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Carbonation reaction is essential in the global carbon cycle and in the carbon dioxide (CO,) capture. In
oceans (pH 8.1) or in synthetic materials such as cement or geopolymers (pH over 12), the basic pH conditions
affect the reaction rate of carbonation. However, the precipitation of calcium or magnesium carbonates.acidifies
the environment and, therefore, limits further CO, capture. Herein, we investigate how pH influences carbon-
ation pathways in neutral and basic solutions at the atomic scale using reactive molecular simulations coupled
with enhanced sampling methods from CO, to calcium carbonate (CaCOs;). Two distinct CO,4 conversion path-
ways are identified:(1) CO, hydration: CO, +H,0 = H,CO; = HCO;~ +H' = CO32" +2H*; (2) CO,
hydroxylation: CO, +OH~ = HCO;~ = CO32‘ +H*. The CO, hydration pathway occurs in both neutral
and basic aqueous solutions, but reactions differ significantly between the two pH conditions.  The formation
of the CO32‘ is characterized by a markedly high free energy barrier in the neutral solution. The CO, hydrox-
ylation pathway is only found in basic solutions. Notably, the CO, molecule exhibits a pronounced energetic
preference for reacting with hydroxide ions (OH ™) rather than with water molecules, resulting in significantly
reduced free energy barriers along the CO, hydroxylation pathway. The reaction rate estimation suggests that
the CO, hydroxylation path is the most favorable carbonation pathway in the basic solution. Once the CO32*
anion is formed in the presence of alkali-earth (e.g., Ca2* and Mg?" ) cation, carbonate formation can proceed.

I. INTRODUCTION

The global concentration of atmospheric carbon dioxide
(COy) at present is about 418 ppm, the highest level in
mankind history [1]. To mitigate this, it is continuously in-
creasing by around 2.3 ppm per year. To this end, innovative
carbon capture and sequestration technologies have been de-
veloped, particularly the CO, mineralization-related methods
that can be widely used in large-scale geological sequestration
using industrial flue gas [2—4]. Seas and oceans also act as a
gigantic carbon sink regulating the global atmospheric CO,
concentration [5]. Unveiling the fundamental CO, carbona-
tion chemistry is essential for facilitating carbon sequestra-
tion technologies, focusing on the link between carbonation
efficiency and pH, salt type, and concentration [6, 7].

In the classical carbonation pathway of water-saturated
conditions, converting atmospheric CO, to carbonate anion
(CO32‘) is one of the prerequisites for the precipitation of car-
bonate minerals. When the conversion begins with CO, and
water interactions, it subsequently involves the formation of
carbonic acid (H,COj;) species, the deprotonation of H,CO,
and bicarbonate (HCO; ™), which can be described by follow-
ing the CO, hydration pathway [8, 9]:

COz(aq) + H20 = H2CO3 (aq) = HCO3_ (aq) + H+

6]
= C0,% (aq) +-2H"

The conversion of CO, to CO32‘ can also initiate from the hy-
droxylation of CO, with the hydroxide ion (OH™), followed
by the deprotonation of HCO; ™, as shown by the CO, hydrox-

ylation pathway below [10, 11]:
CO,(aq) + OH =HCO; (aq) = CO;* (aq) +H"  (2)

The conversion process and the equilibrium of these carbon-
containing species in the aqueous solution are highly pH-
dependent [7]. The thermodynamical equilibrium between
CO, and HCO;~ exists at pH of 6.4. H,CO; and HCO;™ an-
ions establish the thermodynamical equilibrium at pH lower
than 8.5. Prior experimental studies [7] indicate that when the
pH surpasses 8.5, the reaction pathway eq. 2 takes precedence
over the one outlined in eq. 1.

A molecular-level understanding of the formation of
H,CO; and HCO;~, and their dissociation is crucial to op-
timize CO, mineralization, such that many theoretical calcu-
lations, e.g., Density Functional Theory (DFT) calculations
[12-15], ab initio molecular dynamics (AIMD) simulations
[10, 16-18], and reactive molecular dynamics simulations
[19-21] have been actively carried out. The energy barrier
of H,CO; formation significantly depends on the number of
water molecules within the CO,nH,O cluster. According
to Nguyen et al. [12], the energy barrier of CO, hydration
CO, +nH,0 = H,CO; + (n—1)H,0 decreases with the in-
creasing number n of water molecules. When n increases from
1 to 3, the energy barrier of this reaction markedly decreases
from ~2.17 eV to ~0.954 eV in aqueous solution at a temper-
ature of 298 K. As more water molecules are involved in the
reaction, a cyclic H-bonded network is formed via microsol-
vation, which lowers the energy barrier of proton transfers be-
tween water chains and CO,. The optimum cyclic H-bonded
water chain for CO, hydration requires three water molecules
incorporated into the network, yielding a lower energy barrier



than the chain with two water molecules. In the static model
simulations, when the water chain has more than three wa-
ter molecules, further increasing water molecules no longer
contributes to lowering the energy barrier of CO, hydration;
instead, it even slightly increases the value [12, 18, 22]. Be-
sides increasing water molecules, limiting the hydration space
within a nanoconfinement also significantly enhances the for-
mation of H,CO; [21]. Likewise, adding water molecules also
decreases the energy barrier of H,CO; dissociation and de-
composition [22-27]. When H,CO; dissociation occurs with
H,O in the neutral solution, the HCO3‘/H3OJr mixture can be
stabilized only if H,O" is solvated by a cluster of there wa-
ter molecules [28]. Evidently, water molecules have catalyt-
ical effects on the formation of H,CO; and its dissociation,
which can be further enhanced by the interfacial carbonation
of Ca/Mg minerals [3, 14, 29]. Regarding basic condition,
the static model simulation shows that H,CO; favors reacting
with OH~ ions over water molecules for dissociation, forming
CO32’ by a two-step mechanistic scheme [22].

