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material produced by biological activities. The crystal structure of 9,'0,9,0,0 mp L &
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calcium carbonate has three polymorphs: the most thermodynami- 6'”6« 9 }? }_0 }? }? 06 006
cally stable calcite, followed by aragonite and vaterite. Of the three & ”9-«95»- "o Q0 °§ °f
crystalline phases, the formation process and structure of the most i " q === Vaterite .
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unstable, vaterite, remain mysterious. In this study, the pathway for 2 & »9»9 ¥ ot o
forming the vaterite crystal structure from amorphous CaCOj; ) ﬂfoiof o§°§ }. Elongated
(ACC) is reproduced using well-tempered metadynamics molec- Monoclinic trigonal
ular dynamics simulations. The structures sampled at multiple e to % to.0
minima on the energy landscape are refined through first-principles 0% lo ° lo

calculations based on density functional theory. The sampled Calcite (Trigonal)

structures are assigned space groups and classified as calcite- and

vaterite-like structures according to the arrangement of CO3~ and Ca®* sheets. The initial crystal structure produced from ACC is a
monoclinic crystal with Ca** sheets and COj3™ lying in the interlayer; however, it does not exhibit the 3-fold symmetry of calcite.
Calcite structures with 3-fold symmetry, or orthorhombic crystals with rotated CO3™ units, as found in vaterite, can be derived from
this structure. The orthorhombic structure then transitions to the more stable monoclinic form, which is likely vaterite. The
understanding of phase transitions based on the diverse crystal structures of calcium carbonate revealed in this study provides a

predictive view of biomineralization and carbonation reactions of cementitious materials.

1. INTRODUCTION

The polymorphic structures of three anhydrous crystalline
CaCO; forms produced via the carbonation of cementitious
materials and biomineralization (calcite, aragonite, and
vaterite) are well-known compounds.'™ Calcite is the most
thermodynamically stable mineral among these phases,
followed by aragonite, while vaterite is the most thermody-
namically unstable.* Consequently, various metastable phases
of vaterite give rise to a range of polymorphic structures
depending on the production route and mineralization
environment. Understanding the formation mechanism of
carbonate minerals, including vaterite, is crucial, as it
represents an important route for fixing carbon dioxide into
carbonate compounds in cementitious materials®>° and
biomineralization.”

The crystal structure of vaterite has been debated since its
initial synthesis.'” The structure originally proposed as the
most plausible, with high symmetry, is a hexagonal model
involving a helical symmetry operation, where CO3~ groups
occupy interlayer positions between Ca®* sheets. In this
structure, CO3~ groups occupy alternating positions across
Ca’" sheets, forming the Kamhi model with a P6,/mmc space
group (SG)."" The lattice parameters are a = 4.13 A and ¢ =
8.49 A. The CO3™ groups exhibit three-dimensional rotational
freedom, while Ca®* forms 6- or 7-coordinated polyhedra with
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oxygen atoms in CO3". Additionally, stacking sequences of
CO3™ along the c-axis can disrupt 6-fold rotational symmetry,
leading to various crystal structures with reduced symmetry.
Since 2010, theoretical studies using first-principles calcu-
lations based on density functional theory (DFT) and
advanced imaging techniques, such as high-resolution trans-
mission electron microscopy (HR-TEM), have significantly
advanced understanding of vaterite crystal structures.”'” Light
atoms such as carbon and oxygen in CO3™ can be detected
using annular bright-field and atomic-resolution high-angle
annular dark field (ADF) microscopy, producing clear
diffraction images of microscopic regions. ~~ " Spectroscopic
techniques, including Raman'® and **Ca solid-state nuclear
magnetic resonance (NMR),'® have further refined the
understanding of vaterite structures. An excellent review
summarized these findings and proposed six plausible vaterite

polytypes.'’

These crystal systems include trigonal and
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monoclinic structures with varying stacking sequences of CO3~
in the interlayer space of Ca®* sheets. Recent ADF and
machine-learning-aided molecular dynamics (MD) simulations
have suggested plausible structures with C2/c and C2 SGs,
depending on temperature.'*

Studies in the 2010s significantly accelerated the general
understanding of vaterite structures in biologically derived or
highly crystalline synthesized vaterites. However, vaterite
found in cementitious materials”*>® and biological sub-
stances™”™'? often exhibits low crystallinity, suggesting
numerous structural possibilities, including amorphous
CaCO; phases.””™** Minerals classified as vaterite in
cementitious materials likely exhibit diverse structures,
including lattice distortions, dislocations, and defects.
Thermodynamically unstable vaterite is highly susceptible to
environmental factors, resulting in polytypic variations during
crystal growth and surface interactions in nanoscale particles.

