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ABSTRACT
The precipitation of calcium carbonate (CaCO3) is a key mechanism in carbon capture applications relying on mineralization. In that regard,
Ca-rich cementitious binders offer a unique opportunity to act as a large-scale carbon sink by immobilizing CO2 as calcium carbonate by
mineralization. However, the atomistic mechanism of calcium carbonate formation is still not fully understood. Here, we study the atomic
scale nucleation mechanism of an early stage amorphous CaCO3 gel based on reactive molecular dynamics (MD) simulations. We observe
that reactive MD offers a notably improved description of this reaction as compared to classical MD, which allows us to reveal new insights
into the structure of amorphous calcium carbonate gels and formation kinetics thereof.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0127240

I. INTRODUCTION

Concrete is the most widely manufactured material in the
world. Concrete’s worldwide production is expected to rise from
today’s 7.3 × 109 cubic meters to 9.7 × 109 cubic meters by
2050.1 As the world’s population increases, the demand for building
construction and other infrastructures is likely to continue growing,
thus leading to a continuous increase in concrete’s use. As a cemen-
titious material, cement is the essential component of concrete
as the cement paste forming upon cement hydration constitutes
the binding phase of concrete and is responsible for its strength.2
Cement, which represents around 10% of the total concrete mass,
saw an annual production of 4.6 Gt in 2015, which is estimated
to rise to 6.0–13.5 Gt/a by 2050.1 This growth is mostly driven by

China, which comprises 60% of the total worldwide production.
Cement alone accounts for at least 70% of greenhouse gas emissions
related to concrete production3,4 and, altogether, for about 9% of
total anthropogenic CO2 emissions.5–7 Therefore, it is imperative
to reduce the carbon footprint of the cement concrete industry,
and many efforts have been made to achieve the lower-carbon of
cement.8–10

As an alternative, complementary route to decreasing its carbon
footprint, concrete can also be used as a carbon sink by immobi-
lizing CO2.11 Indeed, as a Ca-containing material, the cementitious
phases in concrete can capture and sequestrate CO2 by form-
ing calcium carbonate (CaCO3).12 There are three main ways to
achieve this goal, which includes: (i) direct carbonation of con-
crete raw materials, including recycled aggregates, waste cement, or
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other cementitious materials before the mixing of concrete,11,13–15

(ii) injecting CO2 to fresh concrete during the mixing period,16–18

and (iii) carbonation curing of the concrete.19–21 It is worth point-
ing out that carbonation can be beneficial and create value—for
instance, the carbonation of recycled aggregates can increase their
density and minimize their porosity, which, in turn, can enhance
their mechanical performance.13–15 The carbonation of fresh
concrete and carbonation curing can also improve the cement
performance in concrete, but the associated carbon uptake is
typically limited.12 In contrast, the carbonation curing approach
can typically result in about 3 to 4 times more carbon uptake.22
Therefore, carbonation curing has been the most used method and
is attracting more and more researchers’ attention.

Upon carbonation curing, Ca cations react with dissolved car-
bonate species in solution to form calcium carbonate (CaCO3).23
Since the formed CaCO3 typically shows a larger molar volume
than non-carbonated phases, it tends to fill the pores in con-
crete, thereby improving themechanical performance and durability
of concrete.24,25 The carbonation reaction usually occurs via the
dissolution–precipitation process. During this process, solid Ca-rich
phases, such as portlandite, Ca(OH)2, dissolve in the aqueous
situation and react with the dissolved carbonate species to form an
amorphous hydrated precursor CaCO3 gels. Finally, a crystalline
calcium carbonate phase forms after the drying and crystalliza-
tion of the amorphous precursors.26–28 Therefore, understanding the
formation mechanism of amorphous CaCO3 gels is critical since
the amorphous CaCO3 gel usually serves as a metastable precur-
sor before the crystalline CaCO3 formation. Nevertheless, most of
the previous studies have focused on the macroscale properties of
carbonated cement and less research has been carried out on the
atomic-scale mechanism of carbonation in cement pastes.27,29,30 In
other words, the atomic scale nucleation mechanism of CaCO3 in
aqueous conditions relevant to cementitious environments is still
largely unknown. Understanding the atomic-scale mechanism of
carbonation could accelerate the development of new carbonated
cement binders with enhanced properties or carbon uptake by estab-
lishing a sound scientific foundation behind a process that has
remained largely empirical thus far.

