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Abstract Calculations at the B3LYP/6-311?G**,

MPW1K/6-311?G**, and MP2/6-311?G** level theory

were carried out for the CO2 ? nH2O ? H2CO3 ? (n - 1)

H2O chemical reaction, where n denotes the number of

water molecules. For n = 1, 2, 3, and 4 water molecules, a

concerted path (without intermediates) for the formation of

H2CO3 was obtained. For n = 6(3 ? 3) and n = 8(4 ? 4)

water molecules, the MPW1K and B3LYP/6-311?G**

SCRF = PCM methods resulted in an ion-pair intermedi-

ate being formed. Here, ?3 or ?4 stands for the three or

four catalytic water molecules. The catalytic water mole-

cules are distinguished from the reaction participating ones

(either three or four). For n = 3 ? 5 and n = 3 ? 10, two

ion-pair intermediates were obtained using both the

B3LYP and MPW1K DFT methods. In order to check the

method and model dependence, furthermore, n = 3 ? 17

and n = 3 ? 27 reacting systems were examined. Here, a

likely mechanism of formation and electrolytic dissociation

of carbonic acid was found. First, the O2C–OH2 complex is

formed. Second, it is isomerized to the Zundel cation

H5O2
?. Third, the cation is converted to the carbonic acid.

The isomerization, i.e., proton transfer, was computed to

occur along the hydrogen-bonded network of the pentagon

shape.

Keywords DFT calculations � Ion pair � Zundel cation �
Hydrogen bond � Proton transfer � Transition state

1 Introduction

Carbonic acid HO–C(=O)–OH is known to be formed in

the reaction between carbon dioxide and water. The asso-

ciation equilibrium constant is 1.7 9 10-3 mol/L at 25 �C

(Scheme 1a) [1]. Carbonic acid is a weak acid and its

electrolytic dissociation constants KI and KII are small

(Scheme 1b) [2]. The primary question of whether the

association occurs after or occurs during the H2CO3 for-

mation remains unresolved (Scheme S1).

Many theoretical studies on the reaction, CO2 ?

nH2O ? H2CO3 ? (n - 1)H2O, have been carried out

[3–10]. Here, n is the number of water molecules and the

largest number to date has been 4. The result reported in

Ref. [7] is illustrated in Scheme 2. For n = 4, the gas-

phase RHF/6-31G** calculation was reported to give a

transition state (TS or ts) geometry for the concerted proton

transfer involving four water molecules. On the other hand,

the Onsager model reaction field (SCRF = dipole) RHF/6-

31G** calculation was reported to give a TS structure for

the n = 3 ? 1, where n = 3 ? 1 means that three water

molecules are involved in the concerted proton transfer

catalyzed by one water molecule. Thus, for n = 1, 2, 3, and

4, ion-pair intermediates corresponding to the electrolytic

dissociation were not clear for all the calculations made up

to now.

Investigation of the effect of the solvent on the structure

and various spectra of amino acids and peptides has shown
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that one needs to treat the solvent using explicit solvent

models, and that either isolated state (gas-phase) calcula-

tions which do not include the solvent or even continuum

solvent models which treat the solvent molecules

only implicitly are not adequate [11–27]. In particular,

Degtyarenko and coworkers showed that 20 water mole-

cules are necessary to completely solvate the L-alanine

zwitterion [25]. Thus, more than 20 water molecules are

probably required to examine the CO2 ? H2O reaction in

aqueous solution reliably. In a strongly interacting solvent

like water, there are many possible local minima.

Depending on the temperature, some of these may be sta-

ble, while others are very transient on the potential energy

surface. In spite of the complexity, the dominant bond

interchange will follow the hydrogen-bond directionality.

In this work, the reaction of CO2 ? nH2O ? H2CO3 ?

(n - 1)H2O was investigated systematically with n = 1, 2,

3, 4, 8, 13, 20, and 30. When the number of n increases, a

clear pattern of proton transfers involving the ion-pair

intermediates (int and INT) has been revealed. The

abbreviation, int, is used for models of n = 8 and 13, and

INT for those of n = 20 and 30.

