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Abstract

A new ReaxFF reactive force field has been developed for metal carbonate systems including
Na‘, Ca?", and Mg?" cations and the COs* anion. This force field is fully transferable with
previous ReaxFF water and water/electrolyte descriptions. The Me-O-C (Me = Metal) three-body
valence angle parameters and Me-C non-reactive parameters of the force field have been
optimized against quantum mechanical calculations including equations of state, heats of
formation, heats of reaction, angle distortions and vibrational frequencies. The new metal
carbonate force field has been validated using molecular dynamics simulations to study solvation
and reactivity of metal and carbonate ions in water at 300 K and 700 K. The coordination radius
and self-diffusion coefficient show good consistency with existing experiments and simulations
results. The angular distribution analysis explains the structural preference of carbonate ions to
form carbonates and bicarbonates, where Na" predominantly forms carbonates due to lesser
angular strain, while Ca’* and Mg?* prefer to form bicarbonates monodentate in nature.
Residence time distribution analyses on different systems reveal the role of ions in accelerating

and decelerating dynamics of water and carbonate ions under different thermodynamic
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conditions. The formation and dissolution of bicarbonates and carbonates in the solution were
explored on the basis of protonation capability in different systems. The nucleation phenomenon
of metal carbonates at ambient and supercritical conditions is explained from the perspective of
clusters formation over time: Ca?" ions can form prenucleation clusters at ambient temperature
but shows a saturation with temperature, whereas Na* and Mg?" ions show rapid increase in

cluster size and amount upon increasing time and temperature.

1. Introduction

Alkaline and alkaline-earth metal carbonates serve in several important applications in
geophysical!, biological®> and industrial> domain. Due to their high melting temperatures, they
possess properties like high thermal and ionic properties making them suitable for fuel cells.*
Metal carbonates precipitation and mineral carbonation is currently one of the viable routes for
carbon dioxide sequestration®. Solvation is an efficient way to precipitate metal carbonates and in
determining the long-term stability of carbonates. Aqueous environments act as catalysts for
metal ions to bind with carbonate anions leading to nucleation and precipitation in solution®.
Thermodynamics play an important role in nucleation and crystal growth in solution and
therefore understanding the solvation-reaction dynamics at ambient and high temperatures is

crucial.

Several computational®® and experimental®!" methods have been probed to monitor the ion
association and clustering over the years. Experimental studies involving structural
characterization with high resolution are limited owing to small size and intermittent lifetimes of
such clusters. Modeling and simulation of such systems have paved the way in filling the void

and provide support towards experimental quantifications.
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Predicting the prenucleation stage of ion clusters is a challenging task from a modeling
perspective. Tommaso and de Leeuw studied the solvation and onset of nucleation'? for CaCO5'3
and MgCO;'* complexes using Car-Parinello molecular dynamics (CPMD) simulations to
understand their structure and dynamics. It was found that the structure of the most stable
monomer of Calcium and Magnesium (bi)carbonate hydrates with five and four water molecules
respectively while the (bi)carbonate is coordinated to the metal in a monodendate mode. The
results of the CPMD simulations are in good agreement with static density fuctional theory
(DFT) calculations for the bicarbonate stability in aqueous solution and the interconversion of
monodendate and bidendate coordination is facile. Chaka!> performed the molecular modeling
and ab-initio thermodynamics simulations to determine the structure and thermodynamics of the
known hydrated CaCO; polymorphs and Ca analogues of hydrated MgCO; to determine their
potential role in forming pre-nucleation clusters, transient intermediates, or local coordination
arrangements of amorphous CaCOj; in both aqueous and CO, rich environments. Ab-initio
molecular dynamics (AIMD) simulations are computationally expensive limiting them to few
nanometers system size and simulation times of tens to hundreds of picoseconds. Longer
simulations of systems containing thousands to ten thousand of atoms is required to capture the
ion aggregation, nucleation and growth phenomena. Classical molecular dynamics (MD)
simulations are significantly less computationally expensive than AIMD and as such can
generate nanosecond to microseconds of simulation of large systems. Bruneval and co-
workers”'® had built an empirical force field which had transferable potentials for different
phases of calcium carbonates and its hydrated forms. The force field could capture the structural
and dynamical properties of the systems and the early stages of calcium carbonate growth

effectively. Raiteri et al.%!7 parameterized the first force field which incorporates the calcite-
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aragonite phase transition and free energy of solvation of Ca?" ions correcting deficiencies and
accurately describing the thermodynamics of aqueous calcium carbonate system. Recently,
polarizable force fields like AMOEBA were effective in addressing the ion pairing and multiple
ion binding in calcium carbonate solutions!8. Ottochian et al.!® calculated the diffusion and ionic
conductivity of alkaline salt mixtures like sodium, lithium and potassium carbonate using the
Born-Mayer Huggins and Coulomb potentials. Even though force fields with accurate potentials
are capable of consistently describing the ions both in the solid and in aqueous solutions,
examining the growth of carbonate salts is complicated due to the solution speciation of
carbonates. The dominant species close to neutral pH is the bicarbonate anion. Although growth
is normally conducted under basic pH, the issue remains that bicarbonate may still prevail in
solution, whereas carbonate is found in crystal. The question remains about the transfer of
proton. The inclusion of reactivity to describe the speciation effect is an important approach to
understand the protonation phenomenon. Reactive force fields have been able to address this
shortcoming due to the combination of van der Waals, electrostatic interactions along with

covalent terms which addresses reactivity within the system efficiently.

