
Chin. Phys. B Vol. 26, No. 10 (2017) 103401

Combined multi-level quantum mechanics theories and molecular
mechanics study of water-induced transition state of OH− + CO2

reaction in aqueous solution∗
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The presence of a solvent interacting with a system brings about qualitative changes from the corresponding gas-
phase reactions. A solvent can not only change the energetics along the reaction pathway, but also radically alter the
reaction mechanism. Here, we investigated the water-induced transition state of the OH− + CO2→ HCO−3 reaction using
a multi-level quantum mechanics and molecular mechanics method with an explicit water model. The solvent energy
contribution along the reaction pathway has a maximum value which induces the highest energy point on the potential of
mean force. The charge transfer from OH− to CO2 results in the breaking of the OH− solvation shell and the forming
of the CO2 solvation shell. The loss of hydrogen bonds in the OH− solvation shell without being compensated by the
formation of hydrogen bonds in the CO2 solvation shell induces the transition state in the aqueous solution. The calculated
free energy reaction barrier at the CCSD(T)/MM level of theory, 11.8 kcal/mol, agrees very well with the experimental
value, 12.1 kcal/mol.
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1. Introduction
The CO2 output produced by human activities has a great

impact on the Earth’s environment. During the past two cen-
turies, the atmospheric CO2 concentration has been increased
by approximately 40% due to fossil fuel combustion, auto-
mobile emission and deforestation.[1] About a third of anthro-
pogenic carbon added to the atmosphere was absorbed by the
ocean, which greatly affects the carbonate chemistry in the
ocean.[2] One of the main reactions for CO2 dissolving in wa-
ter is: CO2 + OH− → HCO−3 . In addition, this reaction also
plays a significant role in the pH regulation of blood and trans-
portation of CO2 in living systems.[3] An interesting aspect
about the title reaction is that it does not have a transition state
in the gas phase,[4–12] however, it does need to overcome a
reaction barrier[4,8–13] in an aqueous solution. Namely, the
solvent induces a transition state for this reaction in the aque-
ous solution. Therefore, understanding the mechanism of the
water-induced transition state on the atomic level will expand
our knowledge of this type of reaction wherein a solvent alters
the reaction mechanism by inducing a transition state on the
potential energy surface.

Liang and Lipscomb’s ab initio study[7] of the title re-
action in the gas phase suggests that the appearance of the
barrier in the solution may be associated with displacement
of water from hydration stabilized OH−. Nemukhin et al.
studied this reaction in an aqueous solution using a contin-
uum solvation model and a cluster model consisting of 30

water molecules with an effective fragment potential (EFP)
approach,[4] they found that the hydroxide anion losing wa-
ter molecules from its hydration shell results in the potential
barrier, and they estimated the barrier height within the limits
8 kcal/mol–13 kcal/mol with the LMP2 and B3LYP approxi-
mations. In addition, various theoretical calculations including
variants of continuum models of solvation,[4,6,12] molecular
dynamics simulations[8–10] and a RISM-SCF method[11] cal-
culated the free energy activation barrier with its value rang-
ing from 6.1 kcal/mol to 19.2 kcal/mol. However, according
to the summary of experimental data,[14] the free energy reac-
tion barrier for this reaction in an aqueous solution is deduced
at 12.1 kcal/mol.[4] Therefore, till now, different theoretical
studies have produced a big range of uncertainty on the free
energy reaction barrier compared to the experimental value.

Due to previous studies mainly using continuum solva-
tion models and a cluster model only consisting of 30 wa-
ter molecules to describe the aqueous solution,[4,6,12] in this
work, we used an explicit, SPC/E water model[15] with 1365
water molecules to treat the aqueous solution to understand
the solvent-induced reaction barrier on the atomic level. Fur-
thermore, due to the big range uncertainty, from 6.1 kcal/mol
to 19.2 kcal/mol, of the free energy reaction barrier from pre-
vious studies,[4–13] here we employed the multi-level, quan-
tum mechanics (QM) theories to treat the solute region to ob-
tain an accurate prediction on the free energy reaction bar-
rier with the CCSD(T)[16,17] level of theory. The multi-
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level quantum mechanics theories, up to the “gold-standard”
CCSD(T) theory, were employed to treat the solute region,
where the electrostatic potential (ESP),[18] density function
theory (DFT)[19,20] and CCSD(T) levels of theory were used at
different stages of the calculation to obtain an accurate poten-
tial of mean force (PMF) efficiently. Thus the combined multi-
level quantum mechanics theories and molecular mechanics
(ML-QM/MM)[21,22] with 1365 SPC/E water molecules was
employed to study the CO2 + OH− →HCO−3 reaction in an
aqueous solution: the accurate PMF along the reaction path-
way was mapped at the CSSD(T)/MM level of theory; the
detailed, atomic level, solvation-induced reaction mechanism
was revealed; and the solvent effect contributions on the PMF
and on the solvation-induced transition state were investigated.