2 Method of calculations

The reacting systems were investigated by density func-

tional theory calculations, and the Becke’s three-parameter

hybrid exchange correlation functional (B3LYP) [28, 29]

and the modified Perdew–Wang 1-parameter method for
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Fig. 1 The ts geometries optimized with B3LYP/6-311?G**,

\MPW1K/6-311?G**[, and MP2/6-311?G** for the reaction,

CO2 ? nH2O ? H2CO3 ? (n - 1)H2O. The calculated activation

free energies(DG�s) and the sole imaginary frequencies(m�s) are also

shown. Red dotted lines stand for bond interchange regions (forma-

tion or scission)

Scheme 1 Two well-known characteristics of carbonic acid, its

formation and electrolytic dissociation. Equilibrium and rate con-

stants are experimental data. Ref. [1, 2]

Scheme 2 TS geometries for the concerted reaction, CO2 ?

nH2O ? H2CO3 ? (n – 1)H2O, obtained by RHF/6-31G**

SCRF = dipole optimizations. Activation free energies are relative

to the energies of reactant complexes. Ref. [7]
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kinetics (MPW1K) [30] method were used. It is known that

the B3LYP method sometimes underestimates barriers for

proton-transfer reactions [31]. For this reason, we per-

formed additional geometry optimizations using the hybrid

exchange–correlation potential MPW1K, which was

parameterized to reproduce barrier heights for chemical

reactions. Also, the second-order Moeller-plesset pertur-

bation correlation (MP2) method [32] was used. Geometry

optimizations were carried out at the B3LYP/6-311?G**,

MPW1K/6-311?G**, and MP2/6-311?G** levels of

theory.

Transition states (ts’ or TSs) were sought first by partial

optimizations at proton-transfer regions. Second, by the use

of Hessian matrices, (eigenvalue following) TS geometries

were optimized. The optimized structures were character-

ized by vibrational analysis, where one checks whether the

Hessian matrix obtained at the optimized structures has a

single imaginary frequency (m�). From ts’ or TSs, reaction

paths were followed using the intrinsic reaction coordinate

method [33, 34] to obtain the energy-minimum geometries.

Relative Gibbs free energies DGs were obtained at

the B3LYP/6-311?G** SCRF = PCM [35–37]//B3LYP/
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Fig. 2 a The ts geometries for

the H2CO3 formation reaction.

Number of catalytic water

molecules are shown by ?1,

?2, ?3, and ?4. Four reactions

were calculated to be concerted.

b Ts geometries leading to ion-

pair intermediates. \MPW1K/

6-311?G** gas-phase[ and

[B3LYP/6-311?G**

SCRF = PCM] distances are

shown. m is the number of water

molecules linked with

HOCO2
-�H3O?

Theor Chem Acc (2011) 130:909–918 911

123



6-311?G** level of theory, and thermal corrections

(T = 298.15 K, P = 1 atm) to the Gibbs free energies

were included. For smaller models, n = 1, 2, 3, 4, 8, and

13, the notation of ts and int was used. For larger ones, n = 20

and 30, that of TS and INT was used. For the critical model

(the ion pair, present or absent), in Fig. 2, the M06 calculation

[38] was also carried out. The lowering of the activa-

tion energy by the tunnel effect was estimated by the use of the

Wigner’s equation ([39], see Supplementary material 2).

A sophisticated method to predict the reaction path was

put forth [40]. The method is an extension of the force

field–based conformational flooding procedure with an

accelerated barrier crossing of chemical reactions (flooding

potential). By the method, the ring opening and further

rearrangement reactions of two molecules, bicyclopropy-

lidene and methylenecyclopropane, were investigated.

Although it is reliable, the present system is too complex

for trajectory calculations. Therefore, in this work, the

geometry optimizations based on the hydrogen-bond

directionality were carried out.

All the calculations were carried out using the

GAUSSIAN 09 [41] program package. The computations

were performed at the Research Center for Computational

Science, Okazaki, Japan.

