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Thermochemical parameters of carbonic acid and the stationary points on the neutral hydration pathways of
carbon dioxide, CO2 + nH2O f H2CO3 + (n - 1)H2O, with n ) 1, 2, 3, and 4, were calculated using
geometries optimized at the MP2/aug-cc-pVTZ level. Coupled-cluster theory (CCSD(T)) energies were
extrapolated to the complete basis set limit in most cases and then used to evaluate heats of formation. A
high energy barrier of ∼50 kcal/mol was predicted for the addition of one water molecule to CO2 (n ) 1).
This barrier is lowered in cyclic H-bonded systems of CO2 with water dimer and water trimer in which
preassociation complexes are formed with binding energies of ∼7 and 15 kcal/mol, respectively. For n ) 2,
a trimeric six-member cyclic transition state has an energy barrier of ∼33 (gas phase) and a free energy
barrier of ∼31 (in a continuum solvent model of water at 298 K) kcal/mol, relative to the precomplex. For
n ) 3, two reactive pathways are possible with the first having all three water molecules involved in hydrogen
transfer via an eight-member cycle, and in the second, the third water molecule is not directly involved in the
hydrogen transfer but solvates the n ) 2 transition state. In the gas phase, the two transition states have
comparable energies of ∼15 kcal/mol relative to separated reactants. The first path is favored over in aqueous
solution by ∼5 kcal/mol in free energy due to the formation of a structure resembling a (HCO3

-/H3OH2O+)
ion pair. Bulk solvation reduces the free energy barrier of the first path by ∼10 kcal/mol for a free energy
barrier of ∼22 kcal/mol for the (CO2 + 3H2O)aq reaction. For n ) 4, the transition state, in which a three-
water chain takes part in the hydrogen transfer while the fourth water microsolvates the cluster, is energetically
more favored than transition states incorporating two or four active water molecules. An energy barrier of
∼20 (gas phase) and a free energy barrier of ∼19 (in water) kcal/mol were derived for the CO2 + 4H2O
reaction, and again formation of an ion pair is important. The calculated results confirm the crucial role of
direct participation of three water molecules (n ) 3) in the eight-member cyclic TS for the CO2 hydration
reaction. Carbonic acid and its water complexes are consistently higher in energy (by ∼6-7 kcal/mol) than
the corresponding CO2 complexes and can undergo more facile water-assisted dehydration processes.

Introduction

Carbon dioxide has a substantial impact on the environment
due to the combustion of fossil fuels.1 A consensus has emerged
that increasing levels of CO2 in the atmosphere from anthro-
pogenic sources correlate with higher global temperatures.2 A
key constraint on atmospheric CO2 is the solubility of CO2 in
the oceans. Because of its role in the pH regulation of blood in
the human body, the reversible hydration reaction of CO2 is of
biological importance.3 The photorespiration of plants, consisting
of CO2 uptake and O2 release from photosynthesis, is a
fundamental process in plant physiology.4

There are many proposals for sequestering atmospheric CO2

upon generation. One strategy is injection in deep geological
formations or in the ocean.5,6 CO2 sequestration can occur by
the formation of hydrogen-bonded water cages leading to the
formation of gas hydrate clusters (clathrates).7 Because of the
high solubility of carbon dioxide in water, when CO2(H2O)n

hydrates dissociate, the dissolution of carbon dioxide in water

can form carbonic acid H2CO3, its conjugate bases, or both.
The hydration reaction of CO2 forming H2CO3 in neutral
aqueous media has been the subject of a large number of
experimental8-14 and theoretical15-23 studies. The properties and
dehydration of H2CO3 have also been investigated.24-29 Car-
bonic acid is a stable discrete molecular species, not only in
the gas phase24 but also in a solid ice matrix at temperatures
below that of liquid nitrogen,26 and likely on acid-treated
carbonate mineral surfaces.13 In the solid conditions, the dimer
or oligomers of H2CO3 appear to be the more dominant forms.27

The vibrational spectrum of H2CO3 has been analyzed in detail
in these earlier studies (see ref 30 for relevant references).

Although a consensus has emerged on the active involvement
of a water oligomer n(H2O), rather than just a water monomer
(n ) 1), in the hydration reaction of CO2 to form H2CO3, the
actual number of participating water molecules and the details
of their catalytic action remain a matter of debate. From reaction
pathways in both the gas phase and the aqueous solution
constructed on the basis of molecular orbital calculations at the
QCISD(T)/6-31G(d,p)//MP2/6-31G(d,p) level for gas phase
systems, in conjunction with both self-consistent-reaction field
(SCRF) and polarized continuum (PCM) models and MP2
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energies for processes in aqueous solution, Nguyen and co-
workers22 found that the cooperativity and bifunctional catalysis
exerted by a second water molecule induces the most important
effect on the energy barrier. When the number of water
molecules directly involved in the catalytic process is increased,
the energy barrier continues to decrease but by smaller amounts.
They proposed22 that the neutral CO2 hydration proceeds via a
water chain mechanism involving n ) 4 in the gaseous phase
and n ) 3 in neutral aqueous solution. The activation enthalpy
was predicted to be ∼26 kcal/mol for n ) 3 in aqueous
medium.22 Subsequently, Liedl and co-workers27 performed
coupled-cluster theory CCSD(T) calculations with the aug-cc-
pVDZ and aug-cc-pVTZ basis sets for gas phase systems and
MP2/aug-cc-PVDZ/PCM calculations to model the water con-
tinuum. These results were used for detailed kinetic analyses
of the decomposition rate of H2CO3 in aqueous solution. These
authors27 supported the previous findings22 that four water
molecules (n ) 4), forming a chain, take part in a proton relay
facilitating formation of H2CO3, and for the reverse process,
three water molecules are involved in the decomposition of
H2CO3. With n ) 4, the catalytic effect of water for proton
transfer reaches a limit on the energy barrier of about ∼17-20
kcal/mol in aqueous medium for H2CO3 decomposition and
∼27-30 kcal/mol for CO2 hydration. Although there was a
subtle difference in the actual number of participating water
molecules, both studies22,27 appeared to agree on the importance
of n ) 4.

In studies reported in 2003, Lewis and Glaser23 carried out
calculations at the MP4/6-311G(d,p) and QCISD(T)/6-31G(d,p)
levels, both based on MP2/6-31G(d,p) geometries, and explored
other regions of the potential energy surfaces. This level of
computation is very close to that used by Nguyen et al.22 so
that the results could be directly compared. Lewis and Glaser23

proposed an alternative mechanism, which involves a smaller
value of n ) 3 and a different type of transition state. In their
transition state, two water molecules effectively assist the proton
transfer within a cyclic (CO2-H2O-H2O)+ transition state,
whereas the third water molecule interacts from outside with
the transition state for n ) 2 through hydrogen bonds. They23

found that a proton-shuttle catalysis by two water molecules
and microsolvation by the third water is synergistic and the
combined effect leads to a zero point corrected barrier of 24.1
kcal/mol, lower than the barrier of 31.8 kcal/mol for the direct
three-water catalysis, both starting from a complex of CO2 with
three H2O molecules. However, their23 starting point is for a
higher energy complex of CO2 with three H2O molecules as
discussed below. Starting from the asymptote of CO2 + 3H2O,
Nguyen et al. obtain a barrier of 9.8 kcal/mol as compared with
a barrier of 8.7 kcal/mol obtained by Lewis and Glaser. Thus,
hydrogen bonding in the first solvent shell about the transition
state (TS) can affect the energetics slightly more than if the
additional water molecule is actually involved in the proton
transfer step. A similar difference has been predicted for the
molecular mechanism of the hydration process of carbodiimide
(HNdCdNH) and carbonyl sulfide (OdCdS), which are either
isoelectronic or isovalent with carbon dioxide.31-34

Infrared spectroscopy data showed that proton irradiation of
icy mixtures of CO2-H2O produced solid H2CO3.35 When
CO2-H2O ice mixtures were irradiated with energetic electrons
in an ultrahigh vacuum chamber,36 H2CO3 was found to be the
dominant reaction product in the temperature range of 10-60
K. It is likely that the incoming electron induces an O-H bond
cleavage in a CO2-H2O complex, and the resulting H/OH
radicals add successively to a CdO bond of the CO2 molecule

to form H2CO3. Such a mechanism differs from the concerted
water addition to CO2 described above.