Vaterite crystals are generally found coexisting with
ACC."7'®%5 The phase transition from ACC to vaterite is an
essential pathway to understanding the formation mechanism
of vaterite structures. Most ACC in natural and cementitious
environments contains adsorbed water, and crystallization
likely occurs due to atomic rearrangements during dehydra-
tion. This sug%ests that anhydrous ACC can be a precursor to
crystallization.”® >* The metastable clustering of Ca?* and
CO3%™ in both crystalline and amorphous phases has been
observed in careful X-ray diffraction experiments.”’ Although
amorphous cluster formation depends on solution conditions,
phase transitions from ACC to crystals proceed through
complex reaction pathways.

MD simulations and DFT calculations have been extensively
used to study ACC and carbonate compounds to understand
their structures and phase stability.’"~>* Well-validated force
field parameters for MD simulations® have reproduced the
thermodynamic properties and structures of carbonated
materials, including ACC.>* DFT calculations employing
reliable electron correlation functions have also predicted the
stability of various vaterite structures.”*®

The phase transition from ACC to vaterite crystals requires
overcoming an energy barrier of approximately 5 to 20 kJ/
mol.* Unfortunately, equilibrium MD simulations cannot
overcome this energy barrier within an accessible time scale.
Additionally, the relative energy differences among vaterite
polymorphs, as determined by DFT, are typically only a few
kJ/mol.>> This low rotational barrier of CO3~ in the interlayer
complicates the prediction of phase transitions among vaterite
polytypes using MD.

Well-tempered metadynamics MD (WTMetaD) simula-
tions, which incorporate bias potentials to facilitate phase
transitions, can reproduce phase transitions within MD time
scales. To evaluate structural and free energy changes along
specific reaction pathways, it is necessary to define collective
variables (CVs) as bias potentials. Recent WTMetaD studies
investigated CaCO; formation pathways using CVs based on
atomic distances’’ and revealed multistep carbonation path-
ways from CO, to CaCOj; crystalline seeds in aqueous
solutions. WTMetaD simulations further explored phase
transitions between C2/c and C2 SGs, employing CVs based
on CO?™ stacking distances."* These studies provide insight
into structural changes and thermodynamic properties along
specific reaction pathways.

In this study, we use WTMetaD simulations to investigate
the solid—solid phase transition from anhydrous ACC to

vaterite crystals. This reaction process is expected to follow
more diverse pathways than those examined in previous
WTMetaD studies on carbonation. Recently, the glass-to-
crystal transition in oxides was successfully observed via
WTMetaD, using two X-ray diffraction (XRD) peak intensities
as CVs.”® By applying the same approach, we aim to capture
the diverse alignment of CO3™ during the phase transition
from ACC to vaterite crystals. The vaterite structures,
including transition states, will be comprehensively analyzed
via WI'MetaD simulations starting from the ACC structure.
These structures will be used to further investigate phase
stability and symmetry through DFT calculations.

2. COMPUTATIONAL METHODS

Figure 1 shows the workflow for analyzing various vaterite
structures derived from WTMetaD simulations. The workflow
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Figure 1. Workflow covering the structural sampling, refinement, and
analysis of the WT'MetaD simulations.

comprises structural sampling and refinement via WI'MetaD
and DFT calculations. The detailed computational conditions
are described in later sections. The free and potential energy
surfaces (FES and PES) were estimated from the WTMetaD.
All structures obtained at the minima on the FES were
comprehensively sampled during the WI'MetaD simulations.
These structures were refined through structural optimization
using energy minimization by iteratively adjusting atomic
coordinates with MD potentials. The optimized structures
were further refined through DFT calculations. This
optimization process determines the closest stable structures
to those sampled in WT'MetaD.

The polymorphic structures of carbonates derived from
ACC are expected to exhibit numerous minima on the FES.
Indeed, the FES shows a flattened bottom corresponding to
indefinite structures, as demonstrated in the Results section.

The symmetry of the final optimized structures was
investigated to determine their SG. The SG determination
was performed using the spglib library”” with a 0.5 A distance
tolerance for symmetry operations.
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Figure 2. (a) Total and (b) partial (sum of C—C, Ca—Ca, and C—Ca) XRD patterns calculated from the proposed vaterite crystal
structures®>>“*** and ACC. Two structures with different C1 SGs are labeled with C1 and C1'. Since the five ACCs show the same line, the data

of one representative ACC is shown.