HCO;™ is critical to the nucleation of calcium carbonate,
serving as a structural constituent in its formation [30]. The
presence of HCO;™ is sufficient to form calcium carbonate
through the reaction Ca** +2HCO,~ = CaCO; + CO, + H,0
[31]. By contrast with eq. 1 for which an intermediate step is
required, HCO;~ formation in eq. 2 is a straightforward re-
action with CO, and OH™ as reactants. The CO, conversion
pathway of eq. 2 has not been given enough attention [2, 4].
The formation of HCO,~ through the reaction of CO, and
OH" is considered a predominant process in the basic solution
[7, 32]. This reaction in the gas phase is energy-barrier-less,
while it has a significant energy barrier in the aqueous solu-
tion [7, 26, 33]. The rise in the energy barrier of this reaction
is attributed to the desolvation of the O atomin OH~ and the
solvation of the O atom in CO, [33]. Once OH" ion is con-
sumed in this reaction, the basicity of the aqueous solution
declines, which yields a different condition for the dissocia-
tion of HCO;™.

Although the hydration and dehydration of CO, in aque-
ous solutions have been discussed in many theoretical [9,
12, 16, 18, 21, 34] and experimental studies [7, 8, 35, 36],
they still lack comprehensive understandings of the elemen-
tary processes on how the CO32‘ anion and calcium carbonate
(CaCO;) are obtained from a series of progressive collective
reactions. Particularly, most previous theoretical studies use
static models and assume the reaction path of CO,/H,CO,
with the nearby water molecules and/or OH™~ ions [37, 38],
which can significantly affect the molecular dynamics and free
energy estimation for the reaction. Prior DFT-MD simulations
[9, 16, 18, 39] have indicated the importance of solvent dy-
namics and statistical configuration ensembles in the H,CO,
formation. From this perspective, solvent dynamics are crit-
ical to all reactions along the conversion pathways described
eq. 1 and 2.

Here, we investigate the complete carbonation pathways
from CO, to CO32‘ in the neutral and basic aqueous solutions
using an enhanced sampling technique, i.e., well-tempered
metadynamics [40, 41] in reactive molecular dynamics sim-
ulation [42, 43]. To achieve sufficient structural sampling

and correctly evaluate energy barriers, sequential long meta-
dynamics simulations (> 5 ns each) are required to find the
most probable pathway amongst many. Fig. 1 shows the
workflow for the sequential metadynamics simulations. We
progressively track the CO, hydration and deprotonation pro-
cesses using a set of collective variables that can describe col-
lective reaction behaviors of CO,/H,O/OH™ mixtures, which
allows us to distinguish how the carbonation reaction collec-
tively and progressively happens in the system. The calcifica-
tion path is identified after the formation of CO32‘ . Unlike the
static model simulation [12], we enable a sufficient sampling
for the structural configurations of molecules in the system.
The reactive simulations of these conversion reactions are im-
plemented sequentially to provide the first atomistic insight
into the complete carbonation pathways from CO, to CaCOj.

FIG. 1. Workflow of simulations implemented in this study and col-
lective variables defined for each reaction. (a) CO, hydration, the co-
ordination numbers of carbon atom C and oxygen atom O (C¢p) and
the coordination number of carbon oxygen O¢ and hydrogen (Co.)
are defined for the reaction of CO, and H,O. (b) CO, hydroxylation:
the coordination number of C and OH~ (C¢py,) and the distance the
two species (dcop)are defined for the reaction of CO, and OH™. (¢)
Deprotonation of H,CO; and HCO;™: the coordination numbers of
Cr1o and Cgpp are used in the proton transfer process; for the de-
protonation of HCO;~, only the collective variable Cy1o is used.
(d) Calcification: the coordination number of Ca and water oxygen
(Cca,0,,) and the distance between C and Ca (dc ¢,)) are used for the
formation of CaCOj; precursor. The definitions of these collective
variables are described in the Methods Section.



II. METHODS
A. Simulation details

In this study, we consider the two chemical conditions for
carbonation, i.e., the neutral and basic conditions as discussed
here above. Therefore, we construct two bulk liquid models
with a density of ~ 0.98 g/cm?: the neutral solution model
has 340 water molecules, and the basic solution model con-
tains 1 Ca?* cations and 2 OH™ ions. As a result, the two
models are associated with the pH conditions at 7 and 13, re-
spectively. All the carbonation reaction simulations are imple-
mented in the NPT ensemble at 1 bar and 300 K. The pressure
and temperature are controlled using the Nose-Hoover baro-
stat and thermostat, respectively. The time integration is run
in the Verlet algorithm with a timestep of 0.25 fs. The re-
laxation time for thermostating and barostating is set to 25 fs
and 250 fs, respectively. All the systems are equilibrated for
1 ns before the production calculations. The reactive force
field (ReaxFF) molecular dynamics simulation is performed
using an in-house module of the LAMMPS package [44] (see
details in II B). Given carbonation reactions are rare events
in the atomistic scale within a limited time scale, we perform
an enhanced sampling technique called well-tempered meta-
dynamics simulations [45], from which we obtain the Free
Energy Surface (FES) landscape for the carbonation reactions
(see details in IIC). The collective variables used for CO,
hydration, CO, hydroxylation, deprotonation of H,CO; and
HCO;7, and calcification simulations are defined in Fig. 1 and
IID.The FES is reconstructed by summing up all the Gaus-
sian hills. We do not use any statistical reweighting method to
build FES maps. We adopt the multidimensional lowest en-
ergy (MULE) path-searching algorithm [46] to find the mini-
mum energy path in the FES. The well-tempered metadynam-
ics simulations are implemented using an add-on package, i.e.,
PLUMED 2.5 [47] in LAMMPS. The VMD [48] package is
used to visualize the trajectories.