In view of the importance of the CO2 hydration reaction to
form H2CO3, we have performed detailed quantum chemical
calculations on the reaction

CO2+nH2OfH2CO3+(n- 1)H2O (1)

for n ) 1-4. We predicted critical thermochemical parameters
and explored relevant portions of the potential energy surfaces
in both the gas and the aqueous phases in order to distinguish
potentially different mechanisms.

Computational Methods

Electronic structure calculations were carried out by using
the Gaussian 0337 and MOLPRO38 suites of programs. Enthal-
pies of formation of the stationary points on the CO2 + nH2O
reaction pathways were calculated from the corresponding total
atomization energy (TAE).39 We first calculated the electronic
energies using coupled-cluster (CCSD(T)) theory40 extrapolated
to the complete basis set limit (CBS) using the correlation-
consistent basis sets.41 Geometry parameters were fully opti-
mized at the second-order perturbation theory (MP2)42 level with
the correlation consistent aug-cc-pVTZ basis set. The fully
unrestricted formalism (UMP2) was used for open-shell system
calculations done with Gaussian 03. The single-point electronic
energies were calculated by using the restricted coupled-cluster
R/UCCSD(T) formalism43-45 in conjunction with the correla-
tion-consistent aug-cc-pVnZ (n ) D, T, and Q) basis sets at
the (U)MP2/aug-cc-pVTZ optimized geometries. For simplicity,
the basis sets are denoted hereafter as aVnZ. The CCSD(T)
energies were extrapolated to the CBS limit energies using eq
2:46

E(x))ACBS+B exp[-(x- 1)]+C exp[-(x- 1)2] (2)

After the valence electronic energy, the largest contribution
to the TAE is the zero-point energy (ZPE). Harmonic vibrational
frequencies of each species were calculated at the equilibrium
geometry using the MP2/aVTZ method for n ) 1 and 2 systems
and the MP2/aVDZ for n ) 3 and 4 systems. For CO2 and H2O,
all fundamental vibrational frequencies are known from
experiment.47,48 Because of the importance of anharmonic
corrections in A-H stretches, we used a scaling factor for the
O-H stretches of 0.98 obtained for H2O by averaging the
calculated MP2/aVTZ value with the experimental value and
dividing by the MP2 value; a similar factor of 0.98 was obtained
for the MP2/aVDZ values. These scale factors were subse-
quently applied to the ZPE(MP2/aVTZ) or ZPE(MP2/aVDZ)
values of the molecules, complexes, radicals, ions, and transition
state structures.49

Additional smaller corrections were included in the TAE
calculations. Core-valence corrections (∆ECV) were obtained at
the CCSD(T)/cc-pwCVTZ level of theory.50 Scalar relativistic
corrections (∆ESR), which account for changes in the relativistic
contributions to the total energies of the molecule and the
constituent atoms, were included at the CI-SD (configuration
interaction singles and doubles) level of theory using the cc-
pVTZ basis set. ∆ESR is taken as the sum of the mass-velocity
and 1-electron Darwin (MVD) terms in the Breit-Pauli Hamil-
tonian.51 Most calculations using available electronic structure
computer codes do not correctly describe the lowest energy spin
multiplet of an atomic state, as spin-orbit coupling in the atom
is usually not included. Instead, the energy is a weighted average
of the available multiplets. The spin-orbit corrections are 0.085
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kcal/mol for C and 0.223 kcal/mol for O, both from the
excitation energies of Moore.52

The total atomization energy (ΣD0 or TAE) of a compound
is thus given by the expression

∑ D0 )∆Eelec(CBS)-∆EZPE +∆ECV +∆ESR +∆ESO

(3)

By combining our computed ΣD0 values with the known heats
of formation53 at 0 K for the elements (∆Hf

0(H) ) 51.63 (
0.001 kcal/mol, ∆Hf

0(C) ) 169.98 ( 0.1 kcal/mol, and ∆Hf
0(O)

) 58.99 ( 0.1 kcal/mol), we can derive ∆Hf
0 values at 0 K for

the molecules in the gas phase. We obtain heats of formation
at 298 K by following the procedures outlined by Curtiss et
al.54

For the n ) 4 systems due to their size, we calculated the
CCSD(T)/aVTZ and MP2/CBS energies and estimated the
CCSD(T)/CBS and CCSD(T)/aVQZ energies using the MP2
correction to the CCSD(T)/aVTZ value as49

∆E[CCSD(T)/aVQZ])∆E[CCSD(T)/aVTZ]+
(∆E[MP2/aVQZ]-∆E[MP2/aVTZ]) (4)

∆E[CCSD(T)/CBS])∆E[CCSD(T)/aVTZ]+
(∆E[MP2/CBS]-∆E[MP2/aVTZ]) (5)

The effect of solvent normally arises from a combination of
an explicit hydrogen-bonded interaction of the solvent molecules
with the substrates plus the influence of the bulk surrounding
medium. To estimate the latter terms, we employed a polarizable
continuum model (PCM).55 A dielectric constant of ε ) 78.93
was used for the water bulk; the cavity was created, and the
solvation energies were computed using the conductor reaction
field (COSMO) formulation.56 The effects of continuum water
on the energetic parameters were calculated using the COSMO
method at the MP2/aVTZ level.

Results and Discussion

Total energies are given in Table S1 of Supporting Informa-
tion; harmonic vibrational frequencies are in Table S2; the ZPE
and the thermal corrections are in Table S3, and MP2/aVTZ
optimized geometry parameters are given in Table S8. The
components used to predict the total atomization energies (ΣD0)
and the ΣD0 are given in Table S4. The predicted enthalpies of
formation at 0 and 298 K are summarized in Table 1, together
with the calculated entropies and the available experimental
values. Table 2 gives the relative energies for H2O oligomer-
ization at the MP2 and CCSD(T) CBS limits and also gives the
thermodynamic properties of the reactions for forming the water
clusters. Table S5 gives the information in Table 2 as a function
of the basis set. Table 3 compares the relative energies for the
hydration processes CO2 + nH2O, with n ) 1-3, and for CO2

+ (H2O)n, with n ) 2 and 3 at the MP2 and CCSD(T) CBS
levels. Table S6 gives the data in Table 3 as a function of the
basis set. Tables 4 lists the calculated thermochemical param-
eters, and Table 5 gives the activation energies for the CO2

hydration reactions for n ) 1 to 3. Table 6 summarizes the
calculated results for the CO2 + 4H2O and CO2 + (H2O)4

reactions and Table S7 gives the data in Table 6 as a function
of the basis set.

Thermochemical Parameters of Carbonic Acid and De-
rivatives. Because of the difficulties in preparing H2CO3 under
normal conditions, relatively little is known experimentally on
its energetics. In a previous theoretical study,29 we determined
thermochemical parameters of H2CO3 using the same CCSD(T)/

CBS approach, including the standard heat of formation (∆Hf),
gas phase acidity (∆Gacid), and pKa in aqueous solution. The
values for HOCO have been calculated in a similar fashion.57

We provide additional values in Table 1 for the radical cations,
protonated forms, and radical fragments derived by simple bond
cleavages (HOCO, HCO3).

It is well-established that the monomeric H2CO3 can exist in
three distinct conformations relative to the syn (s) and anti (a)
positions of the H(O) atoms with respect to the carbonyl CdO
bond. In agreement with numerous previous studies,16,25,29 the
a-a (C2V) conformer is the most stable conformer, 1.5 kcal/

TABLE 1: CCSD(T)/CBS Heats of Formation at 0 and 298
K (kcal/mol) and MP2/aVTZ Entropies (cal/mol-K)

molecule ∆Hf (0 K) ∆Hf (298 K) S

CO2 -93.6 -93.7 51.10
expt.a -93.97 ( 0.01 -94.05 ( 0.01 51.10 ( 0.03
H2O -57.4 -58.1 45.09
expta -57.10 ( 0.01 -57.80 ( 0.01 45.13 ( 0.01
(H2O)2 -117.5 -119.4 69.87
(H2O)3 -182.3 -186.1 79.96
(H2O)4 -248.6 -254.1 93.12
TS1 -101.3 -103.7 64.74
R1 -152.9 -153.5 81.97
R2 -215.0 -217.0 94.14
TS2 -182.0 -186.6 72.90
P2 -206.4 -210.0 80.78
HOCO -42.8 -43.6 60.08
exptb -52.5 ( 0.6
exptc g-45.8 ( 0.7 g-46.5 ( 0.7

g -42.7 ( 0.9 g-43.4 ( 0.9
HCO3 -80.5 -81.9 65.84
HCO3- -171.7 -173.3 63.66
H2CO3 (C2V) -143.8 -146.3 62.86
H2CO3 (Cs), P1 -142.3 -144.7 64.42
H2CO3

+ (C2V) 116.9 114.5 64.74
H2CO3

+ (Cs) 116.8 114.4 66.06
H3CO3

+ (C3V) 45.2 41.9 65.33
H3CO3

+ (Cs) 39.1 35.7 64.76
R3-3 -279.1 -282.7 105.10
R3-2 -276.0 -278.9 113.04
TS3-3-1 -250.1 -256.3 86.28
TS3-3-2 -249.4 -255.6 86.20
TS3-3-3 -241.2 -247.4 86.19
TS3-2-1 -250.4 -256.4 85.75
TS3-2-2 -247.4 -252.9 89.98
TS3-2-3 -247.5 -253.0 89.62
P3-3 -270.3 -275.3 95.15
P3-2 -273.3 -278.3 93.82

a Reference 53. b References 53 and 60c. c References 60a and
60d.