In that regard, molecular dynamics (MD) simulations can
provide valuable insights into atomic-scale gel precipitation mecha-
nisms and offer an alternative approach to experiments.31,32 Indeed,
during the early nucleation process, MD simulations can directly
yield as an output the time-dependent atomic structure, which
is typically “invisible” to experiments due to the small volume
of the phases and the fast timescale.33 In particular, MD pro-
vides a convenient way to simulate chemical reactions in large
systems thanks to the recent development of reactive forcefields
(e.g., ReaxFF).34 Importantly, properly parameterized reactive force-
fields can yield an accuracy that matches that offered by ab initio
simulations while retaining a computational cost that is compara-
ble to that of classical forcefields.34–36 In detail, reactive forcefields
can account for dynamic charge transfers between atom charges,
describe the formation or breakage of bonds, and adjust the inter-
atomic forcefield according to each atom’s local environment.36
These features make reactive forcefields an ideal approach to model
systems featuring some level of chemical reactivity and disorder.
Such forcefields have, for instance, been widely used to study the
reactivity of silicate phases in aqueous environments.31,33 However,

the carbonation reaction in cementitious materials is yet to be mod-
eled by reactive forcefields and, hence, this problem has not thus
far benefited from the advances offered by this emerging class of
forcefields.

Here, in order to reveal the atomic scale formation mechanism
of CaCO3 in carbonation curing of cementitious materials, we use
reactive MD to investigate the early stage nucleation of CaCO3.
We simulate the evolution of the gel structure and network
connectivity during gelation and of the kinetics thereof. We
compare the predictions of a reactive forcefield (ReaxFF) with
those of a conventional classical forcefield. These predictions
are compared, discussed, and validated based on experimental
data, when available. Our results reveal that ReaxFF offers an
improved description of the gelation of carbon carbonate as com-
pared to that offered by a classical forcefield, which, in turn,
allows us to reveal new insights into the time-dependent structure
of CaCO3 gels.

II. METHODS
A. Simulated methodology

We conduct our simulations by using the large-scale
atomic/molecular massively parallel simulation (LAMMPS) pack-
age.37 To model the gelation of a CaCO3 gel in cementitious
conditions, we simulate an aqueous solution comprising dissolved
Ca2+ cations (arising from the dissolution of Ca-rich cementitious
materials) and CO3

2− species (resulting from the dissolution and
reaction of CO2). The simulation system comprises 3150 atoms
with a Ca2+/CO3

2−/H2Omolar ratio of 30/30/1000, that is, the Ca2+

concentration is 1.67 × 10−3 mol/l. For comparison, the solubility
of Ca(OH)2 in cement pore solutions is about 22 × 10−3 mol/l.38
The Ca2+ concentration adopted in our simulation is based on
previous experiments on calcium carbonate mineral formation (in
which the adopted Ca2+ concentration ranges from 0.2 × 10−3 to
2 × 10−3 mol/l)39 and simulation results (Ca2+/H2O = 30/1000)
as described in Ref. 40. In order to maintain the neutrality of the
simulation system, the concentration of CO3

2− is kept equal to
that of Ca2+.40 First, we use the PACKMOL package to randomly
place isolated Ca2+, CO3

2− species, and H2O molecules in a cubic
simulation box with a length size of 40 Å featuring periodic
boundary conditions.41 A cutoff of 4 Å is used in between the
species to avoid any unrealistic overlap between atoms. Ow and Oc
represent the O atoms that belong to H2O and CO3

2−, respectively.
Ot is the total number of O atoms in the simulation system, that
is, Ot = Ow + Oc. A snapshot of the initial configuration of the
simulated amorphous calcium carbonate system is presented in
Fig. 1. The simulation system is then relaxed for 20 ns in an
isothermal–isobaric (NPT) ensemble under 1 atm of pressure and
various temperatures (namely, 300, 325, 350, 400, and 450 K) by
using the barostat and Nosé–Hoover thermostat as described in
Refs. 42 and 43. The densities of the simulation system obtained
after 20 ns NPT equilibration are about 1.001, 0.979, 0.951, 0.910,
and 0.821 g/cm3, respectively, when the simulation temperatures
are 300, 325, 350, 400, and 450 K, which are in accordance with
those of aqueous solution. In order to describe the motion of the
atoms, we use the velocity-Verlet integration algorithm with a
time step of 0.25 fs.
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FIG. 1. Initial configuration of the simulated amorphous calcium carbonate system.
Ca, C, O, and H atoms are colors in green, black, red, and white, respectively. H2O
molecules are represented as smaller atoms for clarity.