3 Results and discussions

Figure 1 shows ts geometries for n = 1, 2, 3, and 4. Here,

the procedure of recomputing the electronic wave function

for a changing nuclear geometry was employed to deter-

mine the potential energy surface on the basis of the adi-

abatic, i.e., Born–Oppenheimer approximation. As in the

previous studies [3–10], they are for the concerted H2CO3

formation. The n = 1 ? 0 ts, n = 2 ? 0 ts, n = 3 ? 0 ts,

and n = 4 ? 0 ts stand for single, double, triple, and

quadruple proton transfers, respectively. The DG� value of

n = 3 (= ?19.18 kcal/mol) is almost the same as that of

n = 4 (= ?19.88 kcal/mol). Next, the effect of catalytic

water molecules on the H2CO3 formation was examined.

The ts geometries of n = 1 ? 1, 2 ? 2, 3 ? 3, and 4 ? 4

are exhibited in Fig. 2a. For n = 1 ? 1 and 2 ? 2,

B3LYP/6-311?G**, MP2/6-311?G**, and \MPW1K/6-

311?G**[gave similar ts geometries. On the other hand,

for n = 3 ? 3 and n = 4 ? 4, the \MPW1K/6-

311?G**[ calculations led to different results different

from those of B3LYP/6-311?G** and MP2/6-311?G**.

The former ts geometries are shown in Fig. 2b, which lead

to ion-pair intermediates. B3LYP/6-311?G** SCRF =

PCM ts was also found to lead to them.

In Fig. 2a, apparently, ts of n = 4 ? 4 has the smallest

DG� value (= ?17.04 kcal/mol). Therefore, as an extended

model, the n = 4 ? 13 reaction was examined. In spite of

many attempts, the H2CO3 formation path could not be

obtained. Alternatively, as shown in Fig. 3, only an isom-

erization ts between two ion pairs was found. The absence

of the n = 4 based model is consistent with the result

shown in Scheme 2. The gas-phase n = 4 TS geometry

was reported to be transformed to the n = 3 ? 1 one by

the SCRF = dipole effect [7]. Hereafter, the n = 3 based

models were investigated. The way of constructing reaction

systems is illustrated in Scheme 3. The n = 3 reaction

center is surrounded stepwise by outer water molecules for

the model expansion, n = 3 ? 3 ? 2 ? 5 ? 7 ? 10. The

way of choosing energy-minimum structures in the present

system containing many water molecules is explained.

First, proton-transfer TS geometries involving the n = 3

reaction center and outer hydrogen-bonded water mole-

cules (in Scheme 3) were determined. Second, IRC cal-

culations toward two energy minima located at reverse

and forward sides were carried out. Third, geometry

Fig. 3 A ts geometry in the proton-transfer reaction of CO2 ?

(4 ? 13)H2O, O(19)–H(21)…O(40) ? O(19)…H(21)–O(40). The

anion moiety HCO3
- is retained in the reaction

Scheme 3 The CO2(H2O)n model employed in this work
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optimizations were conducted at the end of IRC calcula-

tions to arrive at the energy minimum of CO2 ? nH2O,

intermediates, and H2CO3 ? (n - 1)H2O. The local minima

on the complicated potential surface were selected on the

basis of the n = 3 reaction-center moiety. Protons that are

not concerned with the central moiety are connected

to outer water molecules. The connection obeys the

O–H…OH2 linearity, where the lone-pair orbital of the

oxygen atom is directed to the proton. The connection is

expanded in the way of Scheme 3, and the assumed

geometry was fully optimized.

Figure 4 exhibits reaction paths of n = 3 ? 5 and

n = 3 ? 10. Results of the two models were found to be

similar and are shown together. After the first transition

state, ts1, an ion-pair intermediate, int1, is formed. In int1,

HCO3
- and H3O? are involved. The species int1 is

isomerized to the second ion-pair intermediate, int2, via

ts2. Next, through ts3, int2 is converted to the carbonic

acid. The result in Fig. 4 demonstrated that ion pairs which

might lead to the electrolytic dissociation are generated

during the H2CO3 formation. Larger models than

n = 3 ? 10 need to be investigated to check the

generation.

