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Abstract

Vaterite is a less stable anhydrous crystalline calcium carbonate than calcite or aragonite and, 
thus, a rare mineral in geologic settings. However, vaterite is commonly found in biological environ-
ments. The mechanisms of crystal nucleation, transformation, and stabilization of vaterite in host 
materials remain unresolved. Understanding these issues may lead to answer some fundamental 
questions such as carbonate formation in geological systems and the intriguing occurrence of vaterite 
in biological systems. This requires an accurate knowledge of the crystal structure of vaterite and its 
order-disorder transformation. This study employs molecular-dynamics simulations to understand the 
thermodynamic stability of vaterite and kinetics of the orientational ordering of the carbonate ions. 
The results show that the potential energy change from disordered to ordered vaterite is about –11 
kJ/mol, which significantly changes the relative stabilities of vaterite with respect to other anhydrous 
calcium carbonate polymorphs, including amorphous calcium carbonate. The heat capacity of vaterite 
is estimated to be 102.1 ± 0.4 J/(K⋅mol), comparable to an experimental result of 91.5 ± 3.8 J/(K⋅mol). 
The molecular-dynamics simulations also show similar energies for vaterite with different stacking 
structures, suggesting possible stacking disordering along the [001] axis. Cyclic high-temperature 
simulated-annealing molecular-dynamics simulations show that the CO3 orientational disorder-order 
transition is thermally activated. The calculated activation energy for the transition is 94 ± 10 kJ/mol 
with a pre-exponential factor of ∼1.6 × 1013 s−1. A good linear fit of the logarithmic transition rate to 
inverse temperature (the Arrhenius plot) indicates that the transition is controlled by a single activation 
process that is related to a cooperative rotational motion of CO3 groups in vaterite.
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Introduction

Natural vaterite occurs in biological systems (Ariani et al. 
1993; Falini et al. 1998, 2005; Kanakis et al. 2001; Giralt et al. 
2001; Sanchez-Moral et al. 2003; Sommerdijk and de With 2008), 
sediments (Friedman 1997; Giralt et al. 2001), and rocks (Fried-
man et al. 1993; Grasby 2003), but also in synthetic products such 
as cement (Stepkowska et al. 2003). Thermodynamically, vaterite 
is the least stable phase of the three crystalline polymorphs of 
anhydrous calcium carbonates: calcite, aragonite, and vaterite. 
Because of its thermodynamic metastability, vaterite is rare in 
most geologic settings and it transfers to other more stable poly-
morphs over time under most geologic conditions (Plummer and 
Busenberg 1982). However, recent studies show that vaterite can 
easily be grown inorganically under various laboratory conditions 
(Dalas et al. 1999; Hou and Feng 2005; Seo et al. 2005; Han et 
al. 2006; Shivkumara et al. 2006; Schlomach et al. 2006; Pouget 
et al. 2009). Experiments show that rapid mixing of calcium and 
carbonate salt solutions leads to precipitation of various shapes 
of fine crystalline vaterite crystals (Han et al. 2006). Vaterite 
crystals can also be stabilized with additions of biomolecules 
or organic molecules and are often formed at the surfaces of 
these molecules in supersaturated solutions by template-induced 
surface interactions (Ariani et al. 1993; Falini et al. 1998, 2005; 
Kanakis et al. 2001; Sanchez-Moral et al. 2003; Malkaj and 

Dalas 2004; Sommerdijk and de With 2008; Pouget et al. 2009). 
Vaterite can be formed biogenically as in the case of pearls (Qiao 
and Feng 2007; Qiao et al. 2008; Soldati et al. 2008), human 
hearts (Kanakis et al. 2001), and otoliths (Jessop et al. 2008), or 
non-biogenically as in modern lakes and sediments (Friedman 
1997; Giralt et al. 2001; Grasby 2003). It often transforms from 
an amorphous calcium carbonate (ACC) phase, the metastable 
precursor of vaterite (Nebel et al. 2008). Therefore, vaterite 
inherits the disordered character of carbonate ions and the fine 
particle size of amorphous calcium carbonate. Because of its 
thermodynamic instability, vaterite formed in these conditions 
may experience an order-disorder transition (Wang and Becker 
2009), or a subsequent transformation to more stable phases 
such as calcite in rocks and sediments (Plummer and Busenberg 
1982; Han et al. 2006).