VESTA™ was used to visualize the crystal structure in this
study.

2.1. WTMetaD Simulation. An extensive search space
related to vaterite phases was comprehensively explored using
WTMetaD simulations with two CVs. A history-dependent
external potential V(s,t) derived from the CVs s(t) at time ¢ is
expressed in the WT'MetaD simulations as follows:""

V(s,t) = V(s, t — 1) + G(s, s(t))

1
——pV(s, t — 1
exp y_lﬂ (s, t=1) -

where y and f = ﬁ are the controllable bias factor and the
B

inverse thermal energy with Boltzmann constant kg. G(s,s(t))
is the biasing potential with the Gaussian form of s with height
@ and width o,

G(s, 5(1)) = wexp|~ " ((t);—(k)) )
a=1 6(1 2

The bias potential is deposited to CVs at every kz, where k is
an integer and 7 is the interval. In the WI'MetaD simulation,
the time interval V(s,t) is updated as the simulation progresses,
and the intermediate structures in the search phase space are
explored while avoiding revisited s. V(s,s(t)) in the WTMetaD
simulation is scaled by y, meaning that the increment of V(s,t)
becomes gradually smaller over time with well-parametrized y.

Two CVs derived from two peak intensities, I(Q), on the
XRD diffraction pattern were chosen to focus on the symmetry
of the unit cell to allow for an extensive search not restricted to
a specific reaction pathway. The intensity of the XRD pattern
was computed from atomic coordinates using the Debye
formula®* with the Lorch function*’ to eliminate artifacts from
the finite lattice size, considering atomic pairs:
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N N

1 sin( Qrij) sin(irrij/Rc)
I = — , ) .

where 7; is the distance between atoms i and j, and Q is the
magnitude of the scattering vector (Q = 47”sin(9), where 4 is

the X-ray wavelength of Cu-K, radiation (1.5406 A), and 0 is
the Bragg angle). R_ is the upper limit for the r; calculation.

The total I(Q) and the sum of partial I(Q) from C—C, Ca—
Ca, and C—Ca pairs were calculated from the crystalline
structures of available vaterite crystals’>***** and ACC, as
shown in Figure 2a,b. ACC structures were constructed using
the melt-quenching method following a previous study.”” Five
ACC structures, created starting from different initial
configurations with 360 atoms (72 CaCO,), were independ-
ently prepared to evaluate the statistical error. It was confirmed
that the line shape of the FES derived from WTMetaD
simulations was independent of the initial ACC structures.
Characteristic peaks representing vaterite crystals at 22° and
33° (CV1 and CV2 in Figure 2) in partial I(Q) were chosen as
the CVs in the WI'MetaD simulations. Strong intensities at
these peaks are common features of experimentally reported
vaterite crystals.

The large-scale atomic/molecular massively parallel simu-
lator (LAMMPS)* integrated with the Plumed package
(version 2.7.5)*" was used to perform the WTMetaD
simulations. The force field parameters and functionals were
adopted rigid-model developed from Raiteri et al. (rigid
model).*® This is an extension of their previous study’” and
accurately reproduces thermodynamic properties such as
solubility and hydration-free energy.

A polarizable force field based on the AMOEBA model has
been developed for calcium carbonate in water.*’ Using both
force field parameters, the lattice constants and atomic
positions of calcite, aragonite, and vaterite (P3,21 SG) crystals
were optimized via energy minimization. The experimental
lattice constants of calcite and aragonite were reproduced
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Figure 3. (a) Time evolution of two CVs obtained from metadynamics simulations; (b) and (c) FES and PES derived from the two CVs at 10.4 us.
The markers in (b) and (c) are minima points of sample structures. Sampling points of the structures attributed to P, and other space groups are
indicated by gray circles and red squares on the FES and PES. Sampling points classified as calcite-like and vaterite-like based on structural

characteristics are surrounded by colored lines in (c).

within 2% by both force fields. However, discrepancies of
approximately 30% were observed in the lattice constants of
vaterite (P3,21 SG) derived from the AMOEBA model. This
discrepancy may be attributed to overfitting, as the model was
specifically designed to reproduce the hydration energy of the
calcite-water system. In contrast, the lattice constants obtained
from the rigid model exhibited good agreement with
experimental data for all three carbonate crystals.