TABLE 2: Energies, Enthalpies, Energies, and Free
Energies for Water Oligomer Formation for (H2O)n n )
2-4; Energies in kcal/mol and Entropies in cal/mol-Ka

energy 2H2O f (H2O)2 3H2O f (H2O)3

4H2O f
(H2O)4

MP2/CBS -5.0/-2.8 -16.0/-10.3 -27.9/-19.6
CCSD(T)/CBS -5.0/-2.8 -15.9/-10.3 -27.5/-19.2
CCSD(T)/CBS [est]b [-5.0]/[ -2.8] [-15.9]/[ -10.3] [-27.7]/[-19.4]
∆Hrx (0 K)c -2.7 -10.1 -19.0
∆Hrx (298 K)d -3.2 -11.8 -21.7
∆Srx

e -20.31 -55.32 -87.25
∆Grx (298 K) 2.9 4.6 4.2

a Based on MP2/aVTZ optimized geometries. ZPE’s were
obtained either from MP2/aVDZ or from MP2/aVTZ harmonic
vibrational frequencies (depending on the size of the system), and
those corresponding to an O-H stretching were scaled by a factor
of 0.98. First value is the electronic energy difference and the
second value after the slash includes zero point effects. b Estimated
by using eq 4. c Based on the calculated heats of formation at 0 K.
d Based on the calculated heats of formation at 298 K. e From MP2
values.
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mol more stable than the s-a (Cs) conformer. The s-s (C2V)
conformer is much higher in energy because of repulsion of
hydrogen atoms and will not be considered further. In the s-a
(Cs) conformer, the H atoms have the appropriate orientation
to be the primary product of the addition of water into a CdO
bond of carbon dioxide, and this conformer will be denoted as
P1 in a following section.

The highest occupied molecular orbital (HOMO) of each
H2CO3 conformer is an in-plane combination of the oxygen lone
pairs, with the largest contribution from the carbonyl oxygen.
Removal of an electron from such an orbital gives rise to radical
cations having the 2B2 electronic state for the a-a (C2V)
conformer and the 2A′ electronic state for the s-a (Cs)
conformer. Following ionization, both conformers have the same
energy within 0.1 kcal/mol, slightly favoring the ionized s-a
form (2A′). As a consequence, the C2V form of H2CO3 has a
marginally larger adiabatic ionization energy (IEa) than the Cs.

For this quantity, we obtain the following values: IEa(H2CO3,
C2V) ) 11.30 eV and IEa(H2CO3, Cs) ) 11.24 eV at 0 K. These
values can be compared with the experimental IEa’s of some
related carbonyl compounds: 10.88 eV for H2C(O), 10.23 eV
for CH3CH(O), and 11.33 eV for HOCH(O).58 The methyl group
tends to reduce the IE, whereas the hydroxyl substituent
increases it by a comparable amount. The IEa’s calculated at
the CCSD(T)/CBS level are about 0.03 eV larger than the best

TABLE 3: Relative Energies of CO2 Hydration with n )
1-3 H2O Molecules and with (H2O)n (n ) 2 and 3)a

separated systemb structurec MP2/CBS
CCSD(T)/

CBSd

CO2 + H2O R1 -1.9 -2.0
TS1 49.1 49.4

CO2 + (H2O)2 R2 -3.8 -3.9
CO2 + 2H2O CO2-2H2O, R2 -6.6 -6.7

TS2 26.0 26.0
CO2 + (H2O)3 R3-3 -3.2 -3.3 [-3.3]

R3-2 0.2 -0.2 [-0.3]
CO2 + 3H2O R3-3 -13.5 -13.6 [-13.7]

R3-2 -10.2 -10.5 [-10.6]
TS3-3-1 15.2 15.2 [15.1]
TS3-3-2 15.9 15.9 [15.8]
TS3-3-3 24.0 24.1 [23.9]
TS3-2-1 15.3 15.0 [14.8]
TS3-2-2 18.4 18.0 [17.9]
TS3-2-3 18.4 17.9 [17.8]

a Based on MP2/aVTZ optimized geometries. ZPE’s were
obtained either from MP2/aVDZ or from MP2/aVTZ harmonic
vibrational frequencies (depending on the size of the system), and
those corresponding to an O-H stretching were scaled by a factor
of 0.98. b Relative energies are given with respect to the
corresponding separated system, including zero-point corrections.
c Labeling of structures given in Figures 1, 3, 5, and 6. d Estimated
values in brackets by using eq 4.

TABLE 4: Enthalpies (kcal/mol) at 0 and 298 K, Entropies
(cal/mol-K), and Free Energies (kcal/mol) for the CO2 +
H2O Complexation and Hydration Reactions with n ) 1-3

complexation reaction
∆Hrx

(0 K)a
∆Hrx

(298 K)b ∆Srx
c

∆Grx

(298 K)

CO2 + H2O f R1 -1.9 -1.7 -14.21 2.5
CO2 + (H2O)2 f R2 -3.9 -3.9 -26.83 4.1
CO2 + 2H2O f R2 -6.6 -7.1 -47.13 7.0
CO2 + (H2O)3 f R3-3 -3.2 -2.9 -25.95 4.8
CO2 + (H2O)3 f R3-2 -0.1 0.9 -18.01 6.3
CO2 + 3H2O f R3-3 -13.3 -14.7 -81.26 9.5
CO2 + 3H2O f R3-2 -10.2 -10.9 -73.33 11.0

hydration reaction
∆Hrx

(0 K)a
∆Hrx

(298 K)b ∆Srx
c

∆Grx

(298 K)

CO2 + H2O f P1 8.7 7.1 -31.76 16.6
CO2 + 2H2O f P2 2.0 -0.1 -60.49 17.9
CO2 + 3H2O f P3-3 -4.5 -7.3 -91.21 19.9
CO2 + 3H2O f P3-2 -7.5 -10.3 -92.55 17.3

a Based on the calculated heats of formation at 0 K. b Based on
the calculated heats of formation at 0 K. c From MP2 values.

TABLE 5: Barrier Heights (Including Zero Point Energies,
kcal/mol), Activation Enthalpies (kcal/mol), Activation
Entropies (cal/mol-K), and Activation Free Energies (kcal/
mol) for CO2 Hydration with n ) 1-3

Reaction
∆E+

(0 K)a
∆H+

(298 K)b ∆S+c
∆G+

(298 K)

CO2 + H2O f TS1 49.7 48.0 -31.45 57.4
R1 f TS1 51.6 49.8 -17.23 54.9
CO2 + 2H2O f TS2 26.4 23.3 -68.37 43.7
R2 f TS2 33.0 30.4 -21.24 36.7
CO2 + 3H2O f

TS3-3-1
15.7 11.7 -100.09 41.5

R3-3 f TS3-3-1 29.0 26.4 -18.82 32.0
CO2 + 3H2O f

TS3-3-2
16.4 12.4 -100.17 42.3

R3-3 f TS3-3-2 29.7 27.1 -18.91 32.7
CO2 + 3H2O f

TS3-3-3
24.6 20.6 -100.17 50.5

R3-3 f TS3-3-3 37.9 35.3 -18.91 40.9
CO2 + 3H2O f

TS3-2-1
15.4 11.6 -100.62 41.6

R3-2 f TS3-2-1 25.6 22.5 -27.29 30.6
CO2 + 3H2O f

TS3-2-2
18.4 15.1 -96.39 43.8

R3-2 f TS3-2-2 28.6 26.0 -23.06 32.9
CO2 + 3H2O f

TS3-2-3
18.3 15.0 -96.74 43.8

R3-2 f TS3-2-3 28.5 25.9 -23.41 32.9

a Based on the calculated heats of formation at 0 K. b Based on
the calculated heats of formation at 298 K. c From MP2 values.