The crystal structure of vaterite was investigated by single-
crystal X‑ray diffraction studies (Meyer 1959; Kamhi 1963; 
Meyer 1969). A hexagonal structure with orientationally disor-
dered CO3 groups was established. The structure has P63/mmc 
symmetry with a basic pseudocell (Z = 2) and a = b = 4.13 Å 
and c = 8.49 Å (Kamhi 1963). There is only one crystallographic 
carbonate site in the structure. These early results also suggest 
possible ordering in the (001) plane and ordering and stacking 
faults along the [001] direction, both of which are evident from 
a small number of weak reflections (Kamhi 1963), and numer-
ous diffuse streaks and satellite reflections (Meyer 1969). These 
observations were attributed to partial superstructure formations. * E-mail: jwwang@umich.edu
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Unfortunately, details of the superstructure (symmetry and 
coordinates) were not provided due to a lack of high-quality 
diffraction data and an appropriate structure model. Thus, the 
structural relation between the ordered and disordered structures 
is still unresolved. Therefore, it used to be widely accepted in 
the literature that the orientation of carbonate ions in vaterite is 
completely random. Continuous efforts have been made to under-
stand the vaterite structure using spectroscopic methods (Sato and 
Matsuda 1969; Behrens et al. 1995; Anderson 1996; Gabrielli et 
al. 2000; Wehrmeister et al. 2010). However, issues related to the 
superstructure, especially the symmetry and number of crystal-
lographic carbon sites in the structure, remain unanswered and a 
structure model that supports all the spectroscopic results has not 
established. Recently, a new fully ordered structure model with 
an orthorhombic symmetry was proposed and this structure was 
based on X‑ray diffraction data and a microtwinning hypothesis 
(Le Bail et al. 2011). However, five weak superstructure reflec-
tions seen in single-crystal X‑ray diffraction (Kamhi 1963), 
and X‑ray powder diffraction experiment (Le Bail et al. 2011) 
are still unexplained. In a previous theoretical study, an ordered 
superstructure was proposed based on ab initio calculations and 
molecular-dynamics (MD) simulations (Wang and Becker 2009). 
The superstructure (Z = 18) has P6522 symmetry (no. 179) and 
a = b = 7.29 Å, c = 25.3 Å, and two unique CO3 groups (Wang 
and Becker 2009). This superstructure is consistent with NMR 
results showing two distinct carbon peaks (Michel et al. 2008). 
The superstructure is a result of ordering in the a-b plane and 
in the c direction and the ordering only involves carbonate ions 
in the crystal. The lattice vectors a and b of the superstructure 
are rotated by 30° with respect to the original basic pseudocell 
lattice and the lengths are 3  times the basic lattice a and b. 
Ordering in the c direction results in an ordered stacking of three 
pseudocells by a sixfold rotational symmetry along the c axis. 
Note that this superstructure model (Wang and Becker 2009) was 
based on the energetics with respect to the disordered structure 
model (Kamhi 1963) and the ordered orthorhombic structure 
(Meyer 1959). Although the relation between the superstructure 
and the supercell proposed by Kamhi (1963) and how to use these 
structure models to best describe the vaterite structure remain to 
be explained, the ordered superstructure is energetically more 
favorable with respect to the disordered structure (Kamhi 1963) 
and ordered orthorhombic structure (Meyer 1969).

The orientational ordering of CO3 groups in vaterite has 
an intrinsic driving force, which is related to electrostatic 
interactions among CO3 groups and with the Ca sublattice. In 
both the ordered and disordered vaterite structures, there are 
three preferred orientations for each individual CO3 group in 
vaterite. This is because each CO3 is located at the center of a 
triangular prism formed with the Ca ions and the CO3 plane is 
perpendicular to the base faces of the Ca prism. The dominance 
of the attractive electrostatic interactions between the positively 
charged Ca2+ ions and the negatively charged O centers of CO3

2– 
groups defines the three orientations, which have a 120° angle 
between them. Locally within one prism, there is no preference 
among these three orientations as they are equally energetically 
favorable. Thus, in a CO3 orientationally disordered structure, 
there is no orientational correlation between neighboring CO3 
groups. However, longer-range ordering can reduce the system 

potential energy through favorable (or better, less unfavorable) 
electrostatic interactions by avoiding configurations with the 
O atoms of neighboring CO3 groups pointing to each other. 
However, the details of how the carbonate groups are ordered 
in vaterite are still in debate in the literature (Wehrmeister et al. 
2010; Le Bail et al. 2011).

To understand the disorder to order transition in vaterite, two 
model systems are considered: the pseudocell structure with one 
distinct CO3 (Kamhi 1963) as a model for disordered structure 
and the superstructure with two distinct CO3 (Wang and Becker 
2009) as a model for the ordered structure. Thermodynamic 
stability of the ordered and disordered structures and kinet-
ics from the disorder-order transition are investigated using 
molecular-dynamics simulations. The results are also put in the 
context of three other anhydrous calcium carbonates. Although 
the ordered superstructure is more energetically favorable than 
the disordered structure, the dynamic process of the transition is 
determined by the kinetics of the order-disorder reaction. Based 
on previous molecular-dynamics simulations (Wang and Becker 
2009), the estimated enthalpy of the transition from disordered 
vaterite to fully ordered vaterite is –11 kJ/mol or ∼ –4 kBT at 
ambient condition (how this relates to thermodynamic stabilities 
of vaterite, aragonite, and calcite will be discussed in the last 
section). This result implies that, at statistical equilibrium, the 
majority of vaterite should be at the ordered state. However, it 
is not clear if a high kinetic barrier prevents this disorder-order 
transition from occurring at short timescales and/or at ambient 
temperature. Whether or not such a transition can be observed at 
an experimental timescale at ambient temperature is in question.

In this paper, the CO3 order-disordering process in vaterite 
is investigated using molecular-dynamics simulations. Tem-
perature-annealing simulations are carried out at temperatures 
higher than ambient to observe a transition within the timescale 
of the simulations but not too high in order to avoid structural 
decomposition. Simulations at different temperatures are per-
formed to investigate the temperature effect on the kinetics of 
the transition. An inherent structure analysis method is used to 
distinguish the ordered structure from the disordered one, an 
alternative to energetic analysis. These simulations are designed 
to systematically investigate the nature of the transition process 
and the kinetics and energetics of the transition.