ReaxFF?%2! is an empirical force field that employs a bond-length/ bond-order/ bond-energy
relationship to obtain a smooth transition between bonded and nonbonded systems, thus allowing
reactions to happen during molecular dynamics simulation. During an MD run, the bond orders
are updated every iteration, and the calculation of the system potential energy takes the bond-
order into account. ReaxFF also considers nonbonded interactions for each pair of atoms,
including van der Waals and Coulomb terms. ReaxFF also includes a geometry dependent
polarizable charge calculation. These charges are updated in every iteration. ReaxFF methods

have previously been developed for number of aqueous systems including metal ions and solid-
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liquid interfaces.??>26 Gale et al.?’ had previously developed a ReaxFF force field to study the
aqueous and solid CaCOj; systems which adjusted the functional forms of the present ReaxFF
empirical potentials by applying tapering functions to all to ensure smooth truncation. It also
considered Ca®" as a fixed di-cation regardless of whether it is in aqueous solution or bulk phase
of crystalline calcium carbonate. Anything lesser than +2 charge led to under binding of water to
Ca?" ions. Our present description of the force field removes this assumption as charge is
dynamic in nature and can be partial, making our current force field more consistent and more
transferable with other ReaxFF descriptions. The charge calculated in the present ReaxFF
framework is using the Electronegativity Equalization Method?® (EEM) and updated in every
iteration. We provide a ReaxFF methodology which considers three different metal ions: Na*,
Ca?" and Mg?" along with the COs*> description to understand the structural and dynamical

properties of each system.

In this paper, we aim to study the solvation and reactivity of three different metal ions (Na*, Ca?*
and Mg?") and carbonate ion (CO;?>) in water. These three metal ions are very unique in nature
and studying their dynamics in water at different thermodynamic conditions will provide
evidence of their unique behavior. We detail the ReaxFF force field parameterization of the
metal carbonate framework and validation with DFT studies. We study the dynamics of three
different metal carbonate ion pairs in water at 300 K and 700 K. These two temperatures can
primarily show the difference between the structure and dynamic changes in the system leading
to distinct speciation and reactivity of ions in the solution. We assess the structural arrangement
of species in terms of radial distribution function (RDF) and Angular distribution function

(ADF). The dynamics of the solvation shell was established by residence time distribution, self-



Physical Chemistry Chemical Physics Page 6 of 42

diffusion coefficient and shear viscosity calculations. Finally, we detail the thermodynamic

effect on the metal ions leading nucleation in the solution.

2. Force field development section

The ReaxFF development branch is distributed into three main branches: combustion, aqueous
and independent branch.?! The parameters in branch are inter-transferable as they share the same
first row of atomic parameters and have identical general parameters. We used the general
C/O/H parameters which were derived from the ReaxFF protein force field?® where the atomic C
parameters were derived from the combustion force field’® and H/O atomic parameters came
from the first generation water force field.3! The Ca-O parameters were taken from the Pitman
force field3?, Mg-O parameters from Protein force field?® and Na-O parameters from the recently
developed Fedkin et al.3® force field. The general description of total interaction energy in

ReaxFF is as follows:
Esys = Ebond + Eval + Etor + Eover + Eunder + Elp + EvdWaals + Ecoulomb (1)

In Eq 1, Epynq (bond energy), E,,; (valence angle energy), E,,, (torsion angle energy), E,,., (over-
coordination penalty energy), Euu.- (under-coordination penalty energy), and E; (lone-pair
energy) are bond-order-dependent terms, meaning that the contribution of these energies
disappears upon bond dissociation, leaving with only the nonbonded interactions. Nonbonded
interaction terms include E.,,omp (Coulomb energy) and E, p..s (van der Waals energy), and
they are calculated between all atom pairs in the system. For both types of interactions, ReaxFF
employs shielded potentials to avoid excessive repulsions and unphysical charges between atoms

that are at close distances. We use EEM?? for calculations of the atomic charges in ReaxFF, and
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this geometry-dependent charge calculation method makes ReaxFF a reactive force field that can

handle the polarization of a system.

In this study, we optimized ReaxFF parameters for Ca-CO32, Mg-COs*, Na-COs?* interactions
to obtain a transferable potential for metal carbonate interactions. In general, we trained the Me-
O-C (Me = Metal) angle and Me-C off-diagonal parameters to develop this force field. The

parameter sets were developed by training against QM and available literature data.

Note that preliminary versions of the force field presented here have been used in two previously
published studies. One of the studies was to gain insight in the speciation mechanism of water-
formic acid mixtures at sodium montmorillonite surfaces.>* Another study was to understand the

physicochemical mechanism at the rock-calcite interface due to friction?.

The training set to develop our present force field have the following informations:

1. Equations of state of different condensed phase polymorphs of calcium carbonates specifically
Calcite, Aragonite and Vaterite as shown in Figure 1; Magnesium Carbonate and Sodium
Carbonate crystals. ReaxFF force field was trained against the difference in energies between the

phases at a particular volume and the most stable volume.

2. Heats of formation and Heats of reaction of the different metal carbonates, metal oxides and
metal hydroxides. ReaxFF was trained against the literature values obtained from the National

Institute of Science and Technology database.3

3. Angular distortions of Me-O-C and Me-C. The ReaxFF parameters were trained against the

energy differences between the constrained molecule and the minimum state.
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Figure 1: Unit cell of CaCO; polymorphs (a) Calcite (b) Aragonite and (c) Vaterite.

4. Vibrational frequencies for molecular NaHCO;, MgCO; and CaCO;. The molecular
vibrational frequencies obtained from ReaxFF are trained against the DFT normal modes of

vibrations.

We used the general ReaxFF parameter optimization strategy which was first introduced in the
non-reactive polarizable force field developed by van Duin et al*® given by Eq 2. We used the
single parameter linear search optimization technique. Parameter correlations which are quite
extensive in ReaxFF are captured by performing multiple loops over the optimizable force field
parameters until the force field error converges. The weights depend on (a) the relevance of a
particular training set data points which are closer to the equilibrium are given higher weights
and (b) the expected error in the DFT data; for example, metal oxide reactions we anticipate
significant uncertainty in the DFT data as such, these points are given lower weights in the

training set.