TABLE 6: Relative Energies Related to CO2 Hydrogenation
with 4 H2O Molecules and with (H2O)4

a

Reactionb MP2/CBS
CCSD(T)/
CBS estc

CO2 + (H2O)4 f R4-4-1 -2.7 -2.9
CO2 + (H2O)4 f R4-4-2 -2.5 -2.7
CO2 + (H2O)4 f R4-2 1.5 1.0
CO2 + (H2O)4 f R4-3 1.8 1.3
CO2 + 4H2O f R4-4-1 -22.3 -22.3
CO2 + 4H2O f R4-4-2 -22.1 -22.1
CO2 + 4H2O f R4-2 -18.0 -18.4
CO2 + 4H2O f R4-3 -17.8 -18.1
CO2 + 4H2O f TS4-4 5.6 5.1
R4-4-1 f TS4-4 27.8 27.4
R4-4-2 f TS4-4 27.7 27.2
CO2 + 4H2O f TS4-3-3 2.8 2.4
R4-3 f TS4-3-2 20.6 20.5
CO2 + 4H2O f TS4-3-2 2.6 1.8
R4-3 f TS4-3-3 20.4 19.9
CO2 + 4H2O f TS4-3-1 4.7 4.2
R4-3 f TS4-3-1 22.5 22.3
CO2 + 4H2O f TS4-2 7.6 6.8
R4-2 f TS4-2-1 25.7 25.2

a Based on MP2/aVTZ optimized geometries. ZPE’s were obtained
from MP2/aVTZ harmonic vibrational frequencies, and those
corresponding to an O-H stretching were scaled by a factor of 0.98.
Relative energies are given with respect to the corresponding separated
system, including zero-point corrections. b Labeling of structures given
in Figure 9. c Estimated by using eq 4.
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experimental values for formaldehyde and acetaldehyde,59 so
our best estimate for the IEa of H2CO3 is about ∼0.1 eV smaller
than that of formic acid. Thus, substitution of the second OH
group for H has very little effect on the IEa. The stabilization
of the HOMO of CH2O by OH substituents is not additive and
is dominated by the first substitution.

Protonation of H2CO3 occurs at the carbonyl oxygen yielding
two different (HO)2CdOH+ isomers. The lowest-lying proto-
nated forms have a planar Cs structure arising from a-a H2CO3

(C2V) and a planar C3 structure from s-a H2CO3 (Cs). We predict
that the (HO)2CdOH+ Cs form is 6.2 kcal/mol more stable than
the C3 isomer at 298 K (Table 1). A direct consequence is that
a-a H2CO3 (C2V) has a higher proton affinity (PA) by 6.3 kcal/
mol and PA(H2CO3, C2V) ) 183.7 kcal/mol. This value can be
compared with the PAs of the simple carbonyls, H2CO,
CH3CH(O), and HOCH(O), which are 170.4, 184.4, and 178.8
kcal/mol, respectively.58,59 Substitution of the second OH group

raises the PA by almost 5 kcal/mol as compared with the
increase of ∼9 kcal/mol due to substitution of a H by OH in
HOCH(O).

The C-O and O-H bond cleavages in H2CO3 yield the trans-
HOCO• (2A′) and HCO3• (2A′) radicals, respectively. The
experimental heat of formation of trans-HOCO• is now well-
established,60 and in a previous study, we determined it
theoretically using the same CCSD(T)/CBS approach57 (Table
1). As far as we are aware, no experimental value for the HCO3•
radical is available. Using a heat of formation of 8.84 kcal/mol
at 0 K for the OH• radical,61 we obtain the following adiabatic
bond dissociation energies (BDEs) for H2CO3 at 0 K:
BDE(HCO2-OH) ) 109.8 kcal/mol and BDE(HCO2O-H) )

Figure 1. Potential energy profile for CO2 + H2O at 0 K. Relative
energies in kcal/mol obtained from calculated heats of formation. MP2/
aVTZ optimized distances of the transition state TS1 are given in Å.

Figure 2. ELF (isosurface ) 0.82), natural charges, and Wiberg index
orders (in parentheses) were calculated at the B3LYP/aug-cc-pVDZ
level. Black sphere is C atom; red sphere is O atom; gray sphere is H;
red point is BCP, and yellow point is RCP.

Figure 3. Potential energy profile for CO2 + 2H2O at 0 K. Relative
energies in kcal/mol obtained from calculated heats of formation. MP2/
aVTZ optimized distances of the stationary points are given in Å.

Figure 4. (a) AIM and (b) ELF of the TS2 of the CO2 + 2H2O
reaction. See Figure 2 for legend of colors.
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114.9 kcal/mol. Thus, breaking the C-O bond is slightly favored
over breaking the O-H bond. The C-O BDE is larger than
the C-O BDE in methanol (90.6 kcal/mol), and the O-H BDE
is larger than the O-H BDE in CH3OH (104.7 kcal/mol).62

The results for the carbonate anion HCO3
- were reported in

our previous study,29 from which a gas phase acidity of
∆Gacid(H2CO3) ) 331.3 kcal/mol and pKa ) 5.7 in aqueous
solution were predicted. The electron affinity of the carbonate
radical is relatively large, EA(HCO3•) ) 3.95 eV, consistent
with the large resonance stabilization expected for the anion.

Overall, on the basis of the thermochemistry, H2CO3 behaves
in the gas phase as a normal carboxylic acid with the expected
OH substituent effects.

Hydration Reaction Pathways of CO2. To facilitate the
comparison, we adopt the same notation reported previously22

to describe the stationary points. The letters Rn, TSn, and Pn,
with n ranging from 1 to 4, refer to the reactant precomplex,
transition state, and product complex, respectively. In the
labeling for transition structure TSn-m-p, m (with m e n)
stands for the number of water molecules actually involved in
the H transfer, whereas p indicates the pth structure of this
category. The results in Supporting Information show, for either
MP2 or CCSD(T), that the effects of enlarging the one-electron
basis set are small and, in addition, that most of the correlation
energy effects on these energy differences are recovered at the
MP2 level as long as the augmented basis sets are used. Tables
4 and 5 list the calculated enthalpies, entropy variations, and
free energies of complexation, reaction, and activation. Apart
from the expected differences in absolute values, these ther-
mochemical parameters follow the qualitative trends discussed
previously.22,27 In the following discussion, unless otherwise
noted, we will employ the relative energies derived from
calculated heats of formation at 0 K tabulated in Table 1 for
systems with n ) 1, 2, and 3, and from the estimated CCSD(T)/
CBS + ZPE for the n ) 4 system.

Hydration Reaction for n ) 1. The hydration of carbon
dioxide by a single water molecule has been the subject of a
large body of theoretical studies.16-20,22,23,26 Figure 1 illustrates
the potential energy profile and summarizes the main geometric
features of TS1. The T-shape of the weak CO2-H2O complex
R1 in the gas phase has been observed by microwave and
molecular beam electric resonance (MBER),63 and infrared64

spectroscopies and confirmed by numerous quantum chemical
calculations.65 Previous results for the complexation energy of
R1 range from 2 to 8 kcal/mol with respect to the separated
reactants.65 The most recent binding energy obtained using the
MP2/aug-cc-pVTZ method with both basis set superposition
error (BSSE) and ZPE corrections amounts to 1.8 kcal/mol,

consistent with our present value of 1.9 kcal/mol at 0 K. The
binding energy is reduced to 1.7 kcal/mol at 298 K.

