed to be the most efficient ones for
the dehydration reaction.

Again all reaction channels display a concerted asynchro-
nous proton-transition behavior. Pathway (a) involves only
one water entity directly into the proton shuttle mechanism
whereas channel (b) needs two water molecules for a
Grotthus-like proton-jumping mechanism and channel (c)
employs all three water molecules for the proton mediation.

Channel (a), six-membered transition state : After the proton
has moved apart from the carbonic acid, the transition state
contains a strongly polarized hydronium ion like substructure.
Only one water molecule is actually involved in the proton
transition, but the two other water molecules are essential for
lowering the activation-energy barrier. The other water
molecules assist the abstraction of the proton from the
carbonic-acid oxygen in the first step of the reaction and
contribute to the stabilization of the H3O�-like species in the
transition state.

The analogy to the reaction of carbonic acid with one
additional water entity can be seen. Ignoring the two
ªspectatorº water molecules, the reaction mechanisms are
essentially the same. The huge impact of these water
molecules lies in their ability to stabilize the (very polar)
transition state and thus lower the reaction barrier. The
second benefit of these ªspectatorsº is the polarization of the
oxygen of the hydroxy group, which facilitates the abstraction
of the hydrogen.

Channel (b), eight-membered transition state : In analogy to
reaction channel (a), after the movement of the first proton a
transition state is formed that contains an hydronium ion like
substructure. In the subsequent steps, a proton from the
hydronium ion like substructure is transferred to the other
participating water molecule, from which a proton moves

Table 2. Energy barrier and reaction energy of H2CO3 � nH2O!
(n�1) H2O � CO2 at the CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
level of theory (for n� 0 up to CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ
level) and on the G2* level for n� 0, 1. All values are in kcal molÿ1.

n Method Energy Barrier Reaction Energy

0 CCSD(T)/VDZ 43.6[a] ÿ 9.1[a]

CCSD(T)/VTZ 43.9 ÿ 7.4
G2* 44.8 ÿ 8.0

1 CCSD(T)/VDZ 27.1[a] ÿ 7.6[a]

G2* 27.7 ÿ 6.5
2 CCSD(T)/VDZ 24.0[a] ÿ 7.6[a]

3(a) CCSD(T)/VDZ 20.9 ÿ 8.2
3(b) CCSD(T)/VDZ 22.7 ÿ 7.1
3(c) CCSD(T)/VDZ 23.1 ÿ 9.6

[a] See ref. [1].
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back to the carbonic acid that has already decomposed into
water and carbon dioxide by this stage of the reaction.

Once again one water acts as a ªspectatorº, stabilizing the
polar transition species and facilitating the abstraction of the
proton from the oxygen in the first step of the reaction.
Without this water molecule the whole reaction is essentially
the same as the decomposition reaction of carbonic acid with
two water molecules.

Channel (c), 10-membered transition state : All three water
molecules are actively involved in the proton transfer, as they
form a hydrogen-bonded ring around which the protons can
move in a Grotthus-like manner. Again the transition state is
strongly polarized due to formation of a H5O2

�-like species.
Though the proton transfer is concerted, it is far from being
synchronous; this results in a strong broadening of the energy
barrier.

Figure 3 displays the imaginary frequencies of reactions (a),
(b), and (c) along the reaction path. Each transfer of a single
proton leads to a peak in the magnitude of the imaginary
frequency. Hence, an asynchronous proton-transfer mecha-
nism is observed in both cases. The peaks in the imaginary
frequencies along the reaction path display very accurately
the points in the reaction at which protons are transferred.
Thus, the three reactions can easily be discriminated by just
observing the imaginary frequency along the reaction path. In
the case of channel (a) just two protons are transferred, in
channel (b) three protons are seen to move, and in channel (c)
four protons flip between neighboring oxygens. Another very

important fact can be deduced from Figure 4: as protons are
able to tunnel through barriers quite easily it is advantageous
if all protons are transferred near the top of the energy barrier
in order to increase the tunneling correction. In the case of
channels (a) and (b), the movement of the protons is located
in the reaction path near the top of the barrier, whereas the
transfer of the protons is widespread along the reaction path
in channel (c). Thus we have significantly higher tunneling
corrections for channels (a) and (b) in comparison with
channel (c).