Page 8 of 42



Page 9 of 42

Physical Chemistry Chemical Physics

2)

Xigm—X i,ReaxFF)z

total error = Z?: 1( —

3. Quantum Mechanical Methods

The Density Functional Theory (DFT) calculations of Calcium Carbonate molecules were
performed with the Jaguar’’ software using M06-2x functional with LACV3P-++** basis set. The
DFT calculations for Magnesium Carbonate and Sodium Bicarbonate molecules were performed
using B3LYP 6-31G(d,p)++ basis set in Jaguar. Full geometry optimizations were performed on
these molecules without any symmetry or structural constraints. To obtain the potential energy
profile along the Me-O-C angle and Me-C off-diagonal, the constrained geometry optimization
was applied in the Me-O-C angle ranging from 65° to 130° and Me-C off-diagonal ranging from
1.0 A to 4.2 A. Datasets beyond these ranges are redundant and unfeasible as the angle or off-
diagonal compression or expansion is unlikely to happen during any reactive event. Also, such
datapoints can be easily extrapolated by the developed force field based on the training done
with precise fitting in and around the equilibrium zone. The vibrational frequencies were also
obtained using the same set of DFT calculations for each carbonate molecule. The ReaxFF

frequencies of each molecule were trained against the DFT normal mode of vibrations.

Periodic DFT calculations for metal carbonate and metal oxide phases were carried out using the
Vienna ab initio simulation package® (VASP) in conjunction with projected augmented wave®®
(PAW) pseudopotentials and the Perdew-Burke-Ernzerhof** (PBE) parametrization of the
generalized gradient approximation (GGA) exchange-correlation functional. The plane wave
kinetic energy cutoff value was set to be 520 eV, while the Monkhorst—Pack method or Gamma-

centered mesh was used for k-points generation with following the protocols associated with the
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crystal structures on Materials Project database. Spin polarization and zero damping DFT-D3

method of Grimme corrections were used in all calculations.

4. Simulation Details

ReaxFF MD simulations were performed for three different metal (Na, Ca, Mg) carbonate
aqueous solutions at 3 m concentrations for ambient (300 K) and supercritical (700 K)
temperature to understand the structure, dynamics, and speciation of the different ions in
solution. A simulation box containing 1000 water molecules and equivalent amounts of metal
ions and carbonate ions was created for a charge neutral aqueous solution. The initial system was
created at a very low density, and then minimized and compressed to the desired box size. The
box size was calculated based on the concentration and the density of system was kept fixed at 1
g/cm3. Table 1 lists the box dimensions of the three metal carbonate systems. The temperature of
the system was gradually increased to 300 K. The system was equilibrated at 300 K for 200 ps.
The final configuration at 300 K was taken and the system was gradually ramped up to a
temperature of 700 K. Periodic boundary condition was maintained to avoid boundary effects
caused by finite size and considering the system as an infinite one. We equilibrated the system at
both temperatures (300 K and 700 K) for 100 ps and conducted NVT MD simulations for 1 ns.
The last 0.5 ns were considered for the statistical analysis of the dynamical properties.

Table 1: Metal carbonate systems modeled at 300 K and 700 K for 3 m concentration.

Metal Carbonates Box dimensions (in A3)
CaCO; 33.869 x 33.869 x 33.869
MgCO; 33.447 x 33.447 x 33.447
Na,CO; 34.025 x 34.025 x 34.025

10
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In our simulation, the time step was set to 0.25 fs to integrate Newton’s equation of motion by
velocity-verlet algorithm. A Berendsen thermostat with a 100 fs damping constant was used to
control the temperature of the entire system. All of the ReaxFF MD simulations were performed

used the Amsterdam Density Functional*!' software package.
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Figure 2: Pressure fluctuation in GPa during NVT simulations at 700 K for (a) CaCOj; (b)
MgCO; and (c) Na,COs

We performed a series of NVT MD simulations for the calculation of the shear viscosity in
electrolyte solutions for Na,CO3;, CaCO; and MgCO; at 300 K and 700 K. The systems were
equilibrated for 250 ps under NVT ensemble using Nose-Hoover thermostat with a relaxation
constant of 100 fs. The pressure fluctuation during the NVT ensemble at 700 K as shown in
Figure 2 is greater than 0.022GPa (supercritical pressure for pure water) which means that the
system is in the supercritical regime. To collect trajectories for viscosity calculation, we
performed NVT MD simulations for 1 ns using a time step of 0.25 fs. For parallel ReaxFF MD
simulations, we used the LAMMPS/ReaxFF implementation to calculate the shear viscosities of

each electrolyte-water system.

11
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5. Results and Discussions

5.1. Comparisons with DFT

The force field interaction parameters for Me-O-C angle and Me-C oft-diagonal were trained
against the DFT calculations of Equations of State of the crystal polymorphs of Sodium, Calcium
and Magnesium Carbonates. For CaCO; we considered the most common crystal polymorphs:
Calcite, Aragonite and Vaterite. While Calcite is the most stable polymorph at ambient
temperature, Aragonite exist at higher thermodynamic condition and Vaterite is a metastable
phase. Vaterite is highly soluble in water and can disintegrate to Calcite at room temperature and
Aragonite at high temperature. We considered two different crystal polymorphs of Magnesite
(MgCOs) for the EOS calculations: trigonal which exist at normal thermodynamic conditions and
orthorhombic which is thermodynamically unstable at normal conditions. For Na,COj; crystals
also known as “Soda Ash”, we considered the alpha (trigonal), beta (hexagonal) and gamma
(monoclinic) polymorphs. The volume—energy relationship (equations of state) of eight crystal
structures, were included as references to define the ReaxFF parameters. Since these crystals
have different coordination numbers, the equations of state data can lead to the parameterization
of the three-body energies and their relationship to the bond order. The environment around each
metal ions can be quite different and hence the parameterization of the force field provides
reasonable energy description during the compression and expansion of their respective crystals.