Methods

Molecular models and MD simulations
Three-dimensional periodic boundary conditions are employed in the mo-

lecular dynamics using a program package GROMACS (Allen and Tildesley 
1987; van der Spoel et al. 2005). Since the 3D periodic boundary conditions 
require Ewald summation over the long-range electrostatic interactions, which 
are computationally expensive, the Fast Particle-Mesh Ewald (FPME) sum-
mation method is used (Essmann et al. 1995). For van-der-Waals interactions, 
Lennard-Jones 12-6 potentials are used with a direct-space interaction cutoff 
distance of 10 Å. For bonding interactions, harmonic C-O stretching and O-C-O 
bending, and harmonic improper dihedral interactions for CO3 are used within 
the carbonate ion. Non-bonded interactions within the CO3 group are excluded 
from the intramolecular interactions because they are part of the bonded and 
bending interactions. However, non-bonded interactions are included for Ca-Ca, 
carbonate-carbonate, and Ca-carbonate interactions. The positions of all atoms 
in the simulation supercell and the supercell parameters are not constrained and 
therefore free to change. For temperature coupling, the Nose-Hoover thermostat 
is used, and for pressure coupling, the isotropic Parrinello-Rahman scheme. The 
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time step for the MD simulations is set to 1 fs, the time constant for temperature 
coupling to 0.1 ps, and the time constant for pressure coupling to 1.0 ps (van 
der Spoel et al. 2005).

The forcefield and parameter settings for the MD simulations are similar to 
those in the previous molecular-dynamics simulations with minor modifications 
(Wang and Becker 2009) and are tested for the crystallographic cell parameters 
of calcite and aragonite. A change of the forcefield from the previous simula-
tions (Kalinichev et al. 2001; Wang and Becker 2009) is made for the carbonate 
intramolecular interaction parameters [harmonic angle O-C-O c0 = 520.5 kJ/mol/
(rad)2 and harmonic improper dihedral C-O3 c0 = 500.0 kJ/mol/(rad)2] for better 
vibrational frequencies and elastic constants. The vibrational frequencies for the 
three calcium carbonate phases are calculated using the computer program GULP 
without symmetry constraint (Gale and Rohl 2003). The calculations reproduce 
major peaks around 1420–1500 and 1040–1080 cm–1 and low frequencies below 
500 cm–1 for calcite, aragonite, and vaterite. The results are in qualitative agree-
ment with experimental observations (Wehrmeister et al. 2010). The calculated 
in-plane bending peaks are scattered from 750 to 900 cm–1, probably resulted 
from inaccurate improper dihedral forcefield parameters. The calculated elastic 
constants are overestimated on average by 25% as compared with experimental 
values (Dandekar and Ruoff 1968). This discrepancy may partially arise from 
using the simplified forcefield with the Lennard-Jones 12-6 potentials and the 
single-point charge approximation for oxygen atoms, which may result in higher 
elastic constants. A more accurate potential for carbonates that was fitted with 
experimental results including elastic properties is available from literature, where 
a core-shell model is used for the oxygen atoms (Fisler et al. 2000). However, 
using the shell model makes MD simulations a lot slower and is not desirable 
for large-scale long-time simulations as in this study. More recently, a potential 
for calcium carbonates was developed for simulating nucleation and crystal 
growth from aqueous solution (Raiteri et al. 2010). Although the forcefield 
used in the present study produces some errors in elastic constants and vibra-
tional frequencies, for the purpose of the understanding of thermodynamics and 
kinetics of order-disorder transition in vaterite, the forcefield is expected to be 
sufficiently accurate to provide a qualitative guide to the nature of the transition. 
A general introduction of molecular-dynamics simulations is available in Allen 
and Tildesley (1987) and Frenkel and Smit (2002); the applications on minerals 
are given in, e.g., de Leeuw and Parker (1998), Cygan (2001), and Piana et al. 
(2005); and the applications on minerals and their surfaces are reported in, e.g., 
Wang et al. (2001, 2003, 2006, 2007, 2009), Kirkpatrick et al. (2005a, 2005b), 
and Kalinichev et al. (2007). 

Two simulation supercells with different geometries are used. One is hexago-
nal and is built from the carbonate-disordered hexagonal structure (Kamhi 1963). 
The computational supercell has hexagonal dimensions (24.78 × 24.78 × 25.47 Å, 
216 CaCO3 units) and consists of 6 × 6 × 3 unit cells. The experimental structure 
model provided by Kamhi (1963) has random orientations of carbonate ions with 
partial occupancies of 1/3 of all C and O atoms. However, for most molecular 
simulations, partial occupancies are prohibitive. Therefore, our computational 
supercell with 1080 atoms is constructed by repeating the original unit cell after 
one of the three possible CO3-plane orientations is arbitrarily chosen and C and 
O atoms are assigned an occupancy of unity. Therefore, all carbonate ions in this 
resulting supercell structure repeat the carbonate orientations and are therefore 
ordered. Thus, vaterite structures with random carbonate orientations or ordered 
superstructures have to be generated in a subsequent setup step.

To test the effect of computational supercell geometry on the order-disorder 
transition of CO3 orientations and the resulting structure, a starting supercell 
geometry with an orthorhombic shape is also used (in addition to the hexagonal 
geometry) for the computational supercell. This orthorhombic supercell is built 
from the orthorhombic structure (Pbnm, a = 4.13, b = 7.15, and c = 8.48 Å) sug-
gested by Meyer (1959). The dimensions of this initial orthorhombic supercell 
are 24.78 × 21.46 × 25.47 Å, also with 1080 atoms or 216 CaCO3 units as for 
the hexagonal case.