Although reactive force fields””*" and machine-learning
potentials could be considered as alternatives, their high
computational cost for long simulation times, which are
necessary to sample diverse structures, renders them
impractical. Moreover, machine-learning potentials often
produce inaccurate results for configurations that were not
included in the training data set. For example, an equilibrium
glass melt structure starting from a completely random atomic
configuration cannot be accurately generated by machine-
learning potentials.”’ Preparing exhaustive training data to
cover all possible solid—solid phase transitions is not feasible.
Overall, the rigid model was deemed the most appropriate
choice among the available force fields for this study, which
focuses on the phase transition from amorphous calcium
carbonate (ACC) to vaterite.

17951

The WTMetaD simulation started from an ACC structure
with a 2.649 g/cm® density. The simulation temperature was
set to 800 K to accelerate the reaction, which is below the
melting point of stable calcite (1600 K) and aragonite (1098
K). WTMetaD was performed in an isothermal—isobaric
(NPT) ensemble controlled by the Nosé—Hoover method*” at
1 atm with a 1 fs time step of up to 10.4 us.

The deposition time of WTMetaD in eq 2 was set to 1 ps,
and V(st) was updated every 1 ps. The setting of o was
empirically determined as ¢ = 3 following previous work.”
The y and @ were set to 200 and S kcal/mol, which sufficiently
induced the phase transitions at the desired frequency.

Constraints on the maximum ratio of cell lengths (b/a, c¢/a,
and ¢/b) were imposed during the WI'MetaD simulations to
avoid symmetry collapse due to extremely low-dimensional
structures (e.g., needle- or plate-like unit cells) caused by
tilting. The limits on variable cell lengths were determined
from equilibrium MD at 1000 K in the NPT ensemble, which
is higher than the temperature used for the WTMetaD in this
study. From the lower and upper bounds of cell deformation,
the constraints on the maximum cell length ratios were set to
1.12 < b/a <1.28,0.74 < ¢/a < 0.88, and 0.60 < ¢/b < 0.75.

2.2. Structural Relaxation. The energy of the sampled
structures was minimized by adjusting atomic coordinates to

https://doi.org/10.1021/acsomega.5c01115
ACS Omega 2025, 10, 17948—17959


https://pubs.acs.org/doi/10.1021/acsomega.5c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01115?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

p://pubs.acs.org/journal/acso icle
ACS Omega http://pub /j 1/ df Articl
(a) (b)
Ric C2/c
(R32/c) (C12/cl) P2, /m
60.0 o +15.8 ——B—— D (P121/m1)
' B +7.4 13Ca+h-2¢) B +4.03 @ +18.2
y: +1.5 ¢ v: +4.03 p:+18.2
525
©2]0,0,1/4 a
45.0 v 12[0,0,1/4 elb
= R | . X.... 2¢
375 8 (R32) 3 oC2 12 |1/4,1/4,0
S 40 > o +123 | 13(catb—2¢) + (C121) |
o 30.0= ro1 | —a Ladgmnaiad ' A 4
w B . [ P2,/c
4 1/2(a-b)
225 K2 ©2f 172(a+b)|  (P121/cl)
¢ a: +6.0
15.0
P2 ,
3. P121 t 5
3~ R3¢ sroup B 7.5 (+72 ) t
0.0
Y Y
P1
(P11 |
o:+7.2
B: +6.4

Figure 4. (a) Sampled points on PES as calcite-like structures. The sampled points are classified as monoclinic (group A) and mainly trigonal
(group B) with SG labels. Five points corresponding to CVs of ACC are enclosed by a white line. (b) Subgroup graph for SGs derived from the
sampled structures in (a). t and k on connected lines indicate reducing symmetry operations with translationengleiche and klassengleiche. The indices

of t and k indicate the number of reducing symmetry operations.

satisfy a tolerance of 1 X 107® kcal/mol using MD potentials.
Subsequently, structural optimization was further investigated
using DFT calculations with the Vienna Ab initio Simulation
Package (VASP).”*™° The projector-augmented wave (PAW)
method was used to describe the electron—core interactions.
The modified Perdew—Burke—Ernzerhof GGA for solids
(PBEsol),”” which accurately reproduces the experimental
enthalpy of vaterites,” was adopted for the DFT calculations.
The atomic positions and cell lengths were optimized to
achieve a convergence of 107> eV/A for the force components
acting on each atom.