We deformed the crystals uniformly in all directions by +10% in order to fit the Energy as a

12
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function of Volume as shown in Figure 3. Points near the equilibrium were given higher weights
to capture the curvature properly. We obtain a decent fit with DFT data as seen in Figure 3. Note
that for applications requiring accurate mechanical properties it may be advisable to improve the

ReaxFF reproduction of these data — but this will go at the expense of the heats of formation and

Physical Chemistry Chemical Physics

reaction discussed later in this manuscript.
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Figure 3: Equation of state comparisons for (a) Calcite, (b) Aragonite, (c) Vaterite, (d) Trigonal

Na,COj; (e) Hexagonal Na,CO; (f) Monoclinic Na,COj3 (g) Trigonal MgCOj5 and (h) Orthogonal
MgCO;,

For the case of the aqueous metal carbonate system, it has been recently shown that it is essential
to ensure that the thermodynamics of the model is taken into account during the

parameterization, something that has been widely overlooked in previous studies**#* On the
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basis of such model, it is then possible to obtain results for solution speciation that are in good
quantitative agreement with the experimental and ab-initio data. The phase change
thermodynamic data for the conversion from calcite to aragonite is found to be 0.34 kcal/mol for
which ReaxFF predicts an energy difference of 1.78 kcal/mol. The heat of formation and heat of
reactions of the crystal phases are important thermodynamic information against which
parameterization of the force field can accurately capture and describe the reactivity of the
system. The covalent bond parameters can be significantly refined against these features making
the force field suitable to study systems at range of thermodynamic conditions. Both the heat of
reaction and formation show reasonable agreement with the literature data and such the average
error in the thermodynamic data is within 13% as seen in Table 2, 3 and 4 for CaCO;, MgCO;
and Na,COj; respectively. It should be noted that there is a statistical uncertainty in the values

which arises from the hydration energy of the cations and carbonates present in the solution.

Table 2: Comparisons of heat of formation and reaction of Calcium Carbonate

Reactions il Sl

(kcal/mol) (kcal/mol)
Ca+1/2 0y ----- > CaO -151.88 -177.92
Heat of Ca+ 0O, +Hy----- > Ca(OH); (gas) -146 -183.63
formation Ca+0O,+H;, - > Ca(OH); (solid) -235.7 303.43
Ca+C+3/20;--—--- > CaCOs (solid) -288.6 -237.05
Heat of Ca0 + CO; -----> CaCO; -42 -50.46
reaction CaO+ H,COs5 ----- > CaCO3.H,0O -127 -103.78

Table 3: Comparisons of heat of formation and reaction of Magnesium Carbonate

Reactions QM (kcal/mol) ReaxFF (kcal/mol)
Heat of Mg + 120, -----> MgO -143.7 140.89

14
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formation Mg+ C + 3/20, ----- > MgCO, (solid) 265.7 266.52
Mg + O, -----> MgO, -150 -145.57
MgO + CO2 ----- > MgCO3 28 -22.26

Heat of reaction

Table 4: Comparisons of heat of formation and reaction of Sodium Carbonate

Na + 1/202 -i-l/ZH2 ----- > NaOH -101.9 105.28

Heat of formation Na+C+ 3/202 + 1/2H2 ----- > NaHCO3 227.46 -235.88

Heat of reaction Na O + CO, ----- >Na,CO, -76.8 -86.24

The Angular distortion calculations were performed as mentioned in Section 2. Training against
the angle scanning data of the metal carbonates allow the force field to capture the atomic
orientation properly while reacting or ionizing in a system. The ReaxFF parameterization was
done based on the Angle scanning of the three metal carbonates as seen in Figure 4. The energy

curve shapes generated by the ReaxFF method are in good agreement with the QM data.

15
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Figure 4: Angle scanning of Me-O-C angle for (a) CaCOj; and (b) NaHCO; molecules.

The vibrational frequencies of the metal carbonate molecules were calculated as explained in
Section 2. The ReaxFF frequencies were obtained from calculating the Hessian of the Energy
matrix to obtain the normal modes of vibrations. We computed the vibrational frequencies for
CaCO;5; and NaHCOs;, where the frequencies of the different modes of stretch were trained
against the DFT modes. The comparisons of the vibrational frequencies for ReaxFF and DFT are
shown in Figure 5. The range of CaCO; and NaHCO; modes were different due to the presence
of the H atom in NaHCO; which vibrates at a much larger frequency. The quantitative agreement

for the vibrational frequencies were reasonable.

16
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Figure 5: Vibrational frequency normal modes comparison between ReaxFF and QM for (a)
NaHCO; and (¢) CaCOs;. Stretch modes shown for (b) NaHCO; and (d) CaCO;

5.2. Diffusion Coefficient

Self-diffusion coefficients give us an estimate about the transport properties of ions in solutions
which helps us to understand dynamical changes to various chemical systems. We have
calculated the diffusion coefficient of metal ions, carbonate ions and water for each system at
300 K and 700 K. The diffusion coefficient is calculated from the long-time limit of the mean

square displacement (MSD) given by Eq 3

Dup = }Lr?o ﬁc:jv: 1 () — rj,i(o))z) 3)
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Where r;;(t) is the position of the jth molecule of species 7 at time ¢, and N; is the number of
molecules of species i in the system.