B. Simulation forcefields
Two types of forcefields (classical and reactive) are selected

and compared. First, we consider the classical forcefield, which
was parameterized by Raiteri et al.44 This forcefield models the
atoms as rigid ions, and the charges of the atoms are fixed.44
This forcefield has been shown to provide a realistic description
of carbonate solutions.44 Second, we use the reactive ReaxFF
forcefield, which was parameterized by Gale et al.45 Recently, a new
ReaxFF forcefield related to metallic carbonate systems (including
CO3

2− anion and Ca2+, Na+, and Mg2+ cations) has been devel-
oped by Dasgupta et al.,46 which is fully transferable with previous
ReaxFF water and water/electrolyte descriptions. It will be investi-
gated and utilized in the subsequent work. ReaxFF is a forcefield
based on a bond order formulation, and it can describe chemical
bonds’ breakdown or formation dynamics by calculating the inter-
atomic bond order. The interatomic bond order is dependent on
each atom’s local environment. The total energy of the ReaxFF sys-
tem (Esys) can be described by ten energy terms, as shown in the
following equation:34,45–47

E sys = E bond + ECoulomb + EVdWaals + E under + E lp + E over

+ E tors + E val + E pen + E conj, (1)

where Ebond is the short-range bond energy, ECoulomb the Coulomb
potential energy, EVdWaals the van der Waals energy, Eunder the
under-coordination energy, Elp the long-range electron pair energy,
Eover the over-coordination energy, Etors the torsion energy, Eval
the valence angle energy, Epen the penalty energy, and Econj the
conjugation energy. Among these ten energy terms, the cova-
lent terms (including short-range bond energy, torsion energy,
and valence angle energy) originate from the general relationship
between the interatomic distances and dynamic bond order. A more
detailed description of these ten energy terms can be referred to
in Refs. 34 and 47. Moreover, unlike the classical forcefield, which
relies on fixed charges, ReaxFF dynamically determines the atom

charge according to the charge equilibration approach48,49 based
on the electron affinities and atomic radii, etc. As such, according
to each atom’s local environment and model chemical reactions,
ReaxFF can adjust the energy terms. These abilities enable ReaxFF
to simulate defected and disordered materials and the reactivity
thereof.50,51 It should be noted that the classical forcefield is sig-
nificantly faster than ReaxFF. Specifically, in order to achieve a
simulation time of 20 ns, the simulation time [in central pro-
cessing unit (CPU) hours] for the reactive forcefield and classi-
cal forcefield is 2760 and 54 h, respectively, when the simulation
temperature is 300 K.

C. Structural analysis
In order to describe the atomic structure and topology of amor-

phous CaCO3 gels, we calculate each atom’s partial coordination
number by counting the number of neighboring atoms in its first
coordination shell. Here, for each atomic pair, the radial extent
of the first coordination shell is defined as the minimum distance
after the first peak in the partial pair distribution functions (PDFs),
which yield a cutoff value of 2.3 and 3.2 Å for C–O and Ca–O
bonds, respectively. C–O and Ca–O bonds (and Ca–O–C linkages)
in amorphous calcium carbonate gel structures can then be
identified according to these atomic pair cutoffs. Next, we track
the time-dependent evolution of the network connectivity during
gelation and the kinetics thereof. The visualization of the simulated
structure is realized by the Ovito software.52

III. RESULTS AND DISCUSSION
A. Evolution of the network connectivity
during gelation

To reveal the evolution of the network connectivity upon gela-
tion, we first investigate the connectivity of the Ca atoms as a
function of time when the temperature is 300 K. The evolution of
the number of Ca–O bonds per Ca atom (that is, the Ca–O par-
tial coordination number) as a function of time is shown in Fig. 2.
Overall, we find that the total coordination number of Ca atoms
(Ca–Ot/Ca molar ratio) remains fairly stable throughout the gela-
tion process—at around 6.8 and 7.5 for the reactive and classical
forcefields, respectively. Nevertheless, we find that the type of the
O atoms that are present in the first coordination shell of the Ca
atoms notably changes as a function of time for both the classi-
cal and reactive forcefields. As expected, initially, the Ca atoms are
completely surrounded by Ow atoms, which means the Ca2+ ions
initially act as isolated hydrated cations. Upon increasing simula-
tion time, the Ca–Oc bonds gradually replace the Ca–Ow bonds.
This indicates that the Ca atoms begin to form bonds with O
atoms belonging to CO3