B. Reactive molecular dynamics simulation

The carbonation process involves a series of chemical re-
actions. Herein, we perform ReaxFF molecular dynamics
simulations to study the CO, hydration processes under neu-
tral and basic conditions. ReaxFF is developed by training
the atomistic structure and energy from quantum mechan-
ics simulations[43, 49, 50]. The interatomic potential of this
semi-empirical force field is cast within a bond-order formal-
ism, which facilitates the description of the bond formation
and breakage events in chemical reactions. The total po-
tential energy (E;,) described in ReaxFF is defined as the
sum of 5 components, namely the bonded (Ep,,s), van der
Waals (E,q4y,), electrostatic (Eyeq), penalty (Epenairy), and over-
coordination (E,,.) interactions, expressed as follows:

Eiotal = Epnod + Evaw + quq + Epenalty + Eover (3)

Previous studies [19-21] have shown the feasibility of ReaxFF
molecular dynamics simulation in modeling carbonation reac-

tions. Compared to DFT-based ab initio calculations, ReaxFF
molecular dynamics simulations have lower computation ex-
penses and enable the modeling of a larger molecular system
[43]. To model the full carbonation reaction path, we adopt
the ReaxFF potential developed by Pitman et al. [51]. The
ReaxFF molecular simulation is performed using an in-house
module of the Largescale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) package [44].

C. Well-tempered metadynamics simulation

It is well known that standard molecular dynamics sim-
ulation can get trapped in local energy minima, especially
in complex energy landscapes, leading to inadequate explo-
ration of the conformational space. This limitation restricts
the ability to capture rare events with higher activation en-
ergy. Exploring large conformational spaces using standard
molecular dynamics simulations can be computationally ex-
pensive, especially when trying to sample rare events. Sim-
ulating these events using brute force methods might require
impractical time and computational resources. To this end,
enhanced sampling methods offer advantages over standard
molecular simulations by efficiently exploring complex en-
ergy landscapes, enabling the study of rare events. Here well-
tempered metadynamics method is used to enhance the sam-
pling of the ReaxFF molecular simulation. In this enhanced
sampling method, an external bias V(¢,€) is added to the
Hamiltonian:

V(E, ét_éiot(;z
(& t)}expl_\ i |] )

where & is the collective variable, ® and ¢ are the Gaussian
height and width, ¢ is time, 7 is the deposited time of hills,
kp represents the Boltzmann constant, and AT associates to
the bias factor that controls the decrease rate of the Gaussian

height wexp {— Z;’i}) . In the well-tempered metadynamics,

the convergence of the Gaussian hills over time leads to a
smoother convergence of the free energy landscape with re-
spect to the standard metadynamics [40]. Apparently, the col-
lective variable is essential and requires tracking the reactions
since the bias potential is projected to this variable. The con-
vergence test results for CO, hydration, CO, hydroxylation,
deprotonation, and calcification are shown in Fig. S1. Note
that noise still exists even after long runs, which is common
when using well-tempered metadynamics in modeling chemi-
cal reactions [9, 21]. Since the energy difference of the MFEP
profiles is already small within the last 1-2 ns, and the cal-
culated energy values obtained here agree well with previous
studies[18, 34], the simulations are considered converged.




D. Build collective variables
1. Collective variables of CO, hydration

For the CO, hydration process, we focus on two CO, hy-
dration pathways: (a) CO, +H,0 — H,CO;; (b) CO, +
OH~ — HCO;~. The formation of H,COj; involves the for-
mation of two new chemical bonds within a CO, molecule,
i.e., an oxygen atom (O, from H,O or OH™) bonds to the car-
bon atom (C), and a hydrogen atom (H) bonds to the oxygen
atom (Oc) of CO, molecule. Therefore, we build two col-
lective variables (Cco, Co.n) for the first reaction pathway to
track the formation of H,COj;. Cco is the coordination num-
ber of O atoms (from all H,O molecules and/or OH~ ions)
around the selected C atom, defined as:

17(rcok)m
Cco=Y, —
keNp 1 — (%)

where rco is the C-O bond distance, r( represents the cutoff
distance of C-O bond, ro =2.0 A, Np is the total number of O
atoms potentially participated in the reaction, m and n are two
constant parameters of the switching function, m = 8, n = 16.
Since O-H bond breakage and formation occur easily among
water molecules and OH™ ions, all O atoms in the system
can bond to the C atom. Hence, Ny includes all O atoms of
water molecules in the neutral bulk model, and the O atoms
of OH™ ions are also considered for the basic model. Co_ is
the coordination number of H atoms around the Oc atom:

Coct = Z Z 17(%])

. . rij \"
i€Npe jeNy 1 — | =L

®)

(6)

fe

where 7;; is the Oc-H bond distance, . is the cutoff distance

of Oc-H bond, r. = 1.3 ;\, No. and Np are the total number
of Oc and H atoms in the system, tespectively, the constant
parameters m and n use the same values as eq. (4). Therefore,
the two collective variables can describe the collective CO,
hydration behaviors in the system, with all water molecules
and OH™ ions included. When the collective variables are
at around 0O, the bonds are not formed, while at about 1, it
suggests that the bonds are formed.

The well-tempered metadynamics simulation protocols for
CO, hydration reaction-are as follows: the Gaussian height
is set to 0.043 eV, and the Gaussian width for the coordina-
tion number is 0.05; the Gaussian hills are deposited for every
25 fs; the bias factor is set to 15. The total simulation time
for the production is 10 ns, making the sampling sufficient in
the phase space (see Fig. S2). A Gaussian width that is too
small results in minor biases, slowing down the sampling pro-
cess, whereas a width that is too large produces significant
biases, potentially leading to inadequate sampling, particu-
larly near saddle points. To find the optimum sampling, we
performed several trial runs using different Gaussian widths,
heights, basis factors, and hill deposition frequencies before
our formal metadynamic simulations. It turned out that the

values used above yielded the best sampling. The criteria is to
have more crossing events. It turned out that the values used
above yielded good sampling.