3. RESULTS

3.1. Metadynamics Simulation. Time-dependent CVs
provided information on the repeatable phase transition
between ACC and crystalline phases, as observed in Figure
3a. Structures generated from various combinations of two
CVs were sampled during the WTMetaD simulations. The
frequency of phase transitions decreased in the latter half of the
simulation, confirming that introducing the bias factor reduces
the bias deposition rate.

Figure 3b,c show the FES and PES landscapes for the
reaction between ACC and other phases as a function of two
collective variables (CV1 and CV2). CV1 and CV2 correspond
to I(Q), as shown in Figure 2. The color scale on the right
indicates the free energy difference AF in kJ/mol per CaCO;,
with blue and red corresponding to lower and higher energy
states, respectively. The convergence of the FES profile was
confirmed by comparing FES from 9 to 10.4 us, as shown in
Figure S1. A movie of the time-evolving FES during
WTMetaD is provided in the Supporting Information. The
two FES profiles at 9 and 10.4 ps were identical. The
emergence of new structures was completed within 4 us, as
summarized in Table S3, where the time of first emergence and
subsequent transitions were tabulated along with the SG and
energy. Therefore, the WTMetaD simulation for 10.4 us
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reached convergence, allowing for the analysis of energetic and
structural information for the various structures.

The FES reveals the presence of multiple energy minima,
corresponding to metastable states separated by minor energy
barriers in the central region, as shown in Figure 3c. Structures
at all local minima on the FES were sampled for subsequent
structural analyses. A total of 30 structures were sampled as
metastable states, as indicated by gray circles and red square-
filled markers in Figure 3c. Sampling points with red square-
filled markers were attributed to structures with SGs other than
P1. These structures are shown in Figures S3—S8 along with
their SGs. Structures attributed to the P1 SG, displayed as gray
circles, were found across various CVs. To organize the
symmetry-based pathway, structures with the P1 SG are not
considered in the later discussion. Crystalline structures with
SGs other than P1 were further classified as “calcite-like” and
“vaterite-like” structures based on the alignment of CO3~ and
Ca”*, as labeled in Figure 3c. The calcite-like structures consist
of Ca®" sheets with CO3~ lying parallel to Ca®" sheets in the
interlayer. In contrast, CO3™ in vaterite-like structures are
arranged with rotational symmetry in the interlayer, forming
various stacking structures.

Five points derived from ACC structures were also plotted
on the FES and PES. They exhibit higher energy than the
crystalline sampled points, suggesting that their thermody-
namic stability is lower than that of crystalline structures. The
calcite-like structures were scattered in the region of 20 < CV'1
< 50 and 10 < CV 2 < 80. In contrast, vaterite-like structures
were found in the region of 40 < CV 1 < 90 and 70 < CV 2 <
120. To organize the phase transitions in terms of structural
symmetry, the sampled structures are discussed separately as
calcite-like and vaterite-like in the following sections.

3.2. Calcite-like Structures. Figure 4a illustrates the PES
for the area 0 < CV1 < 80 and 0 < CV2 < 80, where all
sampled points were assigned to calcite-like structures. The
PES forms a broad flat region for CV1 between 20 and 40,
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Figure 5. Examples of crystalline structures detected in groups A and B. CO3™ are aligned in the stacking direction in the Ca sheets displayed with
blue dotted line: (a) monoclinic and (b) trigonal crystal systems. Ca, C, and O atoms are drawn by silver, brown, and red spheres.

suggesting that numerous metastable structures are thermody-
namically equivalent. Initial CVs derived from five different
ACC configurations are also shown around (CV1, CV2) = (62,
50). In the 0 < CV1 < 80 and 0 < CV2 < 80 region, structures
at the multiple minima are sampled for 15 points, each labeled
with a specific SG. Structures with the same SG but different
lattice constants are distinguished through prefixing with Greek
letters in order of their emergence. Tables S2 and S3
summarize the lattice constants and emergence times for all
detected structures.