The hydration involving the prereaction complex R1 yielding
s-a H2CO3 P1 as product is an endothermic process (8.7 kcal/
mol), and there is a substantial energy barrier of 51.6 kcal/mol
via TS1 (49.7 kcal/mol relative to separated reactants). Recent
CCSD(T)/VTZ calculations predicted values of 7.4 and 51.3
kcal/mol (relative to separated reactants), respectively, and G2-
type calculations predicted comparable values of 8.0 and 52.8
kcal/mol (relative to separated reactants).27 The earlier QCISD(T)/
6-31G** complexation energy is 2.922 (2.7)23 kcal/mol; the
barrier from the complex is 51.122 (50.8)23 kcal/mol, and the
barrier from separated reactants (CO2 + H2O) is 48.322 (48.1)23

kcal/mol. Note that there is a cancelation of errors if one uses
the activation energy from the complex between all of the
methods. This is likely due to BSSE in the smaller basis set
calculations. As shown in Supporting Information, there are only
small basis set effects on reactions with CO2 and 1 or 2 H2O
molecules on the order of 1 kcal/mol if diffuse functions are
included even at the double-� level. There are differences of
up to 2 kcal/mol for the reactions of CO2 with 3 or 4 H2O
molecules as long as diffuse functions are included.

To probe further the electronic mechanism of the concerted
addition of water into carbon dioxide, we analyzed the topology
of the electron density of TS1 using the atoms-in-molecules
(AIM)66 and the electron localization function (ELF)67,68 ap-
proaches. The graphical representation of ELF provides a
qualitative picture of the molecular basins where electron pairs
are concentrated. The integrated electron populations of basins
provide a measure to quantify the inherent chemical bonds. Both
AIM and ELF calculations were performed at the B3LYP/aug-
cc-pVDZ level to generate the electron densities. The Wiberg
indices (WI) and NBO atomic charges were also calculated at
the same level, and the results are summarized in Figure 2. As
expected, TS1 has a bond critical point (BCP) between both

Figure 5. MP2/aVTZ optimized intermolecular distances of two
prereaction complexes R3-3 and R3-2 of the CO2 + 3H2O addition
pathways. In brackets are the binding energies, in kcal/mol, obtained
from calculated heats of formation with respect to the separated reactant
molecules.

Figure 6. MP2/aVTZ optimized parameters of six TS’s related to the
CO2 + 3H2O pathways. In brackets are the relative energies, in kcal/
mol, obtained from calculated heats of formation with respect to the
separated reactant molecules.
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migrating H and O atoms and a ring critical point for the COHO
four-member ring. Within this cycle, both the forming (CO-H)
and breaking (HO-H) O-H bonds have similar bond orders
(WI ) 0.33), whereas formation of the C-OH bond is more
advanced (WI ) 0.54). Basins covering large domains are
located around the O atoms rather than smaller basins for
separated lone pairs. When the transition state is reached, part
of the electron transfers from the O basin to an H atom to form
a H basin with a population of 0.40 electron. The AIM and
ELF maps are consistent with each other indicating a large
positive charge of the migrating H atom of ∼+0.6. Thus, the
hydrogen is best considered as a proton moving between the
lone pairs of the two O ends that bear large negative charges.
This interaction makes the volume of the lone pair basins smaller
than normal.

The influence of bulk aqueous solution on the CO2 + H2O
reaction pathway has been previously studied.20,22,26 The
methods employed to probe the solvation effects varied from
single-point PCM calculations using the gas-phase optimized
structures, to full geometry reoptimization of the stationary
points using the self-consistent reaction field (SCRF) methods,
and Monte-Carlo dynamics simulations. We have used the
continuum COSMO approach (Table S9) at the MP2/aVTZ level
to predict the effects of solvation on the reaction. We also tested
the use of B3LYP/aVTZ with COSMO (Table S9) and found
that the absolute electrostatic contribution to the solvation energy
differences are within 1 kcal/mol of the COSMO/MP2/aVTZ
values except for R2 which differs by 1.4 kcal/mol. By using
gas phase MP2/aVTZ optimized geometries, single-point PCM-
COSMO calculations at the MP2/aVTZ level give solvation
energies in water of -6.6, -7.4, and -10.0 kcal/mol for the
stationary structures R1, TS1, and P1, respectively. These are
in good agreement with previous results22 in that the neutral
H2CO3 is slightly more stabilized in polar aqueous solution. This
is consistent with the size of the dipole moments obtained at
the MP2/aVTZ level of 2.39, 2.92, and 3.39 D for R1, TS1,
and P1, respectively, as the larger dipole moment should lead
to a higher polarization and a larger solvation energy. This
makes the addition process less endothermic by 3.4 kcal/mol,
and the induced polarization of TS1 does not lead to a
significantly larger stabilization. As a result, the free energy
barrier at 298 K for H2O addition to CO2 (R1f TS1) is reduced
by only 0.8 kcal/mol by the presence of the solvent. A similar
reduction of 0.8 kcal/mol was previously obtained from
MP2(SCRF)/6-31G(d,p) calculations using the simpler Onsager
model.22 Even though the barrier reduction is the same in both
cases, one should not assume that the simpler model will work
as well for other cases without substantial testing.

Unimolecular decomposition of isolated H2CO3 P1 is a high
energy process with an energy barrier of 41.0 kcal/mol via TS1.
The water continuum model tends to stabilize H2CO3 more than
the TS, which increases the free energy barrier by 2.6 kcal/mol
at 298 K.

Hydration Reaction for n ) 2. The calculated results are
summarized in Figure 3. Preassociation of CO2 with two water
molecules leads to a six-member cyclic complex R2 with a
complexation energy of 6.6 kcal/mol at 0 K (7.1 kcal/mol at
298 K). Earlier QCISD(T)/6-31G(d,p) + ZPE calculations
predicted a much larger binding energy of 10.522 (9.9) kcal/
mol with the difference from the more accurate values being
due to BSSE. Note that there is no BSSE in the CBS
extrapolations. Our present CCSD(T)/CBS calculations on the
water dimer are the same as our previous MP2/CBS calcula-
tions69 showing that the electronic binding energy of (H2O)2 is

about 5.0 kcal/mol. Including a ZPE correction of 2.2 kcal/
mol, the resulting adiabatic complexation energy of water dimer
is 2.8 kcal/mol at 0 K (see Table 2). The computational/
experimental estimate for the binding energy is 3.59 ( 0.5 kcal/
mol with an entropy of association of -18.59 ( 1.3 cal/mol-K
at 373 K.70 If we include all of the corrections, we obtain binding
energies of 2.7 and 3.2 kcal/mol at 0 and 298 K, respectively,
and an entropy of -20.3 cal/mol-K (Table 2).

The second water enhances the interaction with CO2. The
binding energy of R2 with respect to the separate molecules
(CO2 + 2H2O) is 6.6 kcal/mol at 0 K; this binding energy is
less exothermic when it is calculated with respect to the H2O
dimer, 3.9 kcal/mol (Table 4). It is well-established that the
second water molecule is a bifunctional acid-base catalyst
accelerating H-atom transfer by a six-member cyclic transition
structure.16,18 As shown in Figure 3, this behavior leads to a
lower barrier height of 26.4 kcal/mol from separated reactants
and 33.0 kcal/mol from prereaction complex R2. Previous
calculations at the QCISD(T)/6-31(d,p) + ZPE level resulted
in barriers of 22.022,23 from the separated reactants and
32.5(31.9) kcal/mol from the complex. At the CCSD(T)/VDZ
level, the barrier height from CO2 + 2H2O is 34.7 kcal/mol,
clearly too large as compared with the CCSD(T)/CBS value.
Although the barriers from the complex at the QCISD(T)/
6-31G** level are comparable to the CCSD(T)/CBS value, the
lower level calculation overestimate the binding energy for R2,
and hence the barrier to separated reactants is too low.

The H2CO3 P1 is stabilized by one water molecule giving
complex P2 with a binding energy of 6.7 kcal/mol so that P2
is only 2.0 kcal/mol above the CO2 + 2H2O limit. Water-assisted
decomposition of H2CO3 starting from P2 through TS2 becomes
more favored with a lower energy barrier of 24.4 kcal/mol
(Figure 3).