2. Collective variables of CO, hydroxylation

Let us now consider the collective variables for the sec-
ond carbonation pathway, i.e., the straightforward reaction
between CO, and OH™ ions in the basic condition. In this
pathway, CO, hydration process happens straightforwardly
between CO, molecules and OH™ ions with no need for
H,O dissociation, yielding HCO;~. Hence, the formation
of HCO;™ involves the formation of C-O bond only within
a CO, molecule. To this end, we use the coordination num-
ber of the O atom in OH™~ ions around the C atom as the first

collective variable, i.e., Ccop:
1— (’cozzk )'”
F
Coon= Y. - (7

rcom, \"
kENOh 1_( 0 )

where rcoy, i the distance between the C atom and O atom
in OH™ ion (Oh), Ny, is the total number of OH™ ions in the
system, and the rest of the constant parameters are the same as
eq. 4. In addition, we adopt the minimum distance between
the selected C atom and OH™ ions as the second collective
variable, i.e., dcoy,. In order to obtain a variable with continu-
ous derivatives, we define dcgy, as:

B
log (ZkeNOh exp (— nghk )) ®)

where f3 is a self-specified constant, B = 10, Noj, and rcop,
represent the same physical meaning as eq. 4. To ensure
that only OH™ ions meet the selected CO, molecule, we re-
strain the coordination number of Oh and hydrogen in water
molecules at 0.

As an explanation, small C¢py, values (near 0) and large
dcop values (> 1.6 A, see Fig. S2) indicate a reactant state,
conversely large Ccqy, values (near 1) and small dco, values
(close to 1.7 A) reflect the product state (HCO; ™).

The well-tempered metadynamics simulation protocols for
CO, hydroxylation reaction are as follows: the Gaussian
height is set to 0.043 eV, and the Gaussian widths for the co-
ordination number and distance are 0.05 and 0.1, respectively;
the Gaussian hills are deposited for every 25 fs; the bias factor
is set to 15; the production time is 10 ns.

dcon =

3. Collective variables of deprotonation of H,CO3/HCO;~

In the complete carbonation pathway, H,CO; and HCO;~
are intermediate reaction products. CO5,~ is expected to be
further produced from the deprotonation of these intermediate
products for the precipitation of carbonate minerals. After the
formation of H,CO5 and HCO; ™, we implement free energy



calculations using the well-tempered metadynamics to the de-
protonation of H,CO5; and HCO;™ as already introduced in
the last section. The deprotonation reaction is a proton trans-
fer process from H,CO,/ HCO;~ to water molecules or OH™
ions. A H,CO; molecule has to lose two protons during the
deprotonation. Therefore, we construct two collective vari-
ables (Cyi0, Cy20) on the coordination number of the two
protons (Hc) in H,CO; and oxygen in the water molecules
and OH™ ions, defined as follows:

Cio= Y, 1_<Hcr(l)0k)n ©))

keNg 1 —

- (o))"
Cuo= Y ——As (10)

THe0, \"
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where ry., 0, / TH0, 18 the distance between the first/second
H atom of H,CO; and the k-th O atom of water molecules
and OH™ ions, r. is the cutoff distance for H-O bond, r. =
1.3, No is the total number of O atoms in the system (ex-
cept for oxygen in H,COj;), the constant parameters m and
n are set to 8 and 16, respectively. Similar to the collective
variables for CO, hydration, Cy10 and Cro involve all water
molecules and OH™ ions in the system, making it possible to
characterize the collective deprotonation behaviors. The small
Cu10/Cr20 numbers, close to 0, indicate an un-deprotonated
state of H,CO;, whereas larger numbers, close to 1, corre-
spond to a deprotonated state. Similarly, the deprotonation
of HCO;~ can also be tracked by the coordination number of
HC. Since the HCO;~ molecule has one proton only, we can
simply use one collective variable Cy o to characterize its de-
protonation process.

In the well-tempered metadynamics simulations for the de-
protonation of H,CO; and HCO;4~, we set the Gaussian height
and width to 0.043 eV and 0.05, respectively. The time inter-
val between two subsequent depositing Gaussian hills is 25 fs.
The bias factor is set to 15. The entire simulation time is 12
ns.

4. Collective variables of calcification

For the most favorable reaction pathway of COSZ‘ forma-
tion, we observed that the CO32’ anion can be present stably
in the presence of Ca>* cation. We further investigate how
the CaCOj; precursor is formed. Free energy calculation for
this calcification process is captured by the distance between
C and Ca (dc cq)- To investigate the effect of water exchange
on the first hydration shell of Ca, the coordination number Ow
around of the Ca (Ccy,0,) is additionally used as the second

collective variable:
1 _ (rCGOWk )m
)
CCa,Ow = Z

rcaow, \ "
kENgy 1 — ( - ”")

Y

o

where the rcqow, is the distance between Ca and the k-th water
oxygen, ry is the cutoff distance for Ca-Ow ionic bond, ry =
2.8, Noy, is the total number of water oxygen in the system, m
and n are 8 and 16, respectively.

For the well-tempered metadynamics implementation of
this calcification process, we set the Gaussian height at 0.043
eV, the bias factor at 30, and the hill deposing frequency at
50 fs. The Gaussian widths for the distance and coordination
number are 0.1 and 0.05, respectively. The simulation is run
for 5 ns.