2. Methods
2.1. ML-QM/MM method

For the reaction system OH− + CO2→HCO−3 in aqueous,
the OH− + CO2 is treated as the QM region, and the aque-
ous is treated as the MM region. Due to the formidable com-
putational cost, it is not realistic to finish the whole dynam-
ical calculation process under the CCSD(T) level of theory.
Hence a multi-level QM theory, including ESP,[21] DFT, and
CCSD(T), was used to treat the QM region during the differ-
ent stages of our QM/MM calculation to eventually obtain the
more accurate PMF with the “gold-standard” CCSD(T) level
of theory. Consequently, the ML-QM/MM approach including
CCSD(T)/MM, DFT/MM, and ESP/MM is utilized to treat the
whole reaction system. This ML-QM/MM approach has been
proven to achieve more accurate free energy barrier heights
for reactions in the solution phase[23,24] than the usual DFT
treatment on the QM part.

The potential of mean force along the reaction path for
two adjacent configurations A and B under the CCSD(T)/MM
level of theory can be expressed as

∆VAB = ∆V ESP
AB + (∆V ESP→DFT

AA −∆V ESP→DFT
BB )

+(∆V DFT→CC
AA −∆V DFT→CC

BB ). (1)

The first term ∆V ESP
AB is the MM contribution to the PMF

at the ESP/MM level of theory at fixed A and B solute config-
urations. The second term and third term in brackets denote
free energy differences for shifting from the ESP to DFT, and
from DFT to CCSD(T) levels of theory.

2.2. Numerical details

The reactant (CO2/OH−) was embedded into a 34.6-Å
cubic box of 1365 water molecules described by an explicit,
SPC/E water model. The QM region was computed with DFT
and CCSD(T) levels of theory at different stages of calcula-
tion. The aug-cc-pvDZ basis set was used for both DFT and

CCSD(T) calculations, and the M06-2X exchange correlation
function was used for the DFT theory. A cutoff radius of 15 Å
was used to separate the bonded, electrostatic and Van der
Waals interactions between the solute and solvent. The van
der Waals parameters for the QM region were taken from a
standard Amber force field.[25]

The structure of the initial reactant complex was set up
based on the structure optimized at the MP2/6-311++G**
level by Peng et al.[9] and was embedded into the water box
described above. The whole reaction system was optimized
with a multi-region optimization approach. After this, the wa-
ter molecules (MM region) were equilibrated using the molec-
ular dynamics simulation for 40 ps with a time step of 0.001 ps
at 298 K, while the reactants (QM region) were fixed and rep-
resented by the ESP charges obtained from the previous step.
The initial reactant complex structure in water was obtained
after the whole system was optimized again. Following the
O(OH−)· · ·C(CO2) bond forming reaction mechanism, we ob-
tained the initial product complex, which was also equilibrated
and optimized to reach its equilibrium.

Next, the initial reaction pathway was constructed using
the climbing image NEB method with the initial reactant and
product complexes obtained above. The highest energy point
along the initial reaction pathway was isolated for saddle point
search. The transition state was found and confirmed by a
numerical frequency calculation with only one imaginary fre-
quency at 106.4i cm−1. The vibrational normal mode of the
imaginary frequency was displaced toward the reactant and
product sides respectively, and the multi-region optimization
was performed on the displacements again to obtain the final
reactant and product complexes.

Finally, the reaction pathway was generated with the final
reactant and product complexes with 10-bead NEB calcula-
tions. The solvent along the pathway for each bead was opti-
mized and the molecular dynamics simulation was carried out
on each NEB bead for 40 ps, then optimized again. The above
steps were repeated until we obtained the converged reaction
path. Then the PMFs with DFT/MM and CCSD(T)/MM levels
of theory were calculated according to Eq. (1).