The electron distribution from the AIM and ELF maps
displayed in Figure 4 confirms the partial forming and breaking
of the bonds when the supersystem reaches TS2. The six-
member cyclic character of TS2 is supported by the presence
of an RCP, and the existence of bonds is suggested overall by
BCP’s. The corresponding bond indices vary from 0.2 to 0.6,
showing again that the new C-O bond is formed before the
new O-H bond. This provides further support for the asyn-
chronous character of bond formation within the concerted
addition/H-transfer process. All oxygen centers are negatively
charged, whereas all H atoms, migrating or not, bear large
positive charges. A global charge transfer of ∼0.3 electron
occurs in the direction from 2H2O to CO2, consistent with the
nucleophilic character of the addition reaction. In TS2, besides
the (O f H) basins already present in TS1, the lone pair basin
of O(CO2) interacts with the valence O-H basin of the second
water to form a common block, and this interaction reduces

Figure 7. Potential energy profiles for two channels of the CO2 +
3H2O addition reaction at 0 K. Relative energies given in kcal/mol
obtained from calculated heats of formation.
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their respective volume. We find that the larger the interaction,
the smaller the volume basin. Both AIM and ELF representa-
tions of electron density show that, at TS2, an important
reorganization occurs within the water moiety. The electron
density around the second water molecule changes in order to
prepare for the subsequent proton relay.

We calculated solvation energies of -8.6, -14.0, and -12.9
kcal/mol for R2, TS2, and P2, respectively. Thus, relative to the
gas phase values given in Figure 3, the free energy barrier for the
R2f TS2 pathway is reduced by 5.4 kcal/mol, with a predicted
free energy barrier of 31.2 kcal/mol in water at 298 K. The barrier
to water-assisted concerted decomposition of H2CO3 is not
substantially improved by the electrostatic interactions of the bulk
solvent as the free energy barrier at 298 K for the P2 f TS2
channel is decreased by only 1.1 kcal/mol.

Hydration Reaction for n ) 3. Figure 5 displays the shape
and important intermolecular parameters of both precomplexes
R3-3 and R3-2 optimized at the MP2/aVTZ level. R3-3 can
be regarded as a complex arising from interaction of a
CdO(CO2) bond with a cyclic water trimer. CO2 approaches
from above the trimer in a nearly perpendicular manner to the
plane composed by three water oxygen atoms. Different H and
O centers in R2 remain available for H-bonded interactions with
the third water molecule, so several complexes could be formed.
We confirm that R3-2 constitutes the most stable form with
these types of interactions although it is less stable than R3-3.
R3-2 is built from R2 with the third H2O forming an additional
H bond with the second CdO(CO2) bond, which is free in R2.
R3-2 can be generated from R1 by adding two water molecules
to two different sides. As a result, the three water molecules
form a nearly linear chain in which the central H2O uses both
H atoms as H-bond donors. R3-2 can equally be regarded as
a complex with two water dimers, but it is not fully symmetrical
due to the slight distortion of the central water.

It is well-established that the most stable structure of water
trimer is a triangular ring.71 Extensive MP2/aug-cc-pV6Z
calculations72 led to an electronic binding energy of 15.9 kcal/
mol for the cyclic water trimer without ZPE corrections. Our
calculations agree with this value and the adiabatic binding
enthalpy of water trimer of 10.1 kcal/mol with respect to 3 H2O
(Table 2), based on heats of formation at 0 K. The interaction
of the trimer with CO2 as shown in R3-3 leads to a further
stabilization. R3-3 is 13.3 kcal/mol more stable relative to the
separated reactants. Thus, complexation of CO2 to (H2O)3 gives
rise to an additional stabilization of 3.2 kcal/mol (Table 4). With
a complexation energy of -10.2 kcal/mol, R3-2 is 3.1 kcal/
mol less stable than R3-3 in the gas phase.

We found six transition states at the MP2/aVTZ level for
the reaction of three H2O with CO2 as shown in Figure 6. These
transition states can be categorized as having two H2O molecules
directly involved in the TS with the third water molecule in the
first solvation shell leading to TS3-2-1, TS3-2-2, and
TS3-2-3. In the second set of TS’s, there are three H2O
molecules intimately involved in the proton transfer step,
TS3-3-1, TS3-3-2, and TS3-3-3. As confirmed by
intrinsic reaction coordinates (IRC)73 calculations at the HF/
aVDZ level, all TS3-3’s connect with the more stable R3-3,
and the TS3-2’s connect to the less stable R3-2. Additional
transition states may be present, but we did not find them. To
facilitate comparison, relative energies with respect to the
separated molecules are also given in Figure 6. The main
geometrical features of the TS’s have been analyzed in detail
previously.22,23,26 One type of TS’s (TS3-3) differ from each
other by the spatial orientation of water hydrogen atoms,

whereas the site of H-bonded interactions of the third water
molecule makes the difference in the other type of TS’s
(TS3-2). For example, TS-3-3-1 has a H1O5-cis and H3H5-
trans conformation; TS3-3-2 has a H1O5-cis and H3H5-cis
conformation, and TS3-3-2 has a H1O5-gauche and H3H5-
cis conformation. Our extensive searches on the potential energy
surface confirm the earlier results22,23,26 that TS3-3-1 and
TS3-2-1 correspond to the lowest-energy structures in their
respective categories. For TS-3-3, there is a relatively short
distance of 1.53-1.55 Å for the forming C-O bond and an
elongated distance of 1.33-1.40 Å for the broken O-H bond
(as compared to the corresponding distances in TS2). This
geometrical feature is consistent with formation of the (HO-
CO2)- anion and the H-OH2-OH2

+ cation. Compared with
TS2, H-bonded interactions of the third water in TS3-2-1 lead
to small geometrical changes with the core six-member ring.
The main features of the structure regarding the H-transfer
mechanism remain in fact unchanged.

The relevant gas phase potential energy profiles are schemati-
cally summarized in Figure 7. TS3-3-1 and TS3-2-1 are
found to be almost energetically equivalent, 15.7 and 15.4 kcal/
mol above the isolated reactant molecules (CO2 + 3H2O),
respectively. The energy barrier for the first channel from the
complex R3-3f TS3-3-1 is calculated to be 29.0 kcal/mol.
Because the precomplex R3-3 is more stable than R3-2, the
second channel going through R3-2f TS3-2-1 is character-
ized by a smaller energy barrier of 25.6 kcal/mol. In comparison
to the energy barrier of 33.0 kcal/mol for the process with two
H2O via R2 f TS2 (Figure 3), both channels show that the
effect of an additional water molecule is non-negligible in the
gas phase.

The barrier for R3-3 f TS3-3-1 has been reported to be
31.8 kcal/mol at the QCISD(T)/6-31G** level, and the barrier
for R3-2f TS3-2-1 is 24.1 kcal/mol. Although these values
are comparable to the CCSD(T)/CBS values, the shape of the
potential energy surface is incorrect at the lower level. The
complexation energy for R3-3 is 22.0 kcal/mol, and that for
R3-2 is 15.4 kcal/mol at the QCISD(T)/6-31G** level which
are too large by 5 to 7 kcal/mol. Hence, the barriers with respect
to separated reactants (CO2 + 3H2O) of 9.8 kcal/mol for TS-
3-3-1 and 8.7 kcal/mol for TS3-2-1 at the QCISD(T)/
6-31G** level are too low by 5 to 7 kcal/mol. The CCSD(T)/
VDZ value27 of 31.6 kcal/mol for TS3-3 is far too high as
compared with the CCSD(T)/CBS value.

Before considering solvent effects, we analyze the electronic
reorganization accompanying the two channels. Figure 8
displays the AIM and ELF maps for both TS3-3-1 and
TS3-2-1. As found in the geometrical parameters, there is a
nearly complete addition of an OH group to CO2, and TS3-3-1
is basically split into two moieties having opposite net charges.
The (HOCO2) moiety has a negative charge of -0.8 e and the
(H2O-H-OH2) moiety is positively charged by the same
amount. Again, we predict an electron transfer in the direction
of (H2O)3f CO2. The basin defining the central H atom of the
water moiety contains little electron density (Figure 8b), so that
it can be considered as a proton interacting with two water
molecules as found for the (H5O2)+ cation in the form of a
Zundel-ion.74 TS3-3-1 closely resembles an ion pair formed
from the bicarbonate anion (HCO3)- and the protonated water
dimer (H2O-H-H2O)+. The two interfragment bonds are
characterized by small bond indices of ∼0.2 (Figure 8a). The
electronic landscape in TS3-2-1 differs from TS3-3-1 but,
as expected, is comparable to that of TS2. Only negligible
charge transfer takes place between the third water and the rest
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of the supermolecule containing the TS2 core. This weak
interaction leads to only small changes in the electronic
distribution.