III. RESULTS AND DISCUSSION
A. CO, hydration and hydroxylation

Herein, we firstly focus on CO, hydration differences be-
tween neutral and basic conditions. In the neutral conditions,
reactants for the CO, hydration reaction are simply CO, and
H,O molecules, following the first hydration pathway eq. 1.
We construct two collective variables Cop and Co.y (C de-
notes the coordination number) to characterize the CO, hy-
dration path for the well-tempered metadynamics simulations.
Fig. 2a exhibits the FES landscape for the carbonation reac-
tion between CO, and H,O in neutral solution. Two local
minimum energy states are distinguished on the FES land-
scape, labeled A and B, referring to reactants (CO, and H,0)
and product (H,CO;), respectively. As shown in Fig. S5a,
the solvated CO, molecule is surrounded by around six wa-
ter molecules in the first hydration shell, in agreement with
the DFT-MD simulation [9]. The lowest reactant free energy
state is located at the point Ccp=0.05, Co.y=0.05. The small
values of the two coordination numbers show that C and Oc
atoms are weakly coordinated with Ow and Hw atoms of sur-
rounding water molecules, indicating a solvation state of CO,
molecule. However, the solvated CO, molecule is strongly
hydrophobic with no hydrogen bond formed with these wa-
ter molecules in the first hydration shell (see Fig. 2b) [18].
Along the minimum energy path, a Transitional State (TS)
is observed. TS is at (Ccp=0.978,Co.y=0.425), associating
to a state where Ow is strongly coordinated to C and Hw
is weakly coordinated to Oc, which indicates the formation
of HCO;~ before producing H,CO;. The snapshot in Fig.
2b illustrates the water attack process on CO, where a water
molecule in the first hydration shell approaches C, and O-C-O
angle is bending to form a C-Ow bond. Given that CO, is a
nonpolar molecule, the O-C-O angle bending is primarily as-
sociated with hydrogen bonding interactions. Once the CO,
gains dipole moment, the dipole-dipole interaction between
the bent CO, and water molecule contributes to the forma-
tion of C-Ow bond (see Fig. 2b). In this collective reaction
process, three water molecules participate in the hydration re-
action: CO, +3H,0 = H,CO; +2H,0, which shows that
the CO, - (H,0); cluster yields the lowest free energy bar-
rier for forming H,COj;, in good agreement with prior static
model simulations [12, 16, 18, 52]. Protons are transferred
among the CO, - (H,0); cluster. The H,CO; molecule has
three conformers: cis-trans, trans-trans, and cis-cis [27, 53].



FIG. 2. FES of carbonation reactions in neutral (a) and basic (c, e) conditions. The snapshots in (b), (d), and (e) are associated with the FES of
(a), (c), and (e), respectively. The dashed lines on the FES maps are the minimum energy path searched from MULE algorithm (see Methods).

The minimum free energy profiles are shown in (f).

We observe these three H,CO; conformers in the simulation
(see Fig. S6), while the trans-trans and cis-cis conformers
are prone to transform into the cis-trans conformer, whichis
mainly because the cis-trans conformer has the lowest free
energy among the three conformers [9].

Then, we consider the CO, hydration process in the basic
condition. The basic aqueous solution model includes CO,,
H,0, Ca®" and OH~. Given that OH™ ions can participate in
the association and dissociation reactions of H,O molecules,
we first investigate how the water complex and OH™ ions col-
lectively react with the CO, molecule under the basic envi-
ronment. Unlike the prior neutral case, oxygen and hydrogen
atoms in OH™ ions are additionally taken into account for cal-
culating Cco and Co.g, respectively. Doing so, the motion
of molecules is out of constraint, enabling a collective reac-
tion among CO,, water complex, and OH™ ions. Fig. 2c de-
picts the FES of this collective reaction. Similar to the neutral
case, we distinguish two free energy wells near the points (0,
0) and (1, 1), which are associated with the reactants (CO,,
H,0, OH™) and product (H,CO;), respectively. Apart from
the two reactants and product states, we observe a third free
energy well at the coordinate (0.971, 0.547), corresponding
to a state where the C-Ow bond is strongly coordinated while
the Oc-H bond is weakly coordinated. Hence, this well in-
dicates the formation of HCO;~ (see Fig. 2d). In this collec-
tive reaction, H,COj is formed through a stepwise mechanism
consisting of two progressive reactions, i.e., CO, +2H,0 =
HCO;~ +H;0* and HCO,~ + H;0" = H,CO, +H,0. In-
terestingly, our simulation shows that the HCO;~ formed in
this collective reaction can be present in a metastable state in
the basic condition, which differs from the neutral case. This

metastable state has not been reported in previous static model
simulations.

In essence, the CO, hydration processes shown in the basic
and neutral solutions (see Fig. 2a, c) follow the same reaction,
ie., CO, +H,0 = H,CO;. HCO;™ is simply an intermedi-
ate product along the CO, mineralization pathway. It is likely
that the carbonation follows the hydroxylation pathway eq.(2)
in the basic solution, starting from CO, hydroxylation reac-
tion, i.e., CO, +OH™ = HCO;~. To this end, we construct
the two collective variables (Ccop, dcop) to track this selec-
tive reaction (see Fig. 1b). Note that only the OH™ ions are
included in the basin, which ensures the CO, molecule reacts
with OH™ ions only. Fig. 2e shows the FES of the reaction
between CO, and OH™. We identify the free energy wells
related to the reactant and product, labeled A and B, respec-
tively. The transitional state, marked TS, is at the point (0.612,
2.235). As illustrated in snapshots (Fig. 2e), the formation of
HCO;™ in this reaction follows a concerted mechanism. The
0O-C-O angle is bending due to the hydrogen bonding inter-
actions, while the OH™ group is approaching the C atom at
the transitional state, similar to that observed in the reaction
between CO, and H,O. This indicates that the angle bend-
ing is a prerequisite for the formation of the C-Ow/Oh bond
[12, 16].