2.3. Gas phase reaction path

In order to verify our results on the CCSD(T)/MM level
of theory are reliable and accurate, we also used the gas-phase
reaction path and Born solvation model to calculate a reaction
profile in solution to compare with our CCSD(T)/MM reaction
path. The gas-phase reactant state was constructed by adopt-
ing the experimental values[26,27] for its OH− and CO2 struc-
tures and they were set apart at 10.0 Å; the structure of the last
bead on the NEB reaction path in the aqueous solution was
optimized in the gas phase at the DFT/M06-2X/aug-cc-pVDZ
level of theory as the gas-phase product complex. Then the
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gas-phase reaction path was generated with the above reactant
state and product complex using the NEB method. Ten NEB
beads in the gas phase, which correspond to the 10 NEB beads
in the aqueous solution, were obtained first using the above
DFT level of theory; then we shifted to the CCSD(T) domain
to calculate the reaction path energy using the CCSD(T)/aug-
cc-pVDZ level of theory.

3. Results and discussion
3.1. Potential of mean force and solvent energy contribu-

tion

The PMFs of the reaction OH− + CO2 →HCO−3 in wa-
ter along the nudged elastic band(NEB[28]) reaction path with
both the DFT/MM and CCSD(T)/MM levels of theory, as well
as the solvent contribution and the internal energies, are plot-
ted in Fig. 1. Note, only relative free energy along the reac-
tion path is calculated by taking the reactant free energy as a
zero reference energy point. First, there is already no energy
barrier for the internal energies(black and red lines) without
the solvent energy contribution; however, there is a solvent-
energy-induced energy barrier appearing at the No. 7 bead in
the aqueous solution for either level of theory, DFT/MM or
CCSD(T)/MM. The numerical frequency calculation for this
point in the aqueous solution showed a single imaginary fre-
quency of 106.4i cm−1, thus the No. 7 bead is indeed the
induced transition state for this reaction in the aqueous solu-
tion. It is not a coincidence that there is a maximum of the
solvent energy contribution, 42.8 kcal/mol, exactly at the sev-
enth point along the reaction path, causing the No. 7 bead to
have the highest point on the PMFs. For example, for the
CCSD(T)/MM level of theory, this maximum contribution,
42.8 kcal/mol, outweighs the energy decrease of the internal
energy, −31.0 kcal/mol, at the No. 7 bead, thus leading to the
highest energy point on the PMF. Therefore, in terms of en-
ergy, it is solely the solvent energy contribution that caused
the transition state to be the highest point on the PMF.
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Fig. 1. (color online) Comparison of the potentials of mean force cal-
culated theoretically at DFT/MM and CCSD(T)/MM levels, as well
as the solvent contribution and internal energies for the reaction,
OH− + CO2 →HCO−3 , along the NEB reaction pathway using the re-
actant state (bead 1) as a zero reference point.

Second, the free energy barrier in the solution for this
reaction at the DFT/MM level of theory is 8.8 kcal/mol, it
reaches 11.8 kcal/mol when shifted from the DFT/MM to the
CCSD(T)/MM level of theory. The free energy barrier height
at the CCSD(T)/MM level of theory is in very good agreement
with the experimental value at 12.1 kcal/mol.[4,14] The reac-
tion free energy of this reaction in water is −25.1 kcal/mol at
the DFT/MM level of theory and shifted to −17.7 kcal/mol at
the CCSD(T)/MM level of theory, the latter is very close to the
one around −15.2 kcal/mol estimated by Nemukhin’ group[4]

using a continuum model with DFT/B3LYP/6-311++G(d, p)
theory.

3.2. Comparison of the reaction profiles

In order to be consistent with the PMF in aqueous solu-
tion, the NEB reaction path in the gas phase was also con-
structed using a multi-level quantum mechanics method with
DFT/M06-2X/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ lev-
els of theory. Figure 2 shows the schematic plot of the com-
parison of the NEB reaction paths between the gas phase(with
CCSD(T) theory) and aqueous solution(with CCSD(T)/MM
theory), as well as the reaction stationary points in aqueous
solution obtained using free energies of solvation from the gas
phase. The calculated gas-phase reaction is an exoergic re-
action with a reaction energy at −46.3 kcal/mol, and it in-
deed does not have a transition state as the reaction path goes
downhill from bead 1 to bead 10. The energy difference be-
tween the No. 7 bead and the reaction state in the gas phase
is −23.5 kcal/mol under the CCSD(T) level of theory. This
Figure also indicates, using the gas-phase reaction path as the
starting point, that it is the solvation energy difference among
the stationary points that results in the energy barrier for this
reaction in solution.

gas phase

solution phase

-112.89 (kcal/mol)

11.8 12.9

-81.5

-76.5

-46.3-23.5

12.1

-17.7-14.9

DEsolv

Fig. 2. (color online) Comparison between the potential energy pro-
files calculated along NEB reaction pathway with 10 beads in gas
phase (blue) and in aqueous solution (red) for the title reaction,
OH− + CO2→HCO−3 . The black numbers denote the experimental val-
ues and the green numbers denote the calculated values using gas-phase
data.