Our COSMO calculations predict solvation energies of -9.6
and -11.6 kcal/mol for R3-3 and R3-2, respectively. R3-2
is stabilized more strongly than R3-3 by electrostatic forces
so that both structures could be present in aqueous solutions.
This is consistent with the dipole moments of R3-2 (1.92 D)
and R3-3 (1.26 D). We attempted to find reaction paths that
connect R3-3 and R3-2, but we were not successful in
identifying a relevant pathway for water migration in the gas
phase clusters. Because of the pseudo-ion pair character of the
TS3-3’s, solvation by a polar solvent is expected to be
substantial. Our COSMO calculations result in solvation energies
of -19.3, -20.0, and -23.0 kcal/mol for TS3-3-1,
TS3-3-2, and TS3-3-3, substantially larger than the solva-
tion energy of -14.9 kcal/mol predicted for all three TS3-2’s.
This is consistent with the dipole moment for TS3-3-1 of 6.51
D being larger than the dipole moment of 4.37 D for TS3-3-2.
As TS3-3-1 and TS3-3-2 have approximately the same
energy in the gas phase, the energy of TS3-3-1 in solution is
decreased relative to that of TS3-3-2 by 4.2 kcal/mol relative
to the separated reactants. In the gas phase at 298 K, the free
energy difference between R3-2 and TS3-2-1 is 30.6 kcal/
mol, and that between R3-3 and TS3-3-1 is 3.0 kcal/mol.
In solution, R3-2 is stabilized by solvent effects more than
R3-3, whereas TS3-2-1 is stabilized less than TS3-3-1 by
the solvent. In solution, we predict that the free energy difference
between TS3-3-1 and R3-3 is 22.3 kcal/mol and that between
TS3-2-1 and R3-2 27.3 kcal/mol, so that TS3-3-1 is the
more accessible transition state in solution. The active participa-
tion of the third water molecule contributes more efficiently to
the catalytic action than as an interacting spectator.

The H-bonded complexes P3-3 and P3-2 between H2CO3

P1 and two additional water molecules are calculated to be 4.5
and 7.5 kcal/mol below the separated CO2 + 3H2O limit,
respectively. The hydration reaction becomes slightly exothermic

but remains endothermic when starting from the precomplexes
R3-3 and R3-2. The energy barriers for water-assisted
decomposition of H2CO3 P3-3 f TS3-3-1 and P3-2 f
TS3-2-1 are calculated to be 20.2 and 22.9 kcal/mol,
respectively, in the gas phase. In ref 27, an energy barrier of
24.0 kcal/mol was derived from CCSD(T)/aVDZ computations
for the P3-3 f TS3-3-1 pathway. Our COSMO-PCM
calculations with the bulk water continuum predict solvation
energies of -15.1 and -12.7 kcal/mol for P3-3 and P3-2,
respectively. Inclusion of these solvent effects leads to a free
energy barrier at 298 K for P3-3 f TS3-3-1 of 17.4 kcal/
mol in solution and for P3-2 f TS3-2-1 of 22.1 kcal/mol
in solution.

Hydration Reaction for n ) 4. We first examine the shape
and energetics of the water tetramer. The rotation-vibration
spectra of this oligomer has been measured and analyzed in
detail,75 and its molecular properties have been the subject of
several quantum chemical studies.76,77 Our calculations concur
with the earlier findings that the most stable form of (H2O)4 is
a cycle having S4 point group symmetry. Each monomer acts
as a single H-bond donor and acceptor in which one hydrogen
is H-bonded in the ring framework and one is relatively free to
distort around the OH-O axis. The free H atoms are alternately
up and down with respect to the O-O-O-O square.

The stability of the water tetramer has been predicted using
MPn (n ) 2-4) perturbation theory, with various basis sets.76,77

Xantheas et al.78 found MP2/CBS electronic binding energies
of 5.0, 15.8, and 27.6 kcal/mol, for the water dimer, trimer,
and tetramer, respectively. Our MP2/CBS respective values of
5.0, 16.0, and 27.9 kcal/mol are in excellent agreement with
these values. The CCSD(T)/CBS respective values are 5.0, 15.9,
and 27.5 kcal/mol (Table 2) showing that the effects of
correlation energy beyond second-order are small, <0.5 kcal/
mol decreasing the complexation energy, consistent with previ-
ous results. Relative to the water trimer discussed in the
preceding section, the CBS complexation energy of the water
tetramer represents an additional stabilization of ∼9 kcal/mol,

Figure 8. (a) AIM and (b) ELF of TS3-3-1 and (c) AIM and (d) ELF of TS3-2-1. ELF (isosurface ) 0.88), natural charges, and Wiberg index
orders (in parentheses) were calculated at the B3LYP/aug-cc-pVDZ level. See Figure 2 for legend of colors.
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yielding a larger increment of -4.8 kcal/mol for H-bond energy
per monomer. By considering the cyclic (H2O)4 as a dimer of
(H2O)2, the dimerization energy of the latter amounts to -13.6
kcal/mol.

To simplify the presentation of data, we focus in this section
only on the reactants and corresponding TS’s for the water
addition to CO2. As in the case of smaller clusters for n ) 2
and 3, the products are complexes between H2CO3 and water
molecules and do not strongly influence the addition mechanism.
Figure 9 displays selected MP2/aVTZ optimized geometries of
four reactant precomplexes labeled as R4-4-1, R4-4-2,
R4-3, and R4-2, and five transition states labeled as TS4-4,
TS4-3-1, TS4-3-2, TS4-3-3, and TS4-2. Additional
complexes may be present, but we did not find them. Relative
energies calculated using different methods are summarized in
Table 6 and Table S7 of the Supporting Information. The
differences between the energies obtained at all levels, except
for MP2/aVDZ, fall within a small range of (1.0 kcal/mol with
respect to the best estimates derived at the CCSD(T)/CBS level.

We located two precomplexes R4-4 in which the water
tetramer conserves its most stable structure and approaches the
CO2 in a nearly parallel plane. The main difference between

the two consists in the site of H bond to CO2, which can be
considered as lateral in R4-4-1 and central in R4-4-2. The
intermolecular C-O distance of the bond to be formed is long,
∼2.9 Å. Only the structure R4-4-1 was reported in previous
studies.27,31 In R4-3, trimeric water approaches a CdO bond,
and the fourth water forms via H bonds with both entities in
such a way that a water dimer appears to exist and interacts
with the second CdO bond of CO2. A similar feature is observed
for R4-2 in which a dimer moiety and a trimer moiety joined
by a common water molecule, preassociate each with a CdO
bond. Each of the complexes denoted R4-3 and R4-2 could
be the starting point for the addition of either a dimer or a trimer
to a CdO bond.

Of the four precomplexes considered, R4-4-1 is the most
stable form, marginally lower in energy than R4-4-2 by 0.2
kcal/mol and ∼4 kcal/mol more stable than R4-3 and R4-2,
which have similar energies. R4-4-1 has a complexation
energy of 22.3 kcal/mol. By considering the value of 19.4 kcal/
mol obtained for (H2O)4 at the same level of calculation,
interaction of (H2O)4 with CO2 leads to an additional stabiliza-
tion of 2.9 kcal/mol in R4-4-1. The smaller complexation
energies of 18.4 and 18.1 kcal/mol in R4-3 and R4-2,
respectively, are due to water clusters with higher energies.

Starting from both R4-4 complexes, we found only one
TS4-4 (Figure 9) which has been observed in previous
calculations.22,27 An interesting feature of TS4-4 is the
emergence of a compact block between CO2 and two water
molecules. The remaining two waters are only loosely bound,
even though they are in the TS cycle and effectively take part
in the H transfer. Several structures belonging to the class
TS4-3 have been found, and three of these (Figure 9) are the
lowest-energy and most representative forms. TS4-3-1 is
composed of TS3-3-1 (Figure 5) with the fourth water
undergoing complex formation at the H1OCO5 site. TS4-3-2
is related to TS3-3-2 with the interaction of the additional
water in the vicinity of the ring. A similar result is found for
TS4-3-3, which is derived from TS3-3-3. TS4-3-3 is the
lowest energy structure and clearly has a water molecule
solvating both the cationic (H3OH2O+) and anionic (HCO3

-)
parts of the ion pair formed in the transition state. Again, the
difference between TS4-3-2 and TS4-3-3 resides in the
appearance of a (CO2-H2O-H2O) block in the former and a
(HCO3

-/H3OH2O+) ion pair in the latter. TS4-2 clearly arises
from TS2 (Figure 3) with the two extra water molecules
interacting by H bonds in two distinct regions of the complex.
In all cases, the free water hydrogen bonds with a TS3-3 or
TS2 from different regions giving rise to a spectrum of higher
energy transition states. Additional transition states may be
present in such a complex system with weak interactions, but
we did not find them.