Up to now, we have examined three CO, hydra-
tion/hydroxylation pathways: path 1, CO, reacts with H,O
in a neutral condition; path 2, CO, reacts with H,O in a basic
condition; path 3, CO, reacts with OH™ in a basic condition.
To compare the free energy barriers of the three cases men-
tioned above, we extract the minimum energy path from the
FES landscape, as shown in Fig. 2f. The free energy barrier



for the formation of H,COj in the neutral and basic conditions
are 1.144 eV and 1.126 eV, respectively. The basic condition
merely yields a slight decrease in the energy barrier for the re-
action of CO, and H,O. The backward energy barrier for the
basic condition is 0.137 eV, smaller than that of the neutral
condition (0.299 V), which means that the H,CO; product is
less thermodynamically stable in the basic solution than in the
neutral condition. In contrast, the forward and backward free
energy barrier for the reaction of CO, and OH™ are just 0.556
eV and 0.299 eV, respectively, significantly lower than that for
the formation of H,COj;. Note that kg7T=0.0257 eV, in the ba-
sic condition, the system has significantly lower free energy
when the CO, molecule reacts with OH™ than H,O, mean-
ing that this reaction yields a more thermodynamically stable
state than the reaction of CO, and H,O. The path 2 gives rise
to the least thermodynamically stable system out of the three
pathways. In this pathway, the reactive OH™ ions and H,CO;
molecule coexist in the system, making the system less ener-
getically favorable. Instead, the path 3 consumes OH™ group
and outputs HCO;™~, yielding a more energetically favorable
state than the path 2.

For the two CO, hydration reactions, there is no unique
transition-state configuration. Instead, it differs for various
initial water arrangements [18]. Note that the free energy bar-
riers of the two reactions obtained from previous static model
simulations could be significantly lower than the experiment
values. Martirez et al. [18] calculated the forward activation
energy of the reaction of CO, and nH,O using various static
model simulations. It turned out that the energy batriers were
systematically lower than 0.8 eV and could be'down to 0.24
eV as the number of water molecules increased to 9, which
was markedly lower than the experiment value (~ 0.95 eV)
[7]. Even though in some AIMD simulations [9; 25], the es-
timated activation barriers for this reaction were still slightly
lower than the experiment value. Likewise, the forward en-
ergy barrier of the CO, hydroxylation reaction obtained from
previous AIMD simulations was around 0.54 eV [10, 54],
slightly underestimating the values compared with the experi-
ment result of 0.585 eV at 298.15 K [37]. The discrepancy be-
tween the theoretical studies and experiments is due to insuf-
ficient structural sampling of solvent, according to Martirez et
al. [18]. The static model simulations highly depend on the
initial configurations of the reactants. Although the AIMD
simulation considers the motion of molecules, given that it is
computationally expensive, the structural sampling is still in-
sufficient when the simulation time is limited. By contrast,
our predicted energy barriers for the reactions of CO, hydra-
tion (~ 1.1 eV) and hydroxylation (0.556 eV) agree well with
the experimental values, and the former predicted value is bet-
ter than the static model simulation within the frame of wa-
ter cluster (0.2-0.8 eV)[18]. Sufficiently long runs (10 ns) of
our reactive molecular dynamics simulations effectively sam-
ple the collisions between reactants independent of the initial
configurations.

B. Formation of CO32'

Along the complete carbonation reaction pathways, the pre-
cipitation of carbonate minerals requires the basic ionic in-
gredients, i.e., carbonate anions (CO32‘) and metal cations
(e.g., Ca’* and Mg?*). It is imperative to resolve the for-
mation pathways of CO32‘ under different solution environ-
ments. Following the CO, hydration and hydroxylation path-
ways discussed before, we then examine the subsequent de-
protonation process of H,CO; and HCO;™. Therefore, the
deprotonation pathways examined include the following three
conditions: path 1, deprotonation of H,COj in the neutral so-
lution; path 2, deprotonation of H,COj; in the basic solution
(Ca(OH),); path 3, deprotonation of HCO;™ in the basic so-
lution ((CaOH)*). Given that a single H,CO; molecule has
two protons, we use the two collective variables (Cy10, CH20)
to track its deprotonation process. While the HCO;™ has one
proton only, we adopt the Cgjo as the deprotonation reaction
coordinate.

Fig. 3 presents the FES, minimum energy path, and snap-
shots for the three deprotonation pathways. For the first de-
protonation pathway, we identified four free energy wells on
the FES landscape, labeled A, B, and C (see Fig. 3a). We
observed an asymmetric FES because the two protons have
the same transferring probability. The state A is at the point
(0.061, 0:054), indicating that the protons are still strongly
attached to the H,CO;. When one of the two protons is lost
from H,COj3, the system moves forward to state B, which cor-
responds to the reaction of forming HCO;~ and hydronium
ion (H,0%): H,CO; +H,0 = HCO;~ +H;0" (see the snap-
shot in Fig. 3b). The transitional state of this deprotonation
reaction is at the point (0.702, 0.043) or (0.047, 0.733), as-
sociating to a state where the distance between the donated
proton and the acceptor is around 1.4 A. When the left pro-
ton is further lost from the HCO; ™, the system reaches state
C, where the two protons are strongly coordinated to water
molecules as the two collective variables are at large values
(0.972, 0.981). The reaction of this process is written as:
HCO;™ + H,0 = CO32‘ +H;0".In the second deprotona-
tion process, the distance between the donated proton and the
oxygen acceptor is also around 1.4 A. Our simulation sug-
gests that the deprotonation of H,COj in the neutral condition
is a two-step proton transfer process interacting with water
molecules. The lost protons of H,CO; cannot remain dan-
gling alone in the aqueous. In this case, hydronium ions are
formed (see Fig. 3b).