We have obtained D,,p from Eq 3 for metal ions, carbonate ions and water molecules by making
the least squares fit of MSD plots from the trajectories of simulations of 200 ps. Dy is
calculated from the slope of the MSD plot which is fitted to the linear part (diffusive regime) of

the graph. The MSD plots are reported in Figure 6 and the diffusive regime is considered from 0

to 200 ps as it gives a well-defined linear profile in this time-range.
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Figure 6: Mean square displacement plots at 300 K (solid lines) and 700 K (dashed lines) for (a)

Metal ions, (b) Carbonate ions and (c) water molecules

It is important to consider the system size effects as the long-range interactions can lead to

systematic errors in the calculation of self-diffusion if no corrections are applied. The system

randomness increases at high temperature which affects the shear viscosity of the aqueous

solution changing the diffusivity of the ions significantly. This approach was first developed by

Yeh and Hummer*® and used in literature to predict diffusion coefficient at the thermodynamic
p Y

limit. The following corrections were applied in Eq. 4 for incorporating the system size effects:

18
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ksTE
Do =Dup + g1 (4)

Where D, is the self-diffusion coefficient corrected by the system size effects, Dyp is the self-
diffusion coefficient obtained from the MSD calculation, k3 is the Boltzmann constant, 7 is the
absolute temperature, & = 2.837298 is a dimensionless constant of a periodic lattice, # is the

shear viscosity and L is the length of the cubic simulation box.

The microscopic friction in an aqueous salt solution is largely dependent on the shear viscosity
of the solution. We calculate the shear viscosity of the solution using the Green-Kubo

autocorrelation of the off-diagonal components of the stress tensor given by Eq. 5.
. 1V t / ’ 2
= tim 55 (foPas(e)e’) ) 5)

Where V is the volume of the system, kp is the Boltzmann constant, P,z the three off-diagonal
components of stress-tensor, 7 is the absolute temperature and ¢ is the simulation time. The
viscosity of the solution increases with the increase in density of the system and is inversely
proportional to the diffusivity of ions through the solution. The shear viscosity of different
electrolyte systems is reported in Table 5. The calculated self-diffusion coefficients with finite

size effects (D) have been shown in Table 6.

Table 5: Shear viscosity (in Pa.s) of different aqueous metal carbonate solutions at 300 K and
700 K.

CB.CO3 MgCO3 N32CO3
300 K 1.503x 103 1.249x 103 1.026x 103
700 K 1.501 x 10*  1.342x10* 1.325x10*

19
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Table 6: Self-diffusion coefficients of metal ions, carbonate ions and water molecules at 300 K
and 700 K.
CO32' CO32' C032' Hzo Hzo H20

Ca?* Mg?>  Na'

(Ca) (Mg) (Na) (Ca) (Mg) (Na)

300K 0.0285 0.0345 0.032 0.0566 0.0451 0.0373 0.1561 0.1711  0.1807
700 K 03064 0.2496 0.5058 0.937 1.0399 0.4354 2.1487  2.6758  2.784

Diffusion of water molecules in aqueous carbonate solutions increases with increase in
temperature due to the coexisting vapor phase at supercritical temperature. Cations show
different diffusion dynamics in supercritical water compared to ambient water. At ambient
conditions, Na* and Ca?* show higher binding with water as they can establish strong hydrogen
bonding network around their coordination shell. Na* ions usually show 6-fold coordination at
ambient condition leading to significant affinity with water in its coordination shell. In the case
of Ca?*, the most likely coordination is 7-fold; however, the 8-fold coordination is also possible
but it is less stable. and hence it is most stable. In the case of Mg?*, only a 6-fold coordination
with oxygen is thermodynamically accessible, and to form a contact ion pair (CIP) a molecule
from the Mg?" hydration shell has to be displaced, which is an activated process with a free
energy barrier. With Mg?* only 6-fold coordination with respect to oxygen, where five oxygens
belong to water and one oxygen belong to carbonate ion is possible. The 6-fold coordination
state lowers the contribution of the average hydration state. All other configurations are high on
energy barrier to visit making it a very stable state. For Ca?*, the cation can accommodate an
extra oxygen in the hydration shell for a relatively small energetic cost, and hence CIP can be
formed without crossing a high energy barrier. Therefore, solvation of Ca®" is easier compared to
Mg?* making it less diffusive in water. Both bicarbonate and carbonate has been studied

previously using first principles are monodendate in nature and preferentially form ion-pairing
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with Ca?" and Mg?*. At supercritical condition, ions lose their binding affinity for water due to
low dielectric strength. Binding with carbonate ion is still effective at high temperature and ions
can nucleate and precipitate as clusters. Diffusion of metal ions, carbonate ion and water
molecules significantly increase at high temperature by an order. Ca®* is unable to find a 7-fold
coordination making it diffuse faster in solution than Mg?* as it needs smaller amount of water
molecule to solvate. Na™ show highest diffusion due to weakest hydrogen bonding which will be
evident in the subsequent sections. We simulated similar systems studied in the literature!’-'° and
compared ReaxFF self-diffusion coefficients results and reported them in Table 7. The
qualitative trend agrees very well and our present results are within ~5% of those studies. The
statistical uncertainty evaluated in the results are due to the system size effects and the shear

viscosity obtained for each configuration at different temperatures.

Table 7: Comparisons of ReaxFF self-diffusion coefficient with literature

Ca** Mg?* Na* COz>
Raiteri Raiteri Ottochian Raiteri
Present o all® Present ot a]l” Present ot a]!9 Present ot all”?
-5
D, (210 0.89 0.95 0.79 0.86 091 1.2 1.03 0.8
cm?/s)