3.3. From gas phase to solution phase

For the gas phase reactant state and product state, OH−,
CO2, and HCO−3 , OH− is the most compact molecule with
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charge among the three, thus it is the easiest to be solvated in
an aqueous solution. The estimated data from experiments[9]

shows that the OH− has the biggest free energy of solvation at
−113 kcal/mol, then HCO−3 at −81.5 kcal/mol, and the CO2

has the smallest at 0.11 kcal/mol since it is neutral. For the
[OH· · ·CO2]− complex at the No. 7 bead in the gas phase,
which corresponds to the transition state in the aqueous so-
lution, we used the Born solvation model to estimate its free
energy of solvation,

∆Esolvation =−
q2

4πε0R

(
εr−1

2εr

)
, (2)

where ε0, εr, q, and R denote the relative dielectric constant
in a vacuum and in water, charge of solute, and the solvation
radius. Here, the Rvalue, 2.128 Å, is the farthest distance from
atoms in [OH· · ·CO2]− complex to its center of mass. With
values of ε0, εr, q are 1.0, 78.5, and −1.0 respectively, the
free energy of solvation using this model was calculated at
−76.5 kcal/mol for the No. 7 bead. Its absolute value is the
smallest among the stationary points on the reaction path and
is expected since the No. 7 bead is the least compact molecule
among the reactants, [OH· · ·CO2]− and the product complex
HCO−3 .

The free energies of solvation of OH− and CO2 are
−113 kcal/mol and 0.11 kcal/mol[9] respectively, which com-
bines to give the free energy of solvation of the reaction
at −112.89 kcal/mol (as labeled in Fig. 2); the free energy
of solvation of the transition state calculated using Eq. (2)
mentioned above is −76.5 kcal/mol; the gas-phase energy
of the No. 7 bead is −23.5 kcal/mol; therefore, combining
these three numbers above, we deduced the highest energy
point at 12.9 kcal/mol [((−23.5)+ (−76.5))− (−112.89) =
12.9 kcal/mol] on the reaction path in aqueous solution(as
shown in Fig. 2), which is the transition state of this reac-
tion in the aqueous solution. This estimated transition state
height, 12.9 kcal/mol, agrees very well with our ML-QM/MM
result at 11.8 kcal/mol at the CCSD(T)/MM level of theory,
and the estimated free energy of a reaction using the same
process at −14.9 kcal/mol also agrees with our ML-QM/MM
result at −17.7 kcal/mol at the CCSD(T)/MM level of the-
ory. More importantly, our calculated energy barrier height at
11.8 kcal/mol at the CCSD(T)/MM level of theory has a very
good agreement with the experimental value at 12.1 kcal/mol.

3.4. Evolution of the water induced transition state

The water-induced transition state appearing in the aque-
ous solution is not only the change of the energy but also
the change of structures due to the solvent-solute interactions.
Figure 3 shows the geometry evolution of the 10 beads along
the NEB reaction pathway in the aqueous solution. The first
bead, the seventh, and the last bead along the NEB reaction

pathway correspond to the reaction complex, transition state,
and product complex respectively. For the reactant complex,
there are five hydrogen bonds formed with the OH− with an
average O· · ·HO distance at 1.654 Å; however, there are no hy-
drogen bonds formed with CO2. Usually the solvation pattern
of the OH− is with four or five hydrogen bonds[29,30] and CO2

with four hydrogen bonds.[31] Hence, at the reactant complex,
the OH− forms its solvation shell while CO2 does not. This
also means that OH− is very well solvated in water, and CO2 is
not, which has been proven with the free energies of solvation
of OH− at −113 kcal/mol and CO2 at 0.11 kcal/mol9. As the
reaction proceeds, the OH− gradually loses it hydrogen bonds
while the CO2 gains hydrogen bonds. This is understandable
since CO2 gains a partial negative charge as OH− loses its par-
tial negative charge along the reaction path. This can be seen
from Fig. 4, as the negative charge of OH− decreases, the neg-
ative charge of CO2 increases concertedly from bead 1 to bead
7 as OH− decreases from −1.0 to −0.75, and CO2 increases
from 0.0 to −0.25.