2− species. The formation of Ca–Oc–C
linkages leads to the appearance of carbonate clusters. Figure 3
shows some snapshots of the amorphous CaCO3 system after var-
ious gelation times. According to Fig. 3, it can also be clearly
observed that Ca2+ ions are initially isolated in the early con-
figuration [Fig. 3(a)], but, as time increases, CO3

2− species start
to interconnect via Ca atoms by forming C–Oc–Ca–Oc–C link-
ages. Overall, the degree of polymerization of CaCO3 gels gradually
increases over time for both the classical and reactive forcefields
[Figs. 3(b1) and 3(c2)]. However, the two forcefields predict notably
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FIG. 2. Evolution of the Ca–O partial
coordination numbers as a function of
the gelation time at 300 K, as predicted
by the (a) reactive and (b) classical
forcefields.

different rates of bond formation and final value thereof. Specifi-
cally, we find that the replacement of Ca–Ow by Ca–Oc predicted
by the ReaxFF forcefield occurs faster than that shown by the classi-
cal forcefield (Fig. 2). In addition, we note that the final number of
Ca–Oc bonds per Ca predicted by ReaxFF (4.3) is higher than that
predicted by the classical forcefield (2.5). This indicates that ReaxFF
predicts a more polymerized calcium carbonate gel that yielded
by the classical forcefield. This phenomenon can also be observed
in Figs. 3(c1) and 3(c2).

Figure 4 exhibits the time evolution of the number of Ca–O–C
linkages per Ca atom predicted by the two forcefields. We find that
both forcefields yield a gradual increase in the number of Ca–O–C
linkages over time, which confirms that the polymerization degree
of calcium carbonate gels gradually increases upon gelation. We find
that the final number of Ca–O–C linkages per Ca atom predicted by
ReaxFF is about 1.6, which is larger than that yielded by the classical
forcefield (1.2). This confirms that ReaxFF predicts a more polymer-
ized calcium carbonate gel than the classical forcefield, in agreement
with the results shown in Figs. 2 and 3.

To evaluate the diffusivity of H2O and CO3 molecules, we
calculate the mean square displacement (MSD) values of Ow and Oc
predicted by the reactive and classical forcefields (as shown in Fig. 5).
We find that all MSD curves move to the diffusion stage after 60 ps,
where the MSD is proportional to time (t). The diffusion constant
(D) can be expressed by the following equation:

D(t) = dMSD(t)/6dt ≈MSD(t)/6t. (2)

When the MSD is proportional to time, Eq. (2) can be transformed
into the following equation:

ln MSD(t) = ln t + ln(6D). (3)

According to Fig. 5, the diffusion constants of water and CO3
predicted by the reactive and classical forcefields are 0.108 and
0.033, 0.175 and 0.076 Å2/ps, respectively. Therefore, the diffusions
of water and CO3 predicted by the classical forcefield are faster
than those predicted by the reactive forcefield. Thus, the classical

forcefield converges much faster upon its final number of Ca–O–C
linkages (as shown in Fig. 4).

B. Polymerization kinetics
In order to characterize the kinetics of the gelation process,

we explore the influence of temperature on the polymerization
process of calcium carbonate gels. Therefore, we track the time
evolution of the number of Ca–Oc bonds under different reaction
temperatures for both the reactive forcefield and classical forcefield
(see Fig. 6). We observe that, as expected, the number of Ca–Oc
bonds per Ca increases faster upon increasing temperature for both
the forcefields.