Figure 5 shows a reaction of n = 3 ? 17. When a

water molecule is in contact with CO2 (at TS1), a complex

H2O–CO2 is formed at INT1. In INT1, a H2O ? CO2

coordination bond is involved. INT1 is isomerized to

INT2 via TS2. Noteworthy is the geometry of INT2,

where the Zundel cation H5O2
? [42] is formed with

O(10)…H(12) = \1.235 Å[and H(12)…O(25) = \1.388

Å[. The electronic charges displayed in Table S2 also

show the character. An INT2–INT3 isomerization takes

place at TS3. INT3 is an isomer of the Zundel cation, and

INT2 and INT3 are indistinguishable practically. From the

cation, the subsequent proton transfer (TS4) leads to the

carbonic acid. Figure 5 has indicated two characteristics.

ts1

CO2+ nH2O
n=3+10 (n=3+5)

H10

O9

H11

H32

H16
O3

O35

H34
H36

H33

O5

H2

O17

H31

O15
H4

H14

O1

H18

C12

O13

O19

H20

H21

H26

O25

H42

H27

H23

O40

H24

H41

O22

H38

O37

H30

O28

H39

H29

1.910Å (1.702Å)

1.013Å (1.154Å)

1.593Å (1.272Å)

1.184Å (1.208Å)

1.189Å (1.199Å)

2.398Å (2.107Å)
1.833Å (1.649Å)

0.980Å (1.001Å)

0.964Å (0.968Å)

<1.177Å (1.179Å)>

<1.903Å (1.740Å)>

<0.995Å (1.052Å)>

<1.164Å (1.187Å)>

<1.793Å (1.709Å)>

<0.967Å (0.977Å)>

<0.950Å (0.955Å)>

<1.595Å (1.405Å)>

<3.695Å (2.186Å)>

H8O6
H7

O6

H10

O3
H31

H8

H11

O9

H16

H7

H36

H39

H32

O35

H21
H18O17

H33

O37

O19

O5

H34

H38

H14

H30

H20

H4

H42

O28

O40

H2

O1

H29

H27

O15

H26

O25

H41

C12

O13

H23

O22

H24

3.164Å (2.808Å)

<1.746Å (1.799Å)>

<3.069Å (2.743Å)>

<1.782Å (1.707Å)>

<0.971Å (0.977Å)>

<0.972Å (0.968Å)>

<1.150Å (1.149Å)>

<1.146Å (1.148Å)>

1.801Å (1.728Å)

1.764Å (1.819Å)

1.158Å (1.160Å)

1.163Å (1.162Å)

0.983Å (0.989Å)

0.983Å (0.979Å)

int1

ts2

H10

O9

H11

H32

H8

H33

O5

O17

H16 O3

H4

H14

O6

O35

H2H7
H18

O1

H31

H34

O15
C12

H36

O13

O19

H20

H21

H26 O25

H27

O37

H39

H23

H38

H30

H42

O28

O22

O40

H24

H41

H29

+
1.077Å (1.082Å)

1.397Å (1.387Å)

1.261Å (1.270Å)

<1.073Å (1.073Å)>

<0.971Å (0.972Å)>

<1.780Å (1.766Å)>

<1.230Å (1.219Å)>

<1.249Å (1.257Å)>

<1.364Å (1.372Å)>

<0.982Å (0.988Å)>

<1.355Å (1.357Å)>

<1.695Å (1.652Å)>

1.811Å (1.791Å)

0.997Å (1.002Å)
1.694Å (1.656Å)

1.394Å (1.403Å)

1.242Å (1.230Å)

0.982Å (0.983Å)