The sampled calcite-like structures were classified into two
groups, labeled as “A” and “B”, as shown in Figure 4a. Selected
crystalline structures in groups A and B are shown in Figure 5,
corresponding to C2/c and R3¢ SGs, respectively, with blue
lines representing Ca®" sheets. The monoclinic structures in
group A exhibit 2-fold screw, mirror, and glide operations. All
Ca’" sheets are stacked perpendicular to the CO3™ layers, as
shown in Figure S. The disordering of the 2-fold screw leads to
the P1 SG, which exhibits imperfect CO3~ alignment, as seen
in Figures S3 and S4. The COj~ with 3-fold symmetry can
align alternatively through 7/3 rotation, producing screw or
glide symmetry parallel to the Ca®* sheet. Structures in group
B, with 3-fold symmetry in the stacking direction of Ca®*
sheets, are shown in Figure Sb. Although the WTMetaD
simulation focused on the XRD peak intensities of vaterite
structures, calcite-like structures with 3-fold symmetry were
detected due to their thermodynamic stability. Structures
similar to the high-temperature phase of aragonite with the
P6;22 SG were also found in group B.>® This study used I(Q)
of vaterite crystals to observe the pathway from ACC to
vaterite. Therefore, it is likely that the intermediate states for
the transition to aragonite were not fully sampled. Con-
sequently, the discussion of the transition from ACC to
aragonite was limited in this study.

The c-axis length (18.20—18.66 A) of the sampled R3/c SG
with 6 Ca®* sheets, as indicated in Table S2, is longer than that
of stable calcite crystals (17.6 A).>” A similar calcite structure
with a longer c-axis is observed during the phase transition to
R3/m at elevated temperatures.60 Structures with 3-fold screws
in the stacking direction of Ca*" sheets and disordering of the
3-fold symmetry also resulted in different structures with R32
and P2 SGs.

The energies of the detected calcite-like structures, derived
from DFT calculations, are shown in Figure 6, with the relative
value for the calcite crystal.”” Note that the energy of calcite
crystals is evaluated after structural optimization through DFT
calculations. The three structures a-, f-, and y-C2/c have
similar energies around 4 kJ/mol. A loss of translational
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Figure 6. Energies of calcite-like structures sampled from WTMetaD
simulations for the relative value of the calcite crystal.
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Figure 7. (a) Sampled points on PES as vaterite-like structures. The sampled points are classified into orthorhombic (group C) and monoclinic and
triclinic (group D) systems, shown with SG labels. Five points corresponding to ACC CVs are enclosed by a white line. (b) Subgroup graph for
SGs derived from the sampled structures in (a). Notations on each line connecting space groups indicate reducing symmetry, as described in Figure

4.

(a) a-Pnma

Figure 8. Selected structures of vaterite-like crystals derived from the WI'MetaD simulation. Ca, C, and O atoms are drawn by silver, brown, and
red spheres. Ca’* sheets are indicated by blue dotted lines. (a) Orthorhombic in group C and (b) monoclinic in group D.

symmetry from the C2/c SG leads to the P2,/c SG, with a
slightly higher energy of 2 kJ/mol.

Structures with 3-fold symmetry have energies ranging from
7 to 16 kJ/mol, depending on cell dimensions. Two SGs (R32
and R3¢) are associated with the /3 rotation of CO%™. This
rotation has a very low energy barrier, as demonstrated in MD
simulations.”’ These structures can be identified as metastable
calcite structures, with a slightly shorter a-axis and longer c-axis
(~0.14 and 1 A, respectively) than stable calcite crystals, as
shown in Table S2. The resulting density is about 2% lower
than that of calcite crystals but higher than that of vaterite
crystals (~2.54 g/cm®). Notably, a calcite structure perfectly
matching experimental data did not emerge, likely due to the
use of XRD CVs tailored for vaterite crystals.

17954

Structural changes during phase transitions entail symmetry
generation or destruction. The subgroup graph of SGs for
calcite-like structures derived from the WIT'MetaD simulations
is visualized in Figure 4b. SGs, accompanied by DFT-derived
energies, are connected by arrows indicating decreasing
symmetry, as referenced in International Tables A1.°> The
construction of the subgroup graph can be also confirmed via
“Bilbao Crystallographic Server”.”*~%° The labels ¢ and k on the
connecting lines refer to translationengleiche and klassengleiche,
where ¢ indicates reduced point group operations while
preserving translational symmetry, and k refers to reduced
translational symmetry while maintaining point group
operations. The attached numbers indicate the degree of
symmetry reduction. Blue and red text indicating the origin
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shift and the new lattice vectors for the enlarged unit cell have
been added to the arrows.

Trigonal R3¢ and R32 SGs are linked by t,, and both can
transition to monoclinic by t;. The C2 SG, surrounded by a
dotted line in Figure 4b, was not detected in WTMetaD
simulations but likely represents an intermediate state in the
transition from R32 SG to P2;/m SG. P2;/m and P2,/c SGs
cannot directly originate from the trigonal system; they likely
emerge from ACC through incremental symmetry changes via
C2 systems.