An important feature of all three different reaction
channels is the fact that a polar transition state is formed.
Thinking of the decomposition reaction in aqueous solution,
this might have an enormous impact. As water acts as a polar
solvent, these transition structures become stabilized, and a
lowering of the reaction barrier is expected if polarized
continuum models are applied. As no structural convergence
of the geometries could be achieved by using the polarized
continuum model (PCM) by Tomasi and co-workers,[72] the
PCM-method was applied to the gas-phase structures of the
stationary points. When evaluating PCM(MP2/aug-cc-
pVDZ)//MP2/aug-cc-pVDZ barriers, a lowering of between
1 and 5 kcal molÿ1 in the activation barrier is found in the
three reaction channels. This would lead to an enhancement
of the reaction rate of about 1 ± 3 orders in magnitude and,
therefore, approach the experimental decomposition rate in
aqueous solution. One must be aware that these are just crude
approximations, in particular concerning the geometry of the
stationary points.

Scheme 1. Stationary points of the three reaction channels with three additional water molecules.
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Figure 3. Imaginary frequencies (solid lines) and energy (dashed lines)
along the reaction path of the decomposition of carbonic acid assisted by
three water molecules. Top to bottom: reaction channels (a), (b), and (c).
Imaginary numbers are depicted as negative due to a better presentability,
and s is the reaction coordinate.

Reaction rates : As the reaction rates strongly depend on the
energy barriers, they have to be determined very accurately
when applying transition state theory. (As mentioned before a
small change of 1.4 kcal molÿ1 within the barrier leads to a
change in the reaction rate in the order of one magnitude at
300 K.) First we consider the reaction rates resulting from the
CCSD(T) energy values, which were used for dual-level
dynamics. These rates would correspond experimentally to a
cluster of carbonic acid with three water molecules in the gas
phase. The rates are depicted in Figure 4 together with
previously published ones[1] for better comparison.

When our calculations are compared with experimental
rates it can be seen that they meet the experiment quite well in

Figure 4. Reaction rates of the decomposition of carbonic acid with three
additional water molecules via a) a six-membered, b) an eight-membered,
and c) a 10-membered transition state. Comparison with experiment[8, 7, 9]

and earlier published results[1] with fewer water entities is also given: (´ ´ ´ ´ )
no additional water molecules, (± ´ ± ´ ±) one additional water molecule,
(Ð ±) two additional water molecules; (*) experimental values from Magid
et al. , (^) experimental values from Roughton, (&) experimental values
from Meier et al.

the case of channel (a). At 20 8C we predict a rate of 0.2 sÿ1 for
reaction channel (a); this is in reasonable agreement with the
experimental values of Meier et al. of 10 sÿ1.[8] Therefore, we
have reduced the gap between experiment and theory by a
factor 60 in comparison with our previous study. Astonish-
ingly, there is just a factor of 50 missing to reach the
experimental reaction rate in aqueous solution at 20 8C.

Due to higher energy barriers, channels (b) and (c) yield
reaction rates that are much lower than experimental ones.
Especially, channel (c) reveals surprisingly low reaction rates,
even lower than that those of the decomposition reaction
catalyzed by two water molecules. This may be explained by a
significantly higher reaction barrier and a smaller tunneling
correction due to heavy atom movement near the transition
state. Therefore neither channel (b) nor (c) is able to compete
with channel (a), and the mechanism via a six-membered ring
may be proposed to be the most efficient one over the whole
temperature range.