3(a) 3(b)

3(c) 3(d)

3(e) 3(f)

3(g) 3(h)

3(i) 3(j)

Fig. 3. (color online) Structure evolution of the 10 beads along the NEB
reaction pathway for the reaction OH− + CO2→ HCO−3 in aqueous so-
lution. Figures 3(a), 3(g), and 3(j) are the structures of the reactant state,
the transition state, and the product state, respectively. Bond distances
are in unit Å.

At the transition state No. 7, the strong solvated OH−

only has four strong hydrogen bonds with an average O· · ·H
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distance at 1.707 Å, while CO2 gains three strong hydrogen
bonds with an average distance at 1.791 Å. Thus, from reac-
tant state (Fig. 3(a)) to transition state (Fig. 3(g)), the OH−

still has its solvation shell while CO2 gains hydrogen bonds
however without forming a complete solvation shell. Then the
largest charge change occurs from bead 7 to bead 8, the OH−

negative charge drops significantly from −0.75 to −0.37 and
at the same time CO2 has gained the most charge at this step
from −0.25 to −0.63. As a result, the OH− loses its solva-
tion shell with only one hydrogen bond left, while CO2 forms
its solvation shell with four hydrogen bonds with an average
distance at 1.694 Å. Hence No. 7 bead serves as the turning
point of one solvation shell (OH−) breaking and the other sol-
vation shell (CO2) formation: at No. 8 bead, OH− has lost
three hydrogen bonds to destroy its solvation shell while CO2

has added another hydrogen bond to form its solvation shell;
the loss of the hydrogen bonds of OH− cannot be compen-
sated by the formation of the new hydrogen bonds of CO2.
Thus the solvent energy of the No. 7 bead is the largest on the
solvent energy contribution curve as shown in Fig. 1, which
induced an energy barrier in solution due to the solvation shell
changes. Till the end of the reaction, OH− holds its one water
molecule while CO2 has its new formed solvation shell with
four water molecules. Note another feature of the transition
state is the OH− position, there is an inversion of the OH−

position before and after the transition state: before the tran-
sition state, OH− titles towards one of the O atom in CO2;
at the transition state, OH− is almost perpendicular to the O
(as in OH−)· · ·C distance with the ∠OCO angle at 92.9◦; after
the transition state, the OH− direction is inverted to title away
from the strong-bended CO2 with an ∠OCO angle at 129.8◦.
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Fig. 4. (color online) Charge distribution evolution of the OH− and
CO2 along the NEB reaction pathway for the reaction OH− + CO2 →
HCO−3 in aqueous solution.

4. Conclusion
The solvent energy contribution has a maximum on its re-

action path, and this maximum induces the highest point, the
energy barrier, on the reaction path in an aqueous solution.
From the structure point of view, one has to take into account

of the solvation shell changes of the two reactants: the bro-
ken of the OH− solvation shell and the formation of the CO2

solvation shell during the reaction process induces the transi-
tion state in the aqueous solution. The induced barrier height
from our calculation at the CCSD(T)/MM level of the theory
is 11.8 kcal/mol, which agrees very well with the experimen-
tal result, 12.1 kcal/mol. For the title reaction in solution, the
reaction mechanism is altered by the presence of the aqueous
solution due to solvation-shell changes.

Acknowledgments
The computation was carried out at the Shenzhen Super-

computer Center in China.

References
[1] Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt K B, Tig-

nor M and Miller H L 2007 Climate Change 2007: The Physical Sci-
ence Basis: Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (New York:
Cambridge University Press) pp. 1–21

[2] Sabine C L and Feely R A 2007 Greenhouse Gas Sinks (Oxfordshire:
CABI Publishing) pp. 181–188

[3] Forster R E 1977 Am. Rev. Respir. Dis. 115 181
[4] Nemukhin A V, Topol I A, Grigorenko B L and Burt S K 2002 J. Phys.

Chem. B 106 1734
[5] Jönsson B, Karlström G and Wennerström H 1978 J. Am. Chem. Soc.

100 1658
[6] Miertus S, Kysel O and Krajci K 1981 Chem. Zvesti 5 3
[7] Liang J Y and Lipscomb W N 1986 J. Am. Chem. Soc. 108 5051
[8] Peng Z and Merz K M 1992 J. Am. Chem. Soc. 114 2733
[9] Peng Z and Merz K M 1993 J. Am. Chem. Soc. 115 9640

[10] Leung K, Nielsen I M B and Kurtz I 2007 J. Phys. Chem. B 111 4453
[11] Iida K, Yokogawa D, Sato H and Sakaki S 2007 Chem. Phys. Lett. 443

264
[12] Davidson M M, Hillier I H, Hall R J and Burton N A 1994 Mol. Phys.