Energetics of amorphous calcium carbonate is also simulated for comparison. 
Recent progress has been made to understand the energetics (Radha et al. 2010) 
and structure (Nebel et al. 2008; Michel et al. 2008; Goodwin et al. 2010) of ACC. 
However, the atomic-scale structural details are still unknown. In this study, the 
structure of ACC is prepared by heating calcium carbonate crystal structures well 
above their melting temperature and then quenching it to 0 K in NPT-ensemble 
MD simulations. Two ACC models are used and they are based on two separate 
MD simulations with two different starting configurations. Such models are used 
to estimate their relative energetic stability with respect to other polymorphs. 
Note that such models may not be accurate representatives of the ACC structure, 
but they are expected to be adequate for a qualitative estimate of the energetics.

MD simulated annealing
Simulated-annealing MD simulations are carried out to study the effect of 

temperature on the order-disorder transition in vaterite. The method is implemented 
by simply varying the reference temperature in an NPT ensemble (constant tem-
perature and pressure) during the simulation. The difference between the simulated 
annealing MD and a standard MD is that the system temperature in the former is 
controlled by a set of reference temperatures and may be cycled one or more times 
in between a temperature minimum and maximum (van der Spoel et al. 2005). The 
annealing protocol is specified as a series of corresponding times and reference 
temperatures. Two kinds of simulated annealing MD are performed. In the first kind, 
the temperature is linearly increased from 0 K to a maximum temperature of 1600 
K in 15 ns. In the second kind, the temperature is linearly increased from 0 K to a 
given maximum temperature and then back to 0 K in a cyclic fashion. Four cycles 
of the reference temperatures are applied in sequence in the simulations: 0–300–0 K, 
0–500–0 K, 0–1000–0 K, and 0–1500–0 K, for 1.25, 1.25, 1.5, and 2.5 ns for each 
cycle, respectively. The reference temperature is changed by about 0.5–1.2 K/ps or 
every 1000 time steps (the time step = 1 fs, 1 ps = 1000 fs). Since the temperature 
increment is small, ∼1 K/ps, no equilibration time is applied between or during the 
cycles. The time constant for temperature coupling and pressure coupling are the 
same as those in the standard MD simulations.

Inherent structure
To determine the time for the transition from the disordered to the ordered 

vaterite to take place, standard constant-temperature and constant-pressure ensemble 
MD simulations (NPT) are carried out at 750, 800, 850, 900, 950, 1000, 1200, and 
1400 K. The simulation times vary from 1 to 500 ns, depending on the simulation 
temperature. At each temperature, a frame is saved in every 50 ps. Each such 
frame of the trajectory is subsequently optimized by energy minimization. This 
optimized structure is the inherent structure of the corresponding structure at the 
high temperature (Stillinger and Weber 1983). By analyzing the inherited structures 
for symmetry, which is used to better distinguish the ordered structures from the 
disordered ones, the transition time is determined. Since there is an ∼11 kJ/mol 
energy difference between the disordered and the ordered structures, an alternative 
method to determine the transition time is to analyze the potential energy. The two 
methods are expected to give the same results. The symmetry information provides 
more accurate structural information and can be readily obtained from the inher-
ent structure where atoms are close to their equilibrium positions. However, this 
approach can be difficult for structures at high temperature where atoms are away 
from their equilibrium positions. The order-disorder transition times at different 
temperatures are analyzed using the Arrhenius relation.

Results and discussion

Variation of potential energy as a function of temperature
The potential energy change of vaterite with increasing 

temperature is revealed using simulated annealing MD simula-
tions. By continuously changing the reference temperature of the 
system from 0 to 1600 K (in increments of ∼0.1 K/ps) in the MD 
simulation, the potential energy as a function of the simulation 
time and the statistical temperature is recorded. As temperature 
increases, there are statistically meaningful changes of the slope 
of the potential energy with the simulation time (Fig. 1a) and 
with the system temperature (Fig. 1b). These changes are high-
lighted by the dashed- (Fig. 1a) and dot-dashed (Fig. 1b) lines. 
An abrupt or steep change in energy with temperature indicates 
a crystal-structure change, which can be analyzed by examining 
the MD trajectory.

At the beginning of the MD simulation, the vaterite structure 
is ordered, which is constructed with the carbonate orientation 
arbitrarily ordered as described in the Methods section. This order-
ing persists for ∼3 ns until the temperature reaches ∼300 K after 
which the carbonate-ion orientation becomes disordered. During 
this re-orientation of carbonate ions, the potential energy drops 
by 22 kJ/mol. This energy change is consistent with the previous 
molecular-dynamics simulations (Wang and Becker 2009). This 
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result indicates that the initially arbitrarily ordered structure is 
unstable with respect to the disordered structure. In this disordered 
structure, the CO3 groups are randomly distributed over three 
possible orientations, which is consistent with the disordered 
vaterite structure model (Kamhi 1963). For a separate and simi-
lar MD simulation with an orthorhombic (instead of hexagonal) 
computational supercell where the CO3 groups are also initially 
ordered (the orthorhombic Meyer structure), a similar structural 
disordering is observed at a similar temperature (∼320 K), ac-
companying an energy drop of 19 kJ/mol. This result suggests that 
the structure with disordered CO3 groups is energetically more 
favorable than the arbitrarily ordered structure based on the basic 
hexagonal structure (Kamhi 1963) and the ordered orthorhombic 
structure (Meyer 1959).