To quantify the kinetics of the gelation process, we calculate the
polymerization rate k of the reaction for each temperature by fitting
the Ca–Oc(t) curves presented in Fig. 6 by an exponential first-order
relaxation function as follows:

Ca −Oc/Ca(t) = A[1 − exp(−kt)], (4)

where A is the final number of Ca–Oc bonds per Ca at infinite sim-
ulation time and t is the gelation time. Figure 7 shows the resulting
polymerization rates. We find that the calcium carbonate polymer-
ization rate increases upon increasing temperature for both the
forcefields. However, we find that the polymerization rates predicted
by the classical forcefield are systematically about an order of mag-
nitude larger than those obtained with ReaxFF. According to Fig. 7,
we also find that the polymerization rate displays an Arrhenius-like
dependence on temperature T. Based on the Arrhenius relation-
ship,53 the activation energy EA of the polymerization reaction can
be calculated as

k(T) = k0 ⋅ exp(−EA/RT), (5)

where T, k0, and R are the temperature, polymerization rate at
infinite temperature, and universal gas constant, respectively.

The obtained activation energies of the polymerization reac-
tion are shown in Fig. 8. The polymerization activation energies
predicted by the reactive forcefield and the classical forcefield are
6.63 ± 0.12 and 5.39 ± 0.14 kJ/mol, respectively. These values can
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FIG. 3. Snapshots of the amorphous CaCO3 system after (a) 0 ns, (b) 7 ns, and
(c) 20 ns of gelation at 300 K, as predicted by the (1) reactive and (2) classical
forcefields.

be compared with available experimental values, which span over
6–7 kJ/mol.11,54 This suggests that the classical forcefield tends to
underestimate the polymerization energy barrier and, thus, overes-
timate CaCO3 gelation kinetics. In contrast, we find that ReaxFF
offers an activation energy value that exhibits a better match with
available experimental data. These results suggest that, on account of
its more sophisticated formulation, the ReaxFF forcefield provides a
more realistic description of the calcium carbonate gelation process.

C. Structure of the calcium carbonate gel
Having established that ReaxFF provides a more realistic

description of the calcium carbonate gelation kinetics, we now
explore the effect of the forcefield on the final atomic structure of
the amorphous CaCO3 gel forming at the end of the simulation
(at 300 K). To investigate the short-range structure of the simulated

FIG. 4. Time evolution of the number of Ca–O–C linkages per Ca atom at 300 K.

gel, we calculate the average distance between Ca–O, Ca–Ca, and
Ca–C interatomic pairs and the coordination number of Ca atoms
predicted by the reactive and classical forcefields and, whenever
available, compare the results with the experimental results sourced
from Ref. 39. The distance between atomic pairs can be obtained
from the PDFs presented in Fig. 9. The PDF captures the probability
of finding other particles at a distance r from any specified “central”
particle.55 As expected, all the computed pair distributions converge
toward 1 at a large distance, which indicates that the simulated gels
do not exhibit any long-range order. However, Fig. 9 reveals the exis-
tence of some notable differences in the short-range order structure
(i.e., r < 5 Å) predicted by the two forcefields. First, we observe that,
in general, the peaks predicted by ReaxFF are notably sharper than
those predicted by the classical forcefield. This indicates that ReaxFF
yields a gel structure that is more locally ordered (with more well-
defined interatomic distances) than the classical forcefield. We also
find that the first peak in the Ca–Ca and Ca–C partial PDFs pre-
dicted by ReaxFF shifts toward lower r values as compared to what is

FIG. 5. Time evolution of the mean square displacement of (a) Ow and (b) Oc
atoms at 300 K.
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FIG. 6. Time evolution of the number
of Ca–Oc bonds per Ca atom under
select temperatures, as predicted by the
(a) reactive and (b) classical forcefields.

yielded by the classical forcefield. This suggests that, overall, ReaxFF
predicts a more compact gel structure, wherein the cations are closer
to each other as compared to the structure predicted by the classical
forcefield.

Next, we use the computed PDFs to determine the average
Ca–O, Ca–Ca, and Ca–C interatomic distances predicted by the two
forcefields and compare them with the experimental data reported
in Ref. 39. Two Ca–O distances (referred to as Ca–O1 and Ca–O2
distances) were defined in Ref. 39, wherein Ca–O1 and Ca–O2 refer
to the first and second coordination shells of oxygen atoms around
Ca atoms, respectively.39 The Ca–O1 distance from Ref. 39 can be
directly compared with the position of the first peak in the Ca–O
PDFs shown in Fig. 9(a). The computed average Ca–Ca and Ca–C

FIG. 7. Polymerization rate of the simulated calcium carbonate gels (obtained by
fitting the data shown in Fig. 6) as a function of the inverse temperature.