In contrast to the smaller systems (n� 0, 1, 2) tunneling
does not play a very important role. At temperatures above
150 K the transmission factor k (i.e. , the enhancement of the
reaction rate due to tunneling effects) is lower than 60 (in
reaction channel (c) even lower than two). For comparison k

is about 1020 for the uncatalyzed decomposition of carbonic
acid at 150 K. This may be explained by the narrower and
much higher activation-energy barrier in that case.

Below 150 K in gas phase the mechanisms involving three
water molecules lead to even lower reaction rates than the
reactions catalyzed by fewer water entities. This implies that
there is a significant change in the reaction mechanism due to
tunneling effects on lowering the temperature.

Kinetic isotope effects : To have additional comparison with
experiment, we calculated the kinetic isotope effects for the
decomposition of deuterated carbonic acid catalyzed by n� 0,
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1, 2, 3 deuterated water molecules. Table 3 shows our results
and the experimental one obtained by Pocker et al.[6]

For the uncatalyzed system we predict a very high influence
of isotopic substitution on the reaction rate, especially at low
temperatures. Even at room temperature the KIE amounts to
220 and thus emphasizes the importance of tunneling even at
higher temperatures. This means that the half-life of a
deuterated carbonic acid monomer in the gas phase at room
temperature is 40 million years (Recently, we determined the
half-life for a carbonic acid molecule in the gas phase to be
0.18 million years.[1]).

For the catalyzed reactions, a clear shift toward the
experimental result can be found with an increasing number
of water molecules. Three additional water molecules seem to
be enough to approach the experimental value reasonably
well. This gives evidence that at least three water molecules
are required to explain the reaction mechanism in aqueous
solution. Surprisingly, there are quite strong deviations of the
different KIEs within the reactions employing three water
molecules. While channel (a) approaches the experimental
value quite well, channels (b) and (c) deviate strongly. This
coincides with the observation that channel (a) reproduces the
experimental reaction rates much better than the other
possibilities.

Conclusion

When considering the decomposition of carbonic acid, the
reaction barrier decreases significantly by increasing the
number of additional catalytically active water entities. The
uncatalyzed reaction has a barrier of 43.9 kcal molÿ1, addition
of a single water molecule reduces it to 27.1 kcal molÿ1. More
water molecules lead to a further decrease in the barrier, and
we found the lowest barrier to be 20.9 kcal molÿ1 on partic-
ipation of three additional water molecules.

Reaction rate calculations were done with variational
Transition State Theory including quantum corrections. The
reaction paths were determined at the B3LYP/6 ± 31 � G(d)
level of theory and were mapped in a dual level interpolation
scheme onto high level (CCSD(T)/aug-cc-pVDZ) stationary
points and frequencies (B3LYP/aug-cc-pVDZ). The investi-
gations revealed at best a reaction rate of 0.2 sÿ1 at 20 8C of
carbonic acid with three water entities in the gas phase, with
reaction channel (a).

Investigation of the KIEs of deuterated carbonic acid in
deuterated water showed that they are in reasonable agree-
ment with experiment when considering three water mole-
cules.

Therefore, we propose a mechanism that goes via a
six-membered transition state to be a possible dehydration

mechanism of carbonic acid in neutral aqueous solution at
room temperature. The competing reactions via 8- and 10-
membered transition states exhibit reaction rates 30 and 5000
times smaller, respectively, and are of minor influence. All
mechanisms occur by a stepwise proton transfer chain and
have a wide reaction barrier, so that tunneling does not play a
very important role.

On lowering the temperature, tunneling is expected to
become more relevant. Indeed, at about 125 K, the mecha-
nisms with three water molecules yield lower rates than those
with a smaller number of water molecules. This suggests that
the dehydration mechanism changes completely at low
temperatures, as tunneling compensates for the higher
reaction barriers. At these temperatures, however, there is
still lack of experimentally determined rate constants, and so
far they can only be accessed by theoretical investigations like
this one.
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