H10

O9

H11

H32

H8

H16

H33

O5

O3

O35

O17

O6

H4

H7

H34
H14

H2

H31

H36

O1

O15

H18

C12

O13

O19
H20

H26

H21

O25

H27

H23

O37

O28 H30

H39

H38

H42

O22

H24

H41

H29

O40

<1.264Å (1.251Å)>

<0.978Å (0.980Å)>

<0.978Å (0.980Å)>

<1.710Å (1.689Å)>
<1.230Å (1.220Å)>

<1.360Å (1.366Å)>

<1.757Å (1.724Å)>

<0.976Å (0.979Å)>

<1.128Å (1.139Å)>1.242Å (1.230Å)

1.713Å (1.695Å)

1.265Å (1.275Å)

1.386Å (1.394Å)

0.992Å (0.994Å)

1.158Å (1.163Å)

1.263Å (1.259Å)

0.987Å (0.991Å)

1.783Å (1.739Å)

int2

ts3

H10

O9

H8

H11

H32

O17

H33

H4

O6

O5

H2
H7

H16 O3

O1 H18

O35
H14H34

H31

C12
O15

H36

O13

O19

H20

H21

H26 O25

H27

O37

H39

O28

H30

H23

H38

H42

H29

O22

O40

H41

H24

+<1.435Å (1.335Å)>

<1.266Å (1.281Å)>

<1.035Å (1.078Å)>

<1.025Å (1.012Å)>

<2.106Å (2.083Å)>

<1.341Å (1.343Å)>

<1.228Å (1.213Å)>

<0.958Å (0.959Å)>

<1.476Å (1.522Å)>

0.970Å (0.970Å)

1.047Å (1.090Å)

2.097Å (2.080Å)

1.365Å (1.368Å)

1.457Å (1.357Å)

1.240Å (1.224Å)

1.040Å (1.026Å)
1.280Å (1.297Å)

1.492Å (1.540Å)

H10

O9

H8

H11

H32

O17H4

H33

O6

H2

O5

O1

H7

H18

O3H16

H14

C12

O35
H31

H34

O15

O13

H36

O19

H20

H21

H26

H42

O25

H27

O40

H23

O37

H38

H41

H39

H24

H30

O22

O28
H29 0.966Å (0.968Å)

2.313Å (2.156Å)

1.658Å (1.600Å)

1.000Å (1.011Å)

1.220Å (1.155Å)

1.189Å (1.258Å)

1.231Å (1.222Å)

1.299Å (1.305Å)

1.348Å (1.361Å)

<2.314Å (2.152Å)>

<1.625Å (1.571Å)>

<0.990Å (1.000Å)>

<1.190Å (1.131Å)>

<1.187Å (1.252Å)>

<1.282Å (1.288Å)>

<1.220Å (1.210Å)>

<1.327Å (1.338Å)>

<0.955Å (0.957Å)>

H2CO3+ (n-1)H2O
n=3+10 (n=3+5)

H8

O6

H10

H2

H7

O9

H4

O1

O17

H11

H32

H33

H18C12
O15

O5

O3

H16

H34

O35

H14
O13

H36

H31

O19

H21

H20

H26

H42
H27

O37

H39

H30
O28 H38

O40

H23

H41

H29

O22

H24

O25

1.229Å (1.214Å)

1.305Å (1.325Å)

1.075Å (1.070Å)

1.392Å (1.401Å)

1.759Å (1.741Å)

2.334Å (2.390Å)

1.340Å (1.344Å)

0.987Å (0.988Å)

0.965Å (0.965Å)

<0.975Å (0.977Å)>

<0.954Å (0.953Å)>

<1.736Å (1.716Å)>

<1.217Å (1.203Å)>

<1.289Å (1.307Å)>

<1.062Å (1.058Å)>

<1.371Å (1.377Å)>

<1.320Å (1.323Å)>
<2.351Å (2.414Å)>

Fig. 4 A stepwise reaction of CO2 ? nH2O ? H2CO3 ? (n - 1)H2O with n = 3 ? 10 and (n = 3 ? 5), where two intermediates, int1 and

int2, are involved
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They are shown in Scheme 4a and b, respectively. From

the Zundel cation, the proton transfer outward is possible

leading to the electrolytic dissociation.