5.3. Radial Distribution Function

We computed the radial distribution function (RDF) of water and carbonate ions surrounding the
metal ions to understand the interactions between each ion pairs. It is interesting to note the

changes in intermolecular arrangements of atoms in aqueous metal carbonate solutions at
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ambient and supercritical temperature. The Me-O, RDFs are shown in Figure 7a and 7d for 300
K and 700 K respectively. The probability of finding carbonate ions in the coordination shell of
metal ions increases with increase in temperature. With the increase in size of cations, the
position of RDF peaks of Me-O, shifts towards larger ion-pair distances. Also, the shift in the
position of the RDF peak can be attributed to the presence of carbonate or bicarbonate ion in the
vicinity of the metal ions. Divalent ions predominantly form bicarbonates compared to
monovalent ions due to lesser strain induced in the molecule in the form of Me-O.-C angle. Me-
Oy, RDFs are shown in Figure 7b and 7e for 300 K and 700 K respectively. We see a similar shift
in the RDF peak owing to cation radius which is consistent with our previous studies at
ambient?> and supercritical?® temperatures. However, divalent ions tend to form hydroxides
predominantly compared to monovalent ions as it is more exothermic. The probability of finding
water molecules in the coordination shell of the cations decreases with temperature. The
carbonate solvation shells in each of the metal carbonate aqueous solutions were investigated
from their interaction with water molecules as seen in RDF in Figure 7c and 7f. The radius of the
solvation shell of carbonate ions increases with increase in temperature due to vapor formation at
high temperature. The number of water molecules also increases surrounding the carbonate ions.
Coordination shell of carbonate ions in aqueous Na,CO; solution increases leading to lesser
availability of water to interact with Na* ions as seen in Figure 7e. High temperature leads to

protonation as seen from small first peak in Figure 7f for Na,CO; aqueous solution.

The radius of the first coordination shell and the coordination numbers (CN) are calculated and
shown in Table 8 for all the RDFs illustrated in Figure 7. We use the radius of the coordination

shell to calculate CN as given by Equation 6.

Rmin
Ny = [, ""4mpr?gy(r)dr (6)
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where Nj; represents the number of atoms of type j having a number density of p; surrounding the

species 7 in a shell extending from 0 to R,,;, in the RDF g;(7). The CN of ion increases with the

increase in cationic radius for water. On the other hand, the CN of the cations decreases as the

water density decreases due to phase transition of water from liquid to vapor and the increased

diffusivity of ions.
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Figure 7: Radial distribution function of Me-O, at (a) 300 K and (d) 700 K, Me-Oy, at (b) 300 K
and (e) 700 K and C-Oy, at (¢) 300 K and (f) 700 K.

Table 8: Radius of first coordination shell and coordination numbers (CN) of ion-pairs

T=300K T =700 K
r(inA) CN r(in A) CN
Ca’*-O, 3.05 0.765 3.05 0.902
Mg?*-O, 2.75 0.751 2.75 2.051
Na*-O, 3.05 1.415 3.25 2.465
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Ca?*-0y, 3.25 7.116 3.25 7.237
Mg?*-Oy 2.95 4.874 2.85 3.541
Na*-Oy, 3.35 4.332 3.45 3.425

C-0,(Ca¥) 475 11314 495 12334
C-0,(Mg2) 465 10245 485  10.992
C-0,(Na*) 415 6723 535 11.534

Me-COs* pair RDF shows that the magnitude of the first peak increases with the decrease in size
of ions. From the integral we deduce the presence of one COs% ion on an average within the
vicinity of cations. On an average, Ca?" shows a 7-fold coordination, followed by Mg?* and Na*
showing close to 6-fold coordination. Both Ca?" and Mg?" is likely to form a monodentate
carbonate at ambient temperature as reported previously by Raiteri et al'” owing to the presence
of 5 or more water molecules in the coordination shell. It is also more convenient to form
bicarbonates with Ca?" and Mg?* compared to carbonates due to release of hydration energy on
solvation. One of the ions present in the sodium coordination shell can be another Na* ion as it is
likely to bind with a carbonate ion to form sodium carbonate. However, Na* and Ca?" can have
two or higher number of CO;?- ion within their coordination shell at high temperature as they
tend to nucleate. The C-O,, RDF displayed in Figure 7c and 7f for two different temperatures
show an increase in radius of first coordination shell of the carbonate ion. This means lesser
protonation occurring at high temperature. We compared the radius of the first coordination shell
and the coordination number of the different metal carbonate systems and illustrated them in

Table 9. We find a reasonable comparison with the literature studies.

Table 9: Comparisons of coordination number (CN) of the first solvation shell and radius of the
first coordination shell of the metal and carbonate ions with literature.

Ca?" Mg?* Na* COs*
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Raiteri Raiteri Ottochian Raiteri
Present ot a]s Present ot all? Present of a]!® Present ot all7
CN 6.97 7.2 5.88 6 5.67 5.93 8.57 9.1
TMEOw 2.89 2.36 2.78 2 291 2.39 3.19 3.35

(in A)

5.4. Angle Distribution Function

The Angular distribution function (ADF) provides the orientational distribution of the atoms
within the system. In order to understand the solvation dynamics of the electrolytes in water, it is
important to figure the point of protonation or carbonation of the metal ions. The angular strain is
an important parameter which guides the protonation and carbonation events. Too much strain
during the events lead to unfeasible reaction and the event is non-exergonic. We have calculated
the probability distribution of Me-O,,-H and Me-O.-C angles based on the trajectories of the MD
simulations. Figure 8 represent the angular distribution of Me-O.-C and Me-O-H angles at 300
K and 700 K. Ca and Mg peaks were found to be within similar range while Na peaks are at
different range. The formation of Na-O-C is predominant compared to Ca-O.-C or Mg-O.-C due
to lesser strain in their respective carbonate molecule. Also, Na,CO; is formed when two
molecules of Na react with CO3? leading to larger release in energy in the solution. On the other
hand Ca(OH), formation is more likely compared to Na-O,-H as the angle of Ca-O,-H is wider
and lesser strain is induced for the event to occur. The preferential angular orientation of CaCO;
is in between 120° to 150° and that of MgCOj; is mostly around 90° followed by 120°. This can
be attributed to the fact that CaCO; prefers to be monodentate and exist as Ca(HCOs3), and
MgCO; can exist as both monodentate and bidentate in solution. The possibility of forming
MgCQO;s is larger compared to CaCO5 as Mg* ions are smaller in size and bonding with carbonate

ion will release more energy on formation of MgCO;. Na,COj; exist in solution as carbonates as
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the Na-O.-C angle is wider and releases more energy on solvation. At high temperature the
preferential distribution of the angles broadens and the orientational preference of the ions in the
coordination shell gets disrupted. The Me-Oy-H angle distribution as shown in Figure 8a and 8b
are found to be between 60° and 90° for Ca and Mg solutions primarily whereas for Na, the peak
distribution is found at 120°. The Me-O,-H angle distribution is different for monovalent and
divalent ions as Na* binds with one water and Ca?*, Mg?" tends to bind with two water. Solvation
at 300 K show prominent peaks at certain angle which is a representation of n-fold coordination.
At high temperature, ions lose their residual charge breaking the orientational preference of

water. The spectrum of Me-O,,-H angle distribution becomes broader at high temperature.