From 3 to 14 ns in the MD simulation (Fig. 1a), while the 
system temperature continuously increases from 300 to 1600 K 
(Fig. 1b), the slope of potential energy as a function of temperature 
changes, which is caused by a continuous change in the structure 
without a definite phase change. It needs to be mentioned that 
at any point in the MD simulation, the system may not reach the 

equilibrium with the given temperature because of short simula-
tion time (short in terms of actual macroscopic growth processes 
but relatively long in the framework of MD simulations). The 
orientations of the CO3 groups become gradually more and more 
ordered with increasing simulation time and temperature. Such 
structural ordering with temperature indicates a thermally acti-
vated process that drives the change of the CO3 orientations and 
causes the orientational ordering of the carbonate ions.

The orientational ordering of the CO3 groups and the associ-
ated potential energy change as a function of temperature are 
better mimicked by cyclic simulated-annealing MD simulations 
at different annealing temperatures. Figure 2a shows the potential 
energy of the system with the simulation time from a sequence 
of such cyclic annealing simulations. For each annealing cycle, 
the system temperature starts from 0 K, and then reaches the 
annealing temperature and decreases to 0 K. Each succeeding 
cycle of the annealing process reduces the potential energy of 
the system from that of the previous cycle. The potential energy 
is reduced by 22, 2, 5, and 4 kJ/mol for the systems annealed 
at the annealing temperatures of 300, 500, 1000, and 1500 K, 

Figure 1. Potential energy of vaterite as a function of molecular-dynamics simulations time (a) and temperature (b) in a single simulated 
annealing MD simulation. The dashed lines are guides to the eye. The data line in a is the potential energy from the MD trajectory recorded at 10 
ps intervals. The open circles are the average values of system potential energies and temperature recorded at 100 ps intervals.

Figure 2. Potential energy of vaterite as a function of molecular-dynamics simulations time (a) and temperature (b) in four cyclic simulated 
annealing MD simulations. The solid arrowed lines in b trace the potential energy vs. temperature for the temperature cycles of 0–1000–0 K and 
0–1500–0 K.
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respectively. Figure 2b shows the potential energy change with 
the system temperature. For each cycle, the energy change with 
temperature traces a different energy-temperature path with a 
different slope, resulting in a different potential energy at the 
end of each annealing cycle at 0 K. The total change of potential 
energy before and after the annealing cycles is –33 kJ/mol, and 
the energy change from the disordered structure to the ordered 
one is –11 kJ/mol. Since the structure at 300 K is not strictly 
disordered, the estimated disorder-to-order transition energy 
provides an upper limit and the real transition energy may be more 
negative. Because the potential energy reduction of the structure 
at the end of each cycle is affected by the simulation temperature 
and simulation time, the orientational disordering and ordering 
transition are expected to be kinetically controlled and activated 
by thermal energy. Note that the energy difference calculated is 
the potential energy difference without corrections for zero-point 
energies and entropic contributions.

The slope changes of the potential energy as a function of 
temperature during the different cycles of the simulations indicate 
changes in the heat capacity at different order-disorder states of 
vaterite. These slope changes are highlighted by the solid arrowed 
lines in Figure 2b, which trace the potential energy as a function 
of temperature for the last two annealing cycles: 0–1000–0 K 
and 0–1500–0 K. For both cycles, the slope during temperature 
increase (i.e., from 0 K to the annealing temperature) is different 
from that during temperature decrease (i.e., from the annealing 
temperature to 0 K). The classical heat capacity at constant pres-
sure can be obtained from equation CP = (∂H/∂T)P, where enthalpy 
H = U + PV, U is the total energy, P is the system pressure, and V 
is the system volume (Forsblom and Grimvall 2005). By a linear 
fit of enthalpy as a function of temperature, the heat capacity at 
constant pressure can be calculated. For the disordered vaterite, 
the calculated value is 102.1 ± 0.4 J/(K⋅mol) in a temperature 
range from 300 to 350 K. For the ordered vaterite, the value is 
112.0 ± 0.9 J/(K⋅mol) in the same temperature range (Table 1). 
The standard errors are a result of from the linear fit. The ordered 
vaterite has a higher heat capacity. The experimentally measured 
constant pressure heat capacity is 91.5 ± 3.8 J/(K⋅mol) at 353 K 
(Wolf et al. 2000). Considering that there might be substantial 
disordering in experimental samples of vaterite (Wang and Becker 
2009), the calculated heat capacity of the disordered vaterite is 
comparable with the observation (Wolf et al. 2000). In classical 
molecular-dynamics simulations, reliabilities of the simulations 
depend on accuracies of the interatomic potentials used in the 
simulations, which often need to be appropriately calibrated 
with known physical properties of the systems. Given that the 
forcefield parameters are not calibrated with properties related to 
the energetics of vaterite and its temperature dependence, such an 
agreement on the heat capacity between the theoretical calculation 
and the observation may be fortuitous.

Table 1. 	 Thermodynamic properties of vaterite and thermodynamic/kinetic parameters of its disorder-order transition
Properties		  MD calculation	 Experiment
Heat capacity [CP, J/(K·mol)]	 Disordered	 102.1 ± 0.4 (300–500 K)	 91.5 ± 3.8 (353 K)*
	 Ordered	 112.0 ± 0.9 (300–500 K)
Enthalpy of transition (kJ/mol)		  10.6 ± 0.5	
Transition kinetics	 Activation barrier (kJ/mol)	 93.9 ± 9.6
	 Pre-exponential factor	 1.6 × 1013

* Experimental results are based on calorimetric and potentiometric measurements (Wolf et al. 2000).