Figure 6 shows TS geometries of a reaction of

n = 3 ? 27. Other geometries such as INT1 and INT2 are

shown in Figure S1 of Supporting Information. After TS1,
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Fig. 5 A stepwise reaction of CO2 ? (3 ? 17)H2O ? H2-

CO3 ? (2 ? 17)H2O, where three intermediates, INT1, INT2, and

INT3, are involved. The yellow area denotes the circuit for bond

interchanges and contains HCO3
-�H3O? ion pairs in INT1 and INT2.

INT1 and concomitant TS1 and TS2 were not found by B3LYP
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a transient intermediate INT1 is afforded. INT1 is isom-

erized via TS2 to one isomer of the Zundel cation INT2.

The other one is INT3 brought about by TS3. From INT2,

another isomerization (TS4) leads to H2CO3. Thus, the

n = 3 ? 27 model (Fig. 6) gives a result similar to that of

n = 3 ? 17 (Fig. 5).

Figure 7 exhibits changes of B3LYP/6-311?G**

SCRF = PCM//B3LYP/6-311?G** Gibbs free energies

that correspond to geometric ones of Fig. 6. The rate-deter-

mining step is TS1. Three calculated DG� values are fortu-

itously in good agreement with experimental data. However,

those of MPW1 K/6-311?G** SCRF = PCM//MPW1K/

6-311?G** are somewhat underestimated. The stability

order is CO2 ? H2O [ H2CO3 [ HCO3
- ? H3O?. In the
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Scheme 4 Two characteristics derived from the n = 3 ? 17
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Fig. 5 continued
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Zundel cation, INT3 was computed to be much more stable

than INT2. While INT3 is a channel for the proton dispersal,

its character is retained in the Zundel cation (see Figure S2).

It appears to be strange that the energy of TS3 is lower than

INT2. This comes from the single-point calculation, B3LYP/

6-311?G** SCRF = PCM//B3LYP/6-311?G**. TS3 is

the isomerization TS inside the Zundel cation, and the energy

barrier is very small to give the strange result. The tunnel

effect on the activation energy was examined for TS4 in

Fig. 6 which has the largest |m�| value among n = 3 ? 17

and n = 3 ? 27 TSs. The energy lowering was calculated to

be small (= 0.125 kcal/mol).

The initial state, CO2 ? H2O, is the most stable, where

the CO2 molecule is outside the water cluster (Scheme S2

and Figure S3). Even if the CO2 molecule is put into the

central region of the cluster, it is expelled during the

geometry optimization. Thus, the CO2–H2O interaction is

initiated by formation of INT1.

4 Concluding remarks

In this work, the reaction of CO2 ? nH2O was investi-

gated computationally. While the computed results

depend on the value of n, n = 3 ? 17 and n = 3 ? 27

models seem to represent a reliable mechanism. Scheme 5

shows a minimal model summarizing the present results.

When a CO2 molecule is thrown into water, it cannot be

blended with the water cluster directly. When INT1 is

formed, proton transfer is initiated to give an isomer of

the Zundel cation INT2. INT2 is quickly converted to

INT3. However, INT3 is less stable than H2CO3, and

accordingly further isomerization INT3 ? INT2 ?
H2CO3 is possible.

A question of which CO2 ? H2O ? H2CO3 ? H? ?

HCO3
- or CO2 ? H2O ? H? ? HCO3

- ? H2CO3 is

likely was raised in Scheme S1. Scheme 5 has shown that

the latter path is more likely.

+(H2O)26

+

INT2

n=3+27 TS3

+(H2O)26

+INT3
ν‡ = +251.45i cm 1

Fig. 6 A stepwise reaction of CO2 ? (3 ? 27)H2O ? H2CO3 ? (2 ? 27)H2O, where three intermediates, INT1, INT2, and INT3, are

involved. Geometries of CO2(H2O)27, H2CO3(H2O)26, INT1, INT2, and INT3 are shown in Figure S1 (Supporting Information)
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