T=300K T=700K

Ca-0,-H
Mg-0,-H
Na-O,-H

p(0)

(c)

Ca-0-C

-1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos0 cosO

Figure 8: Angular distribution function of Me-O,-H and Me-O.-C at 300 K (a) and (c) and at
700 K (b) and (d).

5.5. Solvation shell dynamics
The dynamical nature of the carbonate ions in water can be explained based on the calculation of
the residence time distribution. It reveals the retarded mobility of the hydration shell water

molecules and carbonate ions. It is directly related to the diffusion coefficient, charge and size of
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ions. The residence time distribution of the carbonate ion and water molecules in the
coordination shell of metal ions was calculated to understand the strength of the Me-O, and Me-
O,, bonds. We estimate the residence time of a water molecule and carbonate ion in the first

coordination shell of the metal ion from the following Eq. 7 and Eq. 8 respectively.

Cul®) = 172 (aieo, (Ohureo, (B) ()

Ce(®) = iy 2o (hate0 (0 hireo () ®)

Where 4 is the characteristic function and N is the no of carbonate ions and water molecules
present in the first coordination shell. Figure 9 represents the residence time distribution of

different metal carbonate systems at 300 K and 700 K.
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Figure 9: Residence time distribution of water molecules and carbonate ions systems at 300 K
and 700 K.

Calcium and Magnesium shows strong water retaining capability compared to Sodium. This is
because Ca?" and Mg?* are bivalent cations and can bind with two water molecules leading
which leads to release of more hydration energy. The formation of Ca-O,-H angle induces lesser
strain compared to Na-Oy-H angle making the binding favorable. At high temperature, the
residence time decreases for both water molecules and carbonate ions as the metal ions lose their
dielectric strength. Sodium shows stronger attraction towards carbonate ions at ambient
temperature due to less strained Na-O.-C angle compared to Ca-O.-C angle or Mg-O.-C angle.
This leads to slower exchange of carbonate ions in the coordination shell of Na* compared to
Ca?" and Mg?" shells. At high temperature, the mobility of ions back and forth inside
coordination shell is very random and as such the dynamics is difficult to establish between the
alkaline and alkaline earth metal ions. This phenomenon can be attributed to the nucleation of
metal ions with carbonate ions forming clusters which eventually settles in the solution. At
ambient temperature, the lifetime of carbonate ion is larger than that of water molecule which is
in accord with the result of an earlier ab-initio MD study.” Carbonate ions being more basic than

water binds strongly with metal ions.
5.6. Protonation of carbonate ions

The EEM charge equilibration scheme which is applied to calculate partial atomic charges for
the Coulomb interaction along with the covalent terms in the ReaxFF framework can effectively

capture the ionization of carbonate ions in solution. The protonation of carbonate ions in solution
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is an indicator of the degree of solvation by metal ions. We calculate the formation of hydrogen
bonds in the form of bicarbonate ions during the course of MD simulation. We calculated the
protonation of carbonate ions in each system from the following criteria: O-H bond lengths for
CaCOs, MgCOj3 and Na,CO; within 1.2 A and 2COH within 80° to 120° for CaCO;, MgCO;
and Na,COj; solutions at 300 K and 700 K. Figure 10 represent the evolution of ionization of
carbonate ions due to the presence of metal ions. The vibrational frequencies of the water
molecule in the vicinity of metal and carbonate ions get significantly altered. Yadav and
Chandra?® reported that the vibrational frequency of OH modes of hydrogen bonded to the ions is
found to be smaller than that of bulk water, which means the carbonate ion-water hydrogen
bonds are stronger than those between water molecules. The O.-H average bond distance in the
system is also found to be lesser than the water-water hydrogen bonds. The bicarbonate ion
formation increases for all the systems over the course of the simulation and the carbonate ions
deplete as seen in Figure 10. We find that Ca?" and Mg?* show a similar behavior at 300 K where
there is rapid ionization during the initial time period (0 ps — 200 ps) and then a stabilization as
the water molecules establishes their hydrogen bonding network in the system. It is intuitive to
say that calcium and magnesium form bicarbonates at ambient conditions. Based on our previous
structural analysis, we found that sodium prefers the formation of carbonates over bicarbonates.
Although we do see a steady decline of carbonate ions in the aqueous sodium carbonate solution,
the number of carbonate ions are overwhelming to bind with sodium. Ca?" and Mg?" forms stable
hydroxides or binds with two water molecules which initiates the non-reacting proton to interact
with carbonate ions leading to formation of more bicarbonates. At high temperature we find that
the fluctuations in the bicarbonate and carbonate ions almost remain stable. High temperature

leads to breakdown dielectric strength leading to high diffusivity of ions and water molecules in
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turn forming disorganized and sporadic hydrogen bonding networks in the solution. Protonation
significantly decreases at high temperature. As protonation decreases at high temperature, the
residual charge on metal ions left attracts the carbonate ions within the solution. This is the

advent of metal carbonate nucleating clusters which is driven by thermodynamics.
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Figure 10: Speciation of carbonates (solid) and bicarbonates (dotted) ions in the solutions at (a)
300 K and (b) 700 K