Carbonate ion orientational ordering in vaterite
The orientational ordering of CO3 groups in vaterite results 

in a superstructure that is transformed from the disordered 
structure by increasing temperature in the molecular-dynamics 
simulations. The ordering is thermally activated and accompa-
nied by a decrease in potential energy. Snapshots from the cyclic 
simulated-annealing MD simulations at different annealing 
temperatures are used to qualitatively illustrate the ordering 
process. For the annealing simulation at 300 K, there is a very 
limited ordering of CO3 orientations (Fig. 3a). Most of the three 
CO3 groups in each column along [001] are distributed only in 
one or two directions. The ordering of the structure is identified 
by comparing it with the superstructure with a hexagonal P6522 
symmetry. As the annealing temperature increases from 300 
to 500 K, more and more columns of the CO3 groups become 
ordered (Fig. 3b). For the structure at annealing temperature of 
1500 K (Fig. 3c), all the columns of the CO3 groups are ordered 
and the structure has the P6522 symmetry. To better describe 
the ordering, an order parameter is defined as ∑=O o N/ 3i

i
CO3 , 

where oi is the number of orientations of CO3 in column i, 
and N is the total number of columns in the system. If OCO3 is 
1.0, the system is ordered. For the initial arbitrarily ordered 
structure, OCO3 is 1/3. For the random orientation of CO3, OCO3 
is ∼0.7. As the annealing temperature increases from 300, 500, 
1000, to 1500 K, the order parameter increases from 0.6, 0.7, 
0.8 to 1.0, respectively, suggesting increasing ordering as the 
annealing temperature increases. Note that Figure 3 and the 
order parameter only provide approximate information about 
the ordering along the [001] direction. The ordered superstruc-
ture needs a quantitative symmetry analysis. The unit cells are 
highlighted in Figure 3c for the pseudo-cell structure and the 
hexagonal superstructure.

To test if the three-dimensional periodic boundary condi-
tions and the hexagonal computational cell employed in the 
MD simulations have any effect on CO3 orientational order-
ing and the resulting structure and symmetry in the ordered 
vaterite, additional simulated annealing MD simulations are 
performed using a different computational supercell with an 
orthorhombic geometry and the same number of atoms. The 
energetics of the orientational disorder-to-order transition 
with this model (figures are not shown) are similar to the 
ones presented in Figures 1 and 2. The structural changes at 
different annealing temperatures with this orthorhombic com-
putational supercell are also similar to those shown in Figure 
3. However, the smallest repeating unit of the final annealed 
ordered structure has a monoclinic symmetry of C2/c (space 
group no. 15) and a = 12.62 Å, b = 7.29 Å, c = 9.37 Å, and β 
= 115.9°. Figure 3c highlights the monoclinic repeating unit 
in the (001) plane, which is closely related to the hexagonal 
unit cell. Along the [001] direction, however, the orientational 
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a larger energetic driving force than that in [001] direction. A 
careful evaluation of the two structures (Figs. 4a and 4b) indi-
cates different stacking sequences, implying a high possibility 
for disordered stacking in vaterite, which was hypothesized in 
an early single X‑ray diffraction study (Kamhi 1963). While 
the monoclinic structure (C2/c) has not been suggested for 
vaterite, a group of closely related high-temperature phases of 
rare earth orthoborates were found with the same monoclinic 
structure (Lin et al. 2004).

To estimate the relative stability of the monoclinic unit-cell 
superstructure with respect to the hexagonal superstructure, an 
ab initio structural optimization of the monoclinic cell similar 
to the previous study (Wang and Becker 2009) is carried out. 
The total energy for the monoclinic cell is energetically slightly 
more stable with respect to the hexagonal superstructure cell 
by ∼10 kJ/mol, which is of the same order of disorder-to-order 
transition energy. The small energy difference indicates pos-
sibilities of different ways of structural ordering along [001], 
which could result in stacking disordering. This probably is the 

Figure 3. Final structures of vaterite annealed at different 
temperatures: (a) 300 K cycle, (b) 500 K, and (c) 1500 K. Large black 
balls are Ca ions, small gray balls are C atoms, and white balls are O 
atoms. In c, unit cells in the (001) plane are highlighted for the basic 
pseudo-hexagonal cell, monoclinic supercell, and hexagonal supercell.

Figure 4. Final ordered vaterite after annealing viewed perpendicular 
to [001]: (a) using the hexagonal computational cell (the structure shown 
is after conversion to an orthorhombic cell, for better comparison with 
b), and (b) using an orthorhombic computational cell. The unit cells 
are highlighted.

ordering is different. Figure 4a shows the structural ordering of 
the hexagonal superstructure with the unit cell highlighted, and 
the c dimension, which is three times the one of the disordered 
pseudo-cell. Figure 4b shows the structural ordering based 
on the orthorhombic geometry along the same direction. The 
repeating unit length in the [001] direction of the latter is equal 
to that of the pseudo-cell. Apparently, the simulation conditions 
(e.g., supercell geometry) affect the structural ordering in the 
[001] direction but not in the (001) plane. This result suggests 
that ordering in the (001) plane is more robust and may have 
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reason that there are extensive stacking faults in the samples 
previously suggested by single X‑ray diffraction experiments 
(Meyer 1959, 1969; Kamhi 1963).