83 327
[13] Pinsent B R W, Pearson L and Roughton F J W 1956 Trans. Faraday

Soc. 52 1512
[14] Palmer D A and van Eldik R 1983 Chem. Rev. 83 651
[15] Berendsen H J C, Grigera J R and Straatsma T P 1987 J. Phys. Chem.

91 6269
[16] Stanton J F and Bartlett R J 1993 J. Chem. Phys. 98 7029
[17] Bartlett R J and Musiał M 2007 Rev. Mod. Phys. 79 291
[18] Zhang Y, Lee T S and Yang W 1999 J. Chem. Phys. 110 46
[19] Hohenberg P and Kohn W 1964 Phys. Rev. 136 B864
[20] Kohn W and Sham L J 1965 Phys. Rev. 140 A1133
[21] Valiev M, Garrett B C, Tsai M K, Kowalski K, Kathmann S M, Schen-

ter G K and Dupuis M 2007 J. Chem. Phys. 127 051102
[22] Wang T T, Yin H Y, Wang D Y and Valiev M M 2012 J. Phys. Chem.

A 116 2371
[23] Xu Y, Wang T T and Wang D Y 2012 J. Chem. Phys. 137 184501
[24] Liu P, Wang D Y and Xu Y 2016 Phys. Chem. Chem. Phys. 18 31895
[25] Fox T and Kollman P A 1998 J. Phys. Chem. B 102 8070
[26] Herzberg G 1939 Molecular Spectra and Molecular Structure, Vol. 1,

Spectra of Diatomic Molecules (New York: Van Nostrand)
[27] Herzberg G 1945 Molecular Spectra and Molecular Structure, Vol. 2,

Infrared and Raman Spectra of Polyatomic Molecules (New York: Van
Nostrand)

[28] Sheppard D, Terrell R and Henkelman G 2008 J. Chem. Phys. 128
134106

[29] Botti A, Bruni F, Imberti S, Ricci M A and Soper 2005 J. Mol. Liq. 117
81

[30] Tuckerman M E, Marx D and Parrinello M 2002 Nature 417 925
[31] Jiao D and Rempe S B 2011 J. Chem. Phys. 134 224506

103401-5

http://dx.doi.org/10.1021/jp0141629
http://dx.doi.org/10.1021/jp0141629
http://dx.doi.org/10.1021/ja00474a003
http://dx.doi.org/10.1021/ja00474a003
http://dx.doi.org/10.1021/ja00277a001
http://dx.doi.org/10.1021/ja00033a066
http://dx.doi.org/10.1021/ja00074a032
http://dx.doi.org/10.1021/jp068475l
http://dx.doi.org/10.1016/j.cplett.2007.06.086
http://dx.doi.org/10.1016/j.cplett.2007.06.086
http://dx.doi.org/10.1080/00268979400101281
http://dx.doi.org/10.1080/00268979400101281
http://dx.doi.org/10.1039/tf9565201512
http://dx.doi.org/10.1039/tf9565201512
http://dx.doi.org/10.1021/cr00058a004
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1063/1.464746
http://dx.doi.org/10.1103/RevModPhys.79.291
http://dx.doi.org/10.1063/1.478083
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1063/1.2768343
http://dx.doi.org/10.1021/jp3005986
http://dx.doi.org/10.1021/jp3005986
http://dx.doi.org/10.1063/1.4766357
http://dx.doi.org/10.1039/C6CP06195H
http://dx.doi.org/10.1021/jp9717655
http://dx.doi.org/10.1063/1.2841941
http://dx.doi.org/10.1063/1.2841941
http://dx.doi.org/10.1016/j.molliq.2004.08.013
http://dx.doi.org/10.1016/j.molliq.2004.08.013
http://dx.doi.org/10.1038/nature00797
http://dx.doi.org/10.1063/1.3598470

	1. Introduction
	2. Methods
	2.1. ML-QM/MM method
	2.2. Numerical details
	2.3. Gas phase reaction path

	3. Results and discussion
	3.1. Potential of mean force and solvent energy contribution
	3.2. Comparison of the reaction profiles
	3.3. From gas phase to solution phase
	3.4. Evolution of the water induced transition state

	4. Conclusion
	References