Fig. 3c depicts the deprotonation FES of H,COj in the ba-
sic solution. Note that there are still two OH™ ions in the
system. Therefore, the two OH™ ions are also included in the
basin for the calculation of Cy1p and Cgop. Analogous to
the first deprotonation pathway, the A, B, and C free energy
wells are almost at the same position as Fig. 3a. Interestingly,
we identify two extra free energy wells at the points (0.942,
0.201) and (0.198, 0.876), labeled D. When the system moves
from B to D, the larger Cyo value remains while the small
Cpo value slightly increases, indicating that the other proton
is still attached on the HCO;~. From the trajectories, we ob-
serve that the water molecule is still the proton acceptor for



FIG. 3. FES of the deprotonation of H,COj in the neutral (a) and basic (c) conditions. (¢) shows the FES for the deprotonation of HCO;™ in
the basic condition, together with the free energy profile along the minimum energy. path in (a) and (c). The snapshots in (b), (d), and (f) are
associated with the FES of (a), (c), and (e), respectively. The inset in (e) shows the snapshot of state B marked on the red curve.

the first deprotonation of H,CO;, though OH™ ions coexist in
the solution (see Fig. 3d). Therefore, the state B labeled in
Fig. 3c represents the formation of HCO;~ and H,O", iden-
tical to the case in Fig. 3a. Consequently, one notes that the
solution is mixed with HCO;~, H;O0*, OH™, and H,O at state
B of the basic condition. Before the last proton is dissociated
from HCO;~, we observe an intermediate reaction between
H,O0*and OH™: H;0* +OH™~ = 2H,0. Hence, the transition
between state B and state D is associated with the recombina-
tion of H;O* and OH™. Nevertheless, H,O is still the pro-
ton acceptor for the deprotonation of HCO;5~ .The collective
deprotonation reactions observed here are different from the
previous static model simulation of Zhu et al. [22], who show
that H,COj; are always favorable to react with the surrounding
OH™ ions and H,0" ion formation is unlikely to occur. In our
view, the discrepancy is still ascribed to the insufficient struc-
tural sampling in static model simulations. When the initial
configurations of OH™ ions are close to the H,CO; molecule,
the two species are always prone to react with each other in
the static model simulations. As a result, the water molecules
act as spectators.

Fig. 3e shows the FES of HCO;~ deprotonation in the third
pathway, together with the free energy profiles along the min-
imum energy path for the first and second pathways. The
first free energy well labeled A represents the reactant state
(HCO;™) where the proton Hcp, is strongly coordinated to
the carbon oxygen and water molecules are far away from
the HCO;™ anion without forming hydrogen bonds. Apart
from state A, there are two additional free energy wells (B
and C) before the deprotonation state D, where the Hco, atom
is weakly coordinated to a surrounding water molecule (see

the inset of Fig. 3e and Fig. 3f). Two and three hydrogen
bonds are formed between the HCO;™ and the surrounding
H, O molecules in state B and C, respectively, which stabilizes
the HCO;™ and yields a lower free energy than the state A. In
the third pathway, only one proton transfer happens between
HCO;™ and H, O, making the deprotonation much easier than
the other two pathways. This has the lowest free energy bar-
rier out of the three pathways, only 0.515 eV. In contrast, the
free energy barriers of H,CO; deprotonation in the neutral
and basic solutions are 0.822 eV and 0.636 eV. Note that the
energy barrier for a single deprotonation reaction is similar
among the three cases. The energy barriers of the first depro-
tonation in the neutral and basic cases are 0.382 eV and 0.399
eV, respectively, and that of the second deprotonation in the
two cases are 0.473 eV and 0.304 eV, respectively, which are
close to the energy barrier estimated for the third deprotona-
tion pathway. As one can see from Fig. 3f, the Ca>* cation is
always near the HCO;~ since one OH™ ion is consumed dur-
ing the CO, hydroxylation reaction, which makes the Ca*-
HCO;™ and Ca2+-C032‘ ion pairs formed easily along this
carbonation pathway.

C. Estimation of the most favorable reaction path

We have identified the reaction pathways for the CO, hy-
dration and H,CO;/HCO;~ deprotonation process in the neu-
tral and basic conditions. Consequently, CO32‘ is formed
through the sequential reactions. Herein, we summarize the
complete carbonation pathways for the three cases, as shown



FIG. 4. Full conversion pathways from CO, to CO32* in the neutral (a) and basic (b) aqueous solutions.

in Fig. 4. In the first carbonation pathway for the neutral
solution, three progressive reactions are resolved. Note that
the first reaction between CO, and H,O in this carbonation
pathway involves three water molecules instead of one. Water
dissociation and association reactions occur among the three
water molecules during the formation of H,CO;. Fig. 4b
shows the complete collective CO, hydration pathway (blue)
in the basic solution. Compared with the neutral solution, this
carbonation pathway is more complicated, with extra reac-
tions found during the CO, hydration and H,CO; deproto-
nation processes. Fig. 4b also depicts the CO, hydroxylation
pathway (green) in the basic environment where CO, reacts
straightforwardly with OH~. Hence, the formation of CO32’
in the pathway simply comprises two reactions.

The comparisons of the complete carbonation pathways in
Fig. 4 indicate that the CO, hydroxylation pathway. (Fig.
4b) requires the least energy for the conversion from CO, to
CO32‘ out of the three pathways, only 0.772 eV. In contrast,
the free energy barriers between CO, and CO5>" in the first
(Fig. 4a) and the second (Fig. 4b) CO, hydration pathways
are 1.667 eV and 1.639 eV, showing less energetically favor-
able than the CO, hydroxylation pathway. However, collec-
tively, CO, seems to be more likely to react with H,O rather
than OH™ in the basic aqueous solution according to the free
energy profile of the second pathway. Such discrepancy is per-
haps due to the enhanced sampling of metadynamics. To this
end, we can roughly estimate the reaction rates of CO, hy-
dration and CO, hydroxylation reactions using the Arrhenius
equation (details .can be found in Appendix):

—AG
k:ZABpeXp (RT') (12)

where Zyp is the collision frequency of the reactants related to
the number of reactants N4 and Np, p is the steric factor, R is
the gas constant, and AG is the activation energy. Then the re-
action rate ratio of CO, hydroxylation (k3) and CO, hydration

k  Nog- AGy—AG;
(k2) can be roughly expressed as B~ Nmo exp T .
Knowing the free energy barriers of the two reactions, we have

N, .
ks NoH= 109, It means that when the two reactions have
ky " Nmo

the same reaction rate, the number of water molecules should
be at least 10° times larger than the number of OH™ ions,

which is impossible. Therefore, we can conclude that the third
reaction pathway is the most favorable carbonation path.