Kinetics of the thermally activated order-disorder 
transition

The kinetics of the thermally activated disorder-order transi-
tion is studied using standard-NPT-ensemble MD simulations. 
The disorder-order transition time ttr is defined as the time 
for a disordered vaterite structure to transfer to the ordered 
structure at a given temperature during the MD simulation. 
The ttr is determined by inspecting and analyzing the symmetry 
of the inherent structure of each frame of the recorded MD 
trajectory. To speed up the transition, the system is heated up 
to high temperatures of up to 1400 K. The chosen simulation 
temperatures are high enough for the transition to occur within 
half a microsecond (i.e., half a billion simulation time steps), 
which can be reasonably achieved in to an MD simulation with 
available computational resources. The results are shown in 
Table 2. The transition rate is defined as 1/ttr. An Arrhenius plot 
of the CO3 orientational disorder-to-order transition is shown 
in Figure 5. A linear fit results in an activation energy of 93.9 ± 
9.6 kJ/mol and a pre-exponential factor of ∼1.6 × 1013 s−1 (Table 
1). The standard error is derived from the linear fit of ln(1/ttr.) 
as a function of 1/T. The correlation coefficient R of the fit is 
0.996, indicating a single thermally activated disorder-order 
transition. The calculated activation energy for the order-
disorder transition is less than half of the activation energies 
for the vaterite-to-calcite phase transition of 250 ± 10 kJ/mol 
(Baitalow et al. 1998) and vaterite decomposition of 227 kJ/
mol (Maciejewski et al. 1994). The latter two processes require 
a much higher energy to be activated because they involve 
significant structural rearrangement and complete structural 
destruction. The pre-exponential factor for the disorder-order 
transition is close to the rotational frequency of CO3 in vaterite, 
which is around ∼300 cm–1 (or ∼1 × 1013 Hz) (Behrens et al. 
1995). This result indicates that orientational ordering may be 
related to the rotational motion of CO3 groups. It is intuitive that 
the full structural ordering is associated with the orientational 
ordering of the individual CO3 groups, but it is not clear how 
they are related. The activation energy of a single CO3 rotation 
can be estimated by gradually rotating a single carbonate ion 
about the c axis in a series of molecular dynamic calculations 
at low temperatures at which the re-orientational movement 
of the rest CO3 groups is not active. The calculated activation 
energy is 195 kJ/mol at 100 K, 187 kJ/mol at 200 K, and 186 
kJ/mol at 300 K, which are close to the activation energy of 

vaterite decomposition. However, these values for individual 
carbonate ions are about two times higher than the result for 
the whole system (i.e., ∼94 kJ/mol), suggesting that the orien-
tational ordering in the structure is not isolated reorientation of 
each individual CO3 group but a cooperative movement among 
CO3 groups. As a result of the carbonate reorientation, there is 
a volume contraction of 0.47% from the disordered structure 
to the ordered structure (Wang and Becker 2009).

Based on the values of the calculated activation energy and 
pre-exponential factor, the disorder-to-order transition is fast 
and should be complete within an hour at ambient temperature. 
However, caution should be taken for directly comparing the 
simulation result with an experimental observation. Experimen-
tally synthesized vaterite samples often have impurities such as 
organic molecules as interfacial stabilizing agents (Falini et al. 
2005; Sommerdijk and de With 2008; Pouget et al. 2009) and 
their role on disorder-order transition is unknown. In addition, 
inaccuracy in the empirical potentials used to mimic the ener-
getics of the carbonate system in the MD simulations may cause 
some errors in the absolute values of the kinetics. Nevertheless, 
the MD results provide a theoretical basis for understanding 
order-disorder phenomena in vaterite. Direct evidence of the 
orientational ordering of CO3 groups and the superstructure may 
be observable on vaterite samples using single-crystal X‑ray 
diffraction or nanoscale local structural analysis techniques 
such as high-resolution transmission electron microscopy. 
These experiments would also provide additional information 
about the nature of the ordered structure in vaterite such as 
size of ordered regions and stacking sequences. However, the 
theoretical results are expected to provide valuable information 
for predictions and guidance for designing new experiments. 
For instance, X‑ray powder diffraction patterns for vaterite at 
different degrees of ordering were calculated from structures 
based on the P6522 model in a previous study (Wang and Becker 
2009). Those results show that the diffraction peaks in the range 
of 2θ ≈ 38–44° identified as the superstructure peaks in a recent 
X‑ray diffraction study (Le Bail et al. 2011) were predicted by 
the calculations (Wang and Becker 2009).

Table 2. 	 Orientational disorder-order transition of carbonate ions 
in vaterite at different temperatures

Simulation temperature (K)	 Transition time (ttr, ns)	 1/T (×10–3) 	 ln(1/ttr)
1400	 0.15	 0.7143	 22.6204
1200	 0.50	 0.8333	 21.4164
1000	 8.50	 1.0000	 18.5832
950	 11.50	 1.0526	 18.2809
900	 50.00	 1.1111	 16.8112
850	 17.50	 1.1765	 17.8611
800	 83.00	 1.2500	 16.3044
750	 137.00	 1.3333	 15.8033

Figure 5. Arrhenius plot of CO3 orientational disorder-to-order 
transition. The transition time ttr is estimated by inspecting the inherent 
structures of each frame of the trajectory recorded at 50 ps intervals of 
standard NPT-ensemble MD simulations at a given temperature. 1/ttr is 
evaluated as the reaction rate.
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Energetics of vaterite ordering and thermodynamic 
stability of anhydrous calcium carbonate polymorphs