Based on the PES in Figure 4a, two possible routes from
ACC are suggested: P1, C2/c, and P21/c (route 1a) or R3¢ and
R32 (route 1b), both close to CVs for ACC. Considering
phase transitions with a gradual increase in symmetry,
transitions from ACC to group B structures via group A
structures along route 1b appear predominant. The CV values
of vaterite crystals are (CV1, CV2) = (80, 100), which means
they are positioned in the upper right region relative to group
A. Therefore, P1, C2/c, and P21/c SGs, close to the CVs of
vaterite crystals, may represent transition states leading to
vaterite structures.

3.3. Vaterite-like Structures. Figure 7 shows the PES
with sampled points in the region 30 < CV1 < 110 and 40 <
CV2 < 120. The sampled points were assigned SGs via
structural optimization using DFT calculations. The deter-
mined structures are classified into two groups (C and D)
according to the sampled regions. Group C exhibits lower AF,
which is almost at the same level as those of groups A and B for
calcite-like structures. Meanwhile, structures with AF values 10
to 20 kJ/mol higher are assigned to group D, which emerged as
the closest points to the CVs of vaterite crystals. Examples of
the orthorhombic and monoclinic structures in groups C and
D are shown in Figure 8.

In the orthorhombic structures, CO3~ are arranged with tilts
relative to each other along the stacking direction of Ca®*
sheets. The crystal structure organized by this CO3™ alignment
resembles the orthorhombic structure derived from XRD
patterns.***> Note that the Pbnm SG reported by Meyer is
equivalent to Pnma by axis conversion. Several authors have
also performed DFT calculations based on these experimental
results for orthorhombic systems.*>*>*¢

The monoclinic structures emerging in group D exhibit
COj™ rotation associated with the stacking sequence in Ca**
sheets, as shown in Figure 8b. The structure with C2/c SG is
consistent with the four-layer structure determined by electron
diffraction and ADE'*'*® of vaterite. A variety of structures
involving CO3~ rotation with different alignments in the
stacking sequence of Ca®* sheets have been proposed by
introducing rotational disorder in the hexagonal model (P /

mmc)."" These structures with monoclinic systems are
attributed to different SGs and diversified by combinations
of hexagonal arrangements through 7z/3 or 27/3 rotations."*
Although only C2/¢ SG was found in this simulation, it is
reasonable to consider that the low rotational barrier in the
interlayer produces metastable polymorphs of other mono-
clinic crystals. These polymorphs were likely undetectable in
WTMetaD simulations due to the very flat potential surface at
high temperatures.

The energies of the sampled vaterite-like structures are
plotted relative to the calcite structure in Figure 9. The results
calculated from the proposed vaterite crystal structures” are
also shown in Figure 9. The structures with P2,/c and Pnma
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Figure 9. Energy differences of vaterite-like structures sampled during
the WTMetaD simulations and vaterite crystals from previous
studies.’” The relative energies of calcite crystal are also plotted.

SGs in group C have higher energies of about S and 7 kJ/mol
than the structure with C2/c SG, which is a probable vaterite
structure. The P1 structure has a higher energy of
approximately 10 kJ/mol relative to calcite. These structures
are attributed to metastable states during vaterite formation
from ACC.

The energies obtained from orthorhombic systems in group
C are higher than those from monoclinic structures in group D,
suggesting that orthorhombic systems represent transition
states or nonviable structures. Indeed, the density of these
structures is higher (~2.70 g/cm?) than that of experimental
vaterite data (~2.66 g/cm?). The P2,/c SG found in group C
represents a slightly tilted structure compared to orthorhombic
cells. The CO3™ arrangement in the interlayer is similar to
other Pnma crystal structures.

The subgroup graph shown in Figure 7b represents phase
transitions based on symmetry. The Pnma SG of the
orthorhombic structure can transform to P2,/c by reducing
point group symmetry operations while retaining translational
symmetry (t,). This structure connects to the final C2/c SG
structure, either directly or via P1.

4. DISCUSSION

The pathway for generating vaterite crystals from ACC was
examined from a crystallographic perspective. A schematic of
the phase transition is depicted in Figure 10.