5.7. Nucleation of carbonate salts

Classical theory of thermodynamics can describe nucleation of ions within the solution at
supercritical temperature. Nucleation is the beginning of phase transition which is characterized
by a sudden jump in temperature. Composition fluctuations within a metastable phase lead to
nucleation of ions. A new phase emerges at the expense of an interfacial energy which gradually
decreases with the decrease in surface to volume ratio of clusters. Due to dielectric breakdown of
ions and water molecules, the hydrogen bonding considerably weakens leading to the
agglomeration of carbonate and metal ions in the solution. We calculated the average number of
clusters forming over time for the three different salt systems at 300 K and 700 K and reported in
Figure 11a, 11b and 11c. Clearly, the salt clusters increase over time for all three different metal

carbonate systems at high temperature. The nucleation of carbonates increases steadily over time
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for MgCO; and Na,CO; at 700 K leading to large clusters within the system and limiting the
diffusion of metal and carbonate ions. Prenucleation at 300 K is rare for these systems owing to
the well-formed hydrogen bond networks and solvation of metal ions. Saturated solutions might
form prenucleation clusters at ambient condition due to strong metal non-metal attraction which
might overlap the coordination shells. The mechanism of calcium carbonate precipitation allows
for early structural preformation during the pre-nucleation stage which occurs at a particular
temperature between 300 K and 700 K leading to post-nucleation and settling at 700 K. In the
classical view, in contrast, early structural preformation is not facilitated because ionic solutions
form clusters randomly. Generally, the nucleation originates at a particular thermodynamic
condition and the critical stage is characterized by the stochastic formation of clusters of critical
sizes, which are thermodynamically able to grow without limit but are in fact a rare species. The
growth of these clusters is then considered to take place by the addition of single ions, and the
formation of different polymorphs is considered to be under thermodynamic or kinetic control.
We also calculated the number of clusters containing more than five ions for the three different
carbonate systems and reported them in Figure 11d, 11e and 11f. We consider clusters containing
greater than five metal and carbonate ions are big and check their evolution over time. We find
that such clusters grow steadily over time at high temperature and stagnates after post 1.5 ps.
Unlike Na*, Ca?>" and Mg>" show a classic growth in cluster which is accentuated with
temperature. A representation of big cluster as shown in Figure 12 is found in our MD trajectory
containing multiple Mg?* ions binding with CO;? ions to form a chelate in the solution. Our
discussion on nucleation of carbonates in the solution can be extended to the fact that formation
of carbonate minerals is a means for long-term carbon dioxide sequestration while is being

utilized in a number of industrial processes. Given this range of contexts in which carbonates are
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significant, there has been considerable interest in its crystallization pathways, something that
has been further heightened by the debate regarding so-called “nonclassical” nucleation
mechanisms.*” There is already a growing body of evidence that formation of carbonates is a
complex process that can involve multiple steps, which may include formation of prenucleation
clusters, liquid—liquid phase separation, precipitation of polymorphs of amorphous carbonates,
and transient crystallization to disordered crystals, depending on the thermodynamic condition

and finally transforming into the most stable phase at ambient condition.
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Figure 11: Average cluster size distribution over the period of time for (a) CaCO; (b) MgCO;
and (c) Na,CO; at 300 K and 700 K; No of clusters formed greater than size five for (a) CaCOs;
(b) MgCOs3 and (c) Na,COj3 at 300 K and 700 K.
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Figure 12: An MgCO; cluster found at 700 K containing 20 Mg?* ions and 11 COs* ions (Mg?*
(green), C (cyan), O (red), H (white)).

6. Conclusions

A new ReaxFF force field has been developed for the metal carbonate system including alkali
metal ion (Na'), alkaline-earth metal ion (Ca?*, Mg?") and carbonate ion (COs?*). Unlike, the
previous parameterization by Gale et al.?’, the charge on the metal ions are kept dynamic by
calculating the partial charges on the atoms updated in every iterations based on their
surroundings, making this ReaxFF description directly transferable with ReaxFF for other
materials and molecules. We optimized the three-body valence angle Me-O.-C parameters and
non-reactive parameters defining the Me-C interactions against ab-initio data based on
mechanical strain, heat of formation, heat of reaction, angle scanning and molecular vibrational

frequencies. The force field predictions are found to be within 10% of the DFT calculations.

We performed ReaxFF MD simulations for aqueous metal carbonate solutions at 300 K and 700
K. The structural behavior of each system is understood on the basis of radial distribution

function (RDF) and Angular distribution function (ADF). From the RDF we were able to
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reproduce the radius of the coordination shell for the metal and carbonate ions which were in
very close agreement with the non-reactive and ab-initio studies done in the literature. From the
ADF we were been able to deduce the stability of carbonates and bicarbonates in each system

based on the orientational preferences of carbonate ions in the coordination shell.

The MSD analysis elucidated the diffusion of the various ions in the system. We found that
diffusion is proportional to the size and charge density of ions in the solution. With temperature,
mobility of ions in the solution increases due to the disruption in the hydrogen bonding network.
The dynamical behavior of each system was established from the residence time distribution
correlations which explains the delay and exchange of carbonate ions and water molecules in the
coordination shell. We used our new ReaxFF force field to compute the ionization capability of
carbonate ions in water. The reactivity of the system was addressed by calculating the formation
and depletion of bicarbonate and carbonate ions respectively. The ionization calculations support
the claim that sodium binds with carbonates strongly compared to calcium and magnesium
which aligns with our structural analysis. Finally, in order to find a relation between ion
nucleation and thermodynamics we computed the evolution of metal carbonate clusters in the
solution in the form of average cluster size and number of big clusters. Although the two sets of
results are in qualitative agreement, there are quantitative differences computed here. We find
that the formation of MgCO3 clusters is substantially less exothermic at ambient condition

compared to sodium and calcium but it is greatly accelerated with temperature.
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