Along each carbonation pathway, the first reaction always
has the highest energy barrier, showing that forming a C-O
bond is the rate-limiting process. The product CO32‘ has
markedly higher energy than other local minimum energy
states, especially in the first pathway, so it is perhaps highly
unstable. To this end, we further equilibrate the system at the
product state. It turns out that the CO32‘ formed in the first
pathway retreats to the HCO;™ state, while the CO32‘ in the
other two pathways remains stable. One notes that the back-
ward energy barrier for CO32‘ to HCO;™ in the neutral case is
just0.081 eV because of the coexistence of CO,%>~ and Hy0%,
which allows the backward reaction to occur easily.

D. Formation of C32+-CO32' ion pair

The CO32‘ formed in the third pathway is stably present in
the presence of Ca”*. We further investigate how the CaCO;,
precursor is formed in this pathway. Fig. 5a shows the FES of
the calcification process, and Fig. 5b depicts the free energy
profile along the minimum energy path. To show the water ex-
change effect on the solvation of Ca>* during the calcification,
we use the coordination number of Ca’* by water oxygen to
capture the solvation state of Ca®* [55]. As depicted in Fig.
5b, the free energy barriers of the calcification are markedly
lower than any other reactions of the complete carbonation
pathway. The main transitional state (TS1) for the calcifica-
tion is between the swimming state A and the attaching state
B (see the insets in Fig. 5a), where the CO32‘ is heading to
the solvated Ca%* (with six water molecules in the first sol-
vation shell) at the distance of around 4.3 A. The free energy
barrier of this transition is just 0.21 eV. As the two counter-
parts are approaching each other, the Ca®* loses one water
molecule from its solvation shell. The least energy state is the
CaCO;-5H,0 complex at state D where the C-Ca distance is
around 2.8 Aand the Ca?* is solvated by five water molecules
and one oxygen atom of the CO32‘ anion (see Fig. 5b), show-
ing that the early calcification process is exergonic, consistent
with the molecular dynamics simulation using a shell model
for the calcium carbonate [34]. The CaCO;-4H,O complex at
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FIG. 5. Reactive metadynamics simulation for CaCO;5 formation. (a) The FES of calcification in basic solution after the carbonate anion is
formed from the most favorable pathway. (b) The minimum energy path of the calcification reaction.

E is a metastable state where two carbon oxygens are coordi-
nated to Ca>*, and the Ca®* is on the plane of CO32‘. It is
possible that the C and Ca further approach at around 2.2 A,
causing the Ca* shifts toward the top of the CO32’ plane, and
the three oxygens in CO32’ are coordinated to the Ca®*. Since
the calcification is a barrierless reaction, the two species can
easily bond together when they coexist in the system, even in
the standard molecular dynamics simulation.

Our results show that the CO, captured in the basic solu-
tions can remain stable as CO32‘, especially in the presence
of a counterpart like Ca®*. Basic aqueous conditions are com-
mon in nature. For example, the pH of ocean is around 8.1
[56], and it includes abundant cations e.g., Mg?*; Ca>*, and
Nat, etc. It means that the ocean can be functionalized as a
carbon sink. The basic condition of the ocean enables it to
uptake atmospheric CO, molecules and, most importantly, to
store them in forms of CO32’ or HCO5™ . Especially the pres-
ence of Mg?* and Ca?* makes it even more favorable. The
basic condition is also frequently seen in the pore solutions of
concrete and natural minerals. Due to the continuous hydra-
tion reactions of cement, the concrete pore solution is usually
in highly alkali conditions with a pH ranging from 12.3 ~
13.8 [57]. From our results, we can fairly deduce that carbon-
ation reactions can happen in cement concrete. The long-term
exposure of concrete to the atmosphere makes the concrete a
carbon sink [58]. Tt is; therefore, important to consider the
effect of basicity when evaluating the global carbon cycle.

IV. CONCLUSION

In this work, we use reactive simulation with metadynam-
ics techniques to unveil the complete pathways (from CO, to
the Ca,™-CO,;2~ ion pair) and collective reaction behaviors
of carbonation reactions in neutral and basic solutions. The
collective reaction behaviors of molecules in the processes of
CO, hydration and hydroxylation, H,CO5;/HCO;~ deproto-
nation and calcification, are well captured by our collective

variables. The collective and constrained samplings allow us
to distinguish the different reaction pathways of carbonation.
Our main conclusions are summarized as follows:

(1) We stress the importance of structural sampling for all
the reactions along the complete carbonation pathways. En-
hanced sampling with multiple crossing of the energy barriers
is necessary to determine accurately the reaction energy bar-
rier, in contrast with static models or dynamic models with
single events, which are often used.

(2) The energy barriers of CO, with OH™ are much lower
than with H,O, yielding a faster reaction rate (10° higher at
the same concentration). Thus, for the CO, speciation, a basic
aqueous solution is critical to increase the reaction rate. This
is because the CO32‘ anion is most likely to form from the
CO, hydroxylation pathway in a basic solution.

(3) When the CO32‘ anion is formed in the basic solution,
the calcification of CaCO; occurs with a markedly low free
energy barrier. In contrast, forming CO32’ in the neutral bulk
water is less thermodynamically favorable than that in the ba-
sic solution. We could infer a reasonable scenario for the full
carbonation path of an alkali-earth solution: a CO, molecule
speciates through the CO, hydroxylation pathway, then binds
with an alkali-earth cation with a fast reaction rate.

Appendix A: Supplementary Materials

The Supplementary Information (SI) includes supplemen-
tary text and supplementary figures.
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