interatomic distances are calculated based on the average position of
the peaks in the associated partial PDFs within the range of the first
coordination shell. It should be noted that simulations and exper-
iments were conducted at the same temperature (300 K) and at a
fairly similar Ca2+ concentration (2 × 10−3 and 1.67 × 10−3 mol/l
for the experiment and simulation, respectively), so that a direct
comparison is possible. We nevertheless acknowledge that this com-
parison could be affected by the limited timescale of the simulation.
Figure 10 shows the average interatomic distances offered by the
two forcefields as well as a comparison with the experimental val-
ues. The Ca–O, Ca–Ca, and Ca–C interatomic distances predicted
by the reactive and classical forcefields are 2.38, 4.21, 3.22 and 2.46,
4.91, 3.17 Å, respectively. For comparison, associated experimental
data are 2.37 ± 0.04, 4.15 ± 0.04, and 3.24 ± 0.04 Å, respectively.
Overall, we find that ReaxFF yields a significantly improved match

FIG. 8. Activation energy associated with the polymerization of the simulated
calcium carbonate gels.
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FIG. 9. (a) Ca–O, (b) Ca–Ca, and (c) Ca–C partial pair distribution functions of the amorphous calcium carbonate gels forming at the end of the simulation at 300 K.

with the experimental data (especially for the Ca–Ca interatomic
distance) as compared to the classical forcefield. Specifically, the
relative difference between simulation and experimental results is
(for Ca–O, Ca–Ca, and Ca–C) 0.42%, 1.56%, 0.62% and 3.80%,
18.31%, 2.16%, in the case of the reactive and classical forcefields,
respectively.

Finally, we compare the computed Ca–O, Ca–Ca, and Ca–C
partial coordination numbers with the experimental data (see
Fig. 11). The reactive and classical forcefields predict these coordina-
tion numbers to be 6.80, 1.70, 1.60 and 7.50, 1.40, 1.20, respectively.
In comparison, the associated experimental data (Ca–O, Ca–Ca,
and Ca–C) are 5.30, 3.25, and 1.60, respectively. Overall, we find

FIG. 10. Average Ca–O, Ca–Ca, and Ca–C interatomic distances in the simulated
amorphous calcium carbonate gels forming at the end of the simulation at 300 K.
The simulation data are compared with the experimental data sourced from
Ref. 39.

that the simulated Ca–O and Ca–Ca coordination numbers are
systematically larger and smaller than their experimental coun-
terparts, respectively, but are consistent with previous simulation
results.27,56,57 Nevertheless, we find that ReaxFF offers a better level
of agreement with the experimental data than the classical forcefield.
The improvement in accuracy is especially pronounced in the case of
the Ca–C partial coordination number (which captures the overall
degree of polymerization of the gel).

Overall, the results presented in Figs. 8, 10, and 11 demonstrate
that ReaxFF offers an overall improved description of the structure

FIG. 11. Ca–O, Ca–Ca, and Ca–C partial coordination number in the simu-
lated amorphous calcium carbonate gels forming at the end of the simulation at
300 K. The simulation data are compared with the experimental data sourced from
Ref. 39.
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of amorphous calcium carbonate gels as compared to MD simula-
tions based on classical forcefields (based on a comparison with the
available experimental “signatures” of the gel structure). Although
this is not surprising (since the ReaxFF relies on a more complex
formulation and involves a larger number of fitting parameters), this
nevertheless suggests that reactive potentials offer a unique oppor-
tunity to revisit the structure and dynamics of hydrated/carbonated
gels over spatial and temporal scales that are simply inaccessible to
ab initio simulations. We envision that, going forward, machine-
learned forcefields could further push these boundaries and unlock
new secrets in the structure of amorphous calcium carbonate and
formation mechanism thereof.

IV. CONCLUSIONS
Based on the above simulation results, we can obtain the

following conclusions:

(1) Molecular dynamics offers a realistic description of the
time-dependent gelation of amorphous calcium carbon-
ate systems in aqueous conditions relevant to cementitious
environments.

(2) When compared to a previous state-of-the-art classical force-
field, ReaxFF offers an increased level of agreement with
available experimental data, in terms of both polymerization
kinetics and final structure topology.

(3) Our reactive molecular dynamics simulations reveal that
the structure of amorphous calcium carbonate gels is more
polymerized and locally ordered than previously suggested
by classical forcefields.
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