The first step in symmetry generation from ACC involves
the formation of Ca®" sheets with CO3™ lying in the interlayer,
primarily resulting in the monoclinic crystalline systems
categorized as group A in Figure 4. This structural change
appeared at the initial stage of the WTMetaD simulations,
around 500 ns, as shown in Table S3 and a movie of the time-
varying FES of crystal structures in the Supporting
Information. These structures can be considered embryos for
phase transitions to either vaterite or the most stable calcite.
Since XRD peak intensities of vaterite crystals were used as
CVs in the WTMetaD simulations, structures perfectly
consistent with calcite crystals did not emerge in group B of
Figure 4. However, several energetically unstable calcite-like
structures with elongated cell dimensions along the 3-fold
symmetry axis were detected. These structures may serve as
precursor crystals for stable calcite with R3¢ SG. Such
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Figure 10. Scenario for generating vaterite crystals while creating symmetric structures from ACC.

structures are unlikely candidates as precursors for vaterite
formation. In other words, once CO3 layers form within Ca**
sheets, vaterite formation becomes less favorable.

Another set of structures derived from group A is group C,
which primarily consists of orthorhombic crystalline systems.
From the PES map, group C structures may be generated
directly from ACC. These structures result from the rotation of
COf7 in the interlayer of Ca®* sheets. The formation of either
group B or group C from group A may occur with
approximately equal probability based on the FES map. The
relatively high-energy group-C structures transit to vaterite
crystals with C2/c SG in group D. These vaterite structures,
with energies approximately S kJ/mol higher than that of stable
calcite, exhibit lower energy than group-C structures. In real
samples, vaterite structures may achieve thermodynamic
stabilization due to misfit dislocations, defects, and surface
effects.

The intermediate structure for vaterite crystals is group A,
and the transition from group A to group C represents a
decisive reaction determining the formation of vaterite.
Experimentally determined vaterite crystals in group C have
been proposed as transition states in DFT studies.”>** The
crystallization process from hydrated ACC to vaterite via
anhydrous ACC has been carefully observed using in situ
small- and wide-angle X-ray scattering studies conducted on
rapid time scales (seconds).®” Unfortunately, the intermediate
structure of group A detected in this study has not been
confirmed through a distinct diffraction pattern. This may be
due to its short lifetime, resulting from the instability of the
intermediate structure and insufficient crystalline growth. The
first step in the conversion of anhydrous ACC to vaterite
crystals is the ordering of ACC.***% This process is
experimentally recognized by broad X-ray peaks and diffraction
patterns in the small-angle region.””®® The structure of
ordering ACC is speculated to be related to the formation of
Ca®" sheets, which characterize the group A structure.

These structures should be recognized as intermediates in
the transition to C2/c SG, a conclusion supported by this
study. It should be noted that the energy differences between
the detected structures within the same group are very small,
making the transition pathways highly susceptible to
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exogenous factors such as water and chemical impurities.
Natural disorder, such as defects and stacking mismatches
observed in real samples, can thermodynamically organize
intermediate structures. Although the influence of dehydration
and diverse defects in stabilizing intermediate structures
cannot be fully captured by WTMetaD simulations alone,
the emergence and progression of structural symmetry from
ACC represents a universal pathway to vaterite crystalline
formation.

5. CONCLUSIONS

Metadynamics simulations of the transition from anhydrous
amorphous CaCO; (ACC) to vaterite crystals were performed
using two X-ray diffraction (XRD) peak intensities character-
istic of well-known vaterite crystals as collective variables
(CVs). Structures sampled as the multiple minima on free
energy surface (FES) maps were refined by density functional
theory (DFT) calculations, and SGs were determined by
examining their symmetry. The determined structures were
classified into four groups based on the arrangement of CO3~
in the interlayer of the Ca* sheets.

The crystal structures, characterized by CO3~ lying in the
interlayer of Ca®* sheets with monoclinic symmetry, can be
considered intermediate structures for the formation of calcite
and vaterite crystals. The transition from monoclinic to the
stable calcite structure with a trigonal system occurs via
metastable states, which exhibit elongation in the stacking
direction of Ca* sheets. Another possible transition route
involves the rotation of CO3™ in the interlayer spaces of Ca**
sheets, producing orthorhombic systems. These structures can
be identified as precursors to vaterite with C2/c SG.

A series of phase transitions from ACC to crystalline phases
was organized and visualized using subgroup graphs. In real
samples, defects, such as surface and stacking mismatches,
contribute to the stabilization of intermediate structures as
equilibrium states. However, the symmetry-based analysis of
the formation mechanism presented in this study provides a
guideline for understanding diverse calcium carbonate
structures.
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