All of the transition state energies (Figure 10) lie only 1.8 to
6.8 kcal/mol, as compared with the separated reactant limit (CO2

+ 4H2O). Of the three different types of transition states, the
three TS4-3’s are consistently lower in energy than TS4-4
and TS4-2. In particular, all of the TS4-3′s are energetically
quite close to each other. From results listed in Table 6, the
energy barriers of the main paths of CO2 + 4H2O are

R4-4-1fTS4-4:E*) 27.4 kcal ⁄ mol (6a)

R4-3fTS4-3-1:E*) 22.3 kcal ⁄ mol (6b)

R4-3fTS4-3-2:E*) 20.5 kcal ⁄ mol (6c)

R4-3fTS4-3-3:E*) 19.9 kcal ⁄ mol (6d)

Figure 9. MP2/aVTZ optimized parameters of stationary points for
CO2 + 4H2O. Relative energies in kcal/mol in brackets obtained from
CCSD(T)/aug-cc-pVTZ + ZPE calculations with respect to the
separated reactant molecules.
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R4-2fTS4-2:E*) 25.2 kcal ⁄ mol (6e)

The most stable complex R4-4-1 leads to a reasonably high
barrier of 5.1 kcal/mol relative to separated reactants and a quite
high barrier relative to R4-4-1, just slightly below that for
the reaction of three H2O molecules through the stable complex
R3-3 with a barrier of 29.0 kcal/mol. If complex R4-3 can
be formed, Reaction 6d is the most favored pathway with the
lowest energy barrier. This is due to a combination of a higher
energy precomplex and a lower energy transition state. If starting
from R4-4-1, there is a path to R4-3 and the barrier would
be reduced to 24.1 kcal/mol.

A number of conclusions can be drawn from these results.
The fact that TS4-3-1 is 2.5 and 1.8 kcal/mol higher in energy
than TS4-3-3 and TS4-3-2 is not consistent with the
TS3-2-1 structure where the additional water prefers to
interact with the HOCO moiety. This result is consistent with
the higher energy of TS4-2, which involves both sites of H
bonds. The small energy difference of 0.6 kcal/mol between
TS4-3-2 and TS4-3-3 suggests that both types of H-transfer
mechanisms, the compact block and ion pair, are operative and
in competition with each other. A comparison of the energies
of TS4-4 and TS4-3-2, which have the same type of block,
shows that the effect of the fourth water molecule on TS3-3
is larger if it hydrogen bonds to the complex rather than by
direct involvement in the H-transfer process. This result suggests
that participation of more water molecules beyond n ) 3 in the
cyclic TS will not lower the barrier and could be counter-
productive. Gas phase CO2 hydration with more than three water
molecules involves the direct participation of three water
molecules in the cyclic TS with additional molecules preferring
to solvate the complex.

Previously, Nguyen et al. found only TS4-4 and predicted
a barrier height of 7.2 kcal/mol from CO2 + 4H2O at the MP2/
6-311++G** level and a complexation energy of 24.9 kcal/
mol. The barrier with respect to the complex of 32.0 kcal/mol
is about 5 kcal/mol above the CCSD(T)/CBS value. In their
calculations on smaller clusters, their QCISD(T)/6-31G**
results had barriers that were ∼7 kcal/mol below the MP2/
6-311++G** values so there may be no barrier present with
respect to separated reactants. Liedl et al. find barriers of 29.1,
29.8, and 32.7 kcal/mol from CO2 + 4H2O for structures similar
to TS4-4, TS4-3-1, and TS4-3-3, respectively at the
CCSD(T)/VDZ level. These barriers are far too high as
compared with the CCSD(T)/CBS values.

Our COSMO calculations show that the solvation energies
of all of the prereaction complexes R4 are comparable, ∼-12
kcal/mol, with a small advantage for R4-2. Among the TS’s,

TS4-3-1 has the largest solvation energy (-19.4 kcal/mol),
and TS4-2 has the smallest solvation energy (-15.1), with
intermediate values for TS4-3-2 (-15.8), TS4-4 (-16.1 kcal/
mol), and TS4-3-3 (-18.3). The reaction barriers for reactions
6a-e are all decreased in aqueous medium, and the preference
for the reactions 6b and 6d is even larger. The free energy barrier
for reaction 6d (TS4-3-3) is reduced by 6.5 kcal/mol, yielding
a free energy barrier at 298 K of 19.0 kcal/mol for the hydration
reaction CO2 + 4H2O in bulk water starting from the unstable
R4-3 complex. Adding the energy difference between R4-4-1
to R4-3 gives a free energy barrier of 23.2 kcal/mol, very
similar to the corresponding value of ∼22.3 kcal/mol for the
solvated CO2 + 3H2O system from R3-3 through TS3-3-1.

Conclusions

We have investigated the different thermochemical parameters
of carbonic acid and the stationary points on the neutral
hydration pathways of carbon dioxide, CO2 + nH2Of H2CO3

+ (n - 1)H2O, with n ) 1-4, by using high accuracy electronic
structure calculations. We find a high energy barrier of ∼50
kcal/mol for the addition of one water molecule to CO2 (n )
1). In agreement with previous studies, this barrier is lowered
in cyclic H-bonded systems of CO2 with water dimer and water
trimer in which preassociation complexes are formed with
binding energies of ∼7 and ∼13 kcal/mol, respectively. For n
) 2, a trimeric six-member cyclic transition state has an energy
barrier of ∼33 kcal/mol in the gas phase at 0 K and a free energy
barrier ∼31 kcal/mol in water as modeled by a continuum
solvent, at 298 K relative to the precomplex.

For n ) 3, two reactive pathways were found. One path
proceeds through TS3-3-1 in which all three water molecules
form an eight-member cycle and has a structure consistent with
partial ion pair formation. In the second path through TS3-2-1,
the third water molecule does not directly participate in the H
transfer but solvates the reaction region by H bonds with the n
) 2 stationary points. In the gas phase, the third water molecule
equally lowers the energy of the transition state either by direct
participation in the supermolecule (TS3-3-1) or via micro-
solvation by H bonds (TS3-2-1). In an aqueous medium, the
path through TS3-3-1 becomes energetically more favored
and is likely to be predominant. Relative to the precomplex of
CO2 + 3H2O, we predict an energy barrier of ∼29 kcal/mol in
the gas phase at 0 K and a free energy barrier of ∼22 kcal/mol
in aqueous solution at 298 K. The presence of the ion pair type
structure in TS3-3-1 suggests that the reaction in solution
could form HCO3

-. The pKa of carbonic acid in aqueous
solution is 6.4,79 which would be consistent with the formation
of such an anion in aqueous solution at neutral pH. We are
planning to study the direct formation of HCO3

- in larger water
clusters.

For n ) 4, the transition state incorporating all four water
molecules is slightly higher in energy than the transition state
in which only a three-water chain takes part in the reaction with
the fourth water molecule microsolvating the transition state
complex by H bonds. The transition state incorporating only
two active water molecules is also energetically less favored.
Thus, incorporation of three water molecules in the hydrating
chain is necessary, but beyond n ) 3, additional water molecules
no longer reduce the activation energy through direct involve-
ment in the proton transfer process. Relative to the CO2 + 4H2O
precomplex, an energy barrier of ∼20 and a free energy barrier
of ∼19 kcal/mol were predicted in the gas phase at 0 K and in
water solution, at 298 K respectively.

Carbonic acid and its water complexes are consistently higher
in energy (by ∼6-7 kcal/mol) than the corresponding CO2

Figure 10. Potential energy profile for the CO2 + 4H2O addition
reaction at 0 K. Relative energies in kcal/mol obtained from estimated
CCSD(T)/CBS and MP2/aVDZ scaled frequencies.
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complexes and can undergo a more facile water-assisted
dehydration processes. In summary, our high accuracy calculated
results clearly confirm the crucial role of a direct participation
of three water molecules (n ) 3) in the eight-member cyclic
transition state for CO2 hydration and show the important effects
induced by the solvent via both microsolvation by water
molecules and electrostatic stabilization by the continuum.
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