Because of the typically small crystal sizes and rare occur-
rence of vaterite in geological settings, vaterite has not drawn 
much attention from mineralogy and materials science communi-
ties. Recent experiments (Kanakis et al. 2001; Malkaj and Dalas 
2004; Han et al. 2006; Pouget et al. 2009) suggest that vaterite as 
well as its stability and formation in both biogenic and abiogenic 
settings are complex and many aspects of the related processes 
are yet to be explored. The present molecular-dynamics simula-
tions of the order-disorder transition further the understanding 
of the phase stability of vaterite. Thus, it is important to discuss 
the energetics and kinetics of the order-disorder transition of 
vaterite in the context of other calcium carbonate polymorphs.

The degree of disordering in vaterite affects its relative 
stabilities with respect to the other polymorphs: amorphous 
calcium carbonates (ACC), aragonite, and calcite. Table 3 lists 
the enthalpy differences of various anhydrous calcium carbonate 
polymorphs with respect to calcite from both experiments and 
theoretical calculations available from the literature and results 
from this study. These data are also plotted in Figure 6. The 
enthalpy difference between aragonite and calcite varies widely 
and even changes signs among different theoretical calculations. 
Experiments give small values on the enthalpy difference: 1.2 kJ/
mol (Plummer and Busenberg 1982) and –0.4 kJ/mol (Wolf et al. 
1996, 2000). For the ordered vaterite, the calculated enthalpy is 
3∼10 kJ/mol higher than calcite, in comparison with experimental 
values of 6.2 kJ/mol (Plummer and Busenberg 1982) and 3.4 kJ/
mol (Wolf et al. 1996, 2000), which are between the minimum 
and maximum calculated energy difference. The experimental 
values are based on as-made samples and the degree of disorder-
ing was not evaluated. It is expected, however, that those samples 
have at least some degree of ordering up to being completely 
ordered. Theoretical calculations suggest that the enthalpy of the 
disordered vaterite is 11∼14 kJ/mol above the ordered vaterite. 
For disordered vaterite, four theoretical calculations show that the 
enthalpy is 16∼21 kJ/mol higher than calcite as shown in Table 
3. There is no experimental value for the disordered vaterite. 

Table 3. 	 Enthalpy differences of aragonite and vaterite (ordered and disordered) with respect to calcite (unit: kJ/mol) 
Phase	 MD (a)	 MD (b)	 DFT numerical	 DFT 	 DFT	 DFT	 DFT	 Experiments
			   basis (c)	 planewave (d)	 planewave (e)	 (PAW-GGA) (f )	 linear-scaling (g)
amorphous	 +26.6(a’)							       +15.0 (h), 
	 +28.5(a’)							       +14.3 (i)
								        +22.7 (j), 
								        +17.2 (k)
								        +12.3 (l)
vaterite (dis)	 +20.7			   +16.39	 +17.54	 +19.80		  +6.2 (m)
								        +3.4 (n)
vaterite (ord)	 + 9.7		  +5.00	 +2.95	 +5.72	 + 5.80	 –
aragonite	 –3.0	 –4.8 ~ +12.67	 +8.6	 +0.996	 +12.69	 +12.19	 –4.9 ~ +9.3	 +1.2 (m)
								        -0.4 (n)
calcite (reference)	 0.0	 0.0	 0.00	 0.00	 0.00	 0.00	 0.0	 0.0
Notes: (a) Molecular-dynamics simulations (Wang and Becker 2009). (a’) Molecular-dynamics simulations (this study). The structures for ACC are produced by heating 
calcium carbonate crystal structure well above its melting temperature and then quenched to 0 K. Two models are based on separated simulations. (b) Calculated 
enthalpy differences for literature forcefields for CaCO3 (Raiteri et al. 2010). (c–f ) This study. (c) DFT with numerical basis sets using program DMol3. (d) DFT with 
planewave basis sets using CASTEP and norm-conserving pseudopotentials. (e) DFT with planewave basis sets using CASTEP and ultrasoft pseudopotentials. (f ) 
DFT with plane wave basis sets using VASP and GGA-PAW methods. (g) DFT with norm-conserving pseudopotentials and a flexible, numerical linear combination 
of atomic orbitals basis set using SIESTA (Raiteri et al. 2010). (h) Experiment based on thermoanalysis of ACC crystallization (Wolf and Gunther 2001). (i) Average 
value of the calorimetric measurements of anhydrous ACC (Radha et al. 2010). (j) Average value of the calorimetric measurements of more disordered hydrous ACC 
(Radha et al. 2010). (k) Average value of the calorimetric measurements of less disordered hydrous ACC (Radha et al. 2010). (l) Experiment based on thermoanalysis 
of ACC crystallization (Koga et al. 1998). (m) Experiments based on the dissociation reactions measurements (Plummer and Busenberg 1982). (n) Experiments based 
on calorimetric and potentiometric measurements (Wolf et al. 1996, 2000).

Figure 6. Enthalpy differences of different calcium carbonate 
polymorphs with respect to calcite and activation energies for phase 
transitions. The thin dashed line is the enthalpy of calcite as reference. 
Long, thick lines are experimental values. Short, thick lines are values 
from theoretical calculations. The values of the enthalpies are listed in 
Table 3. The curved lines with arrows show possible phase transitions 
documented in the literature and the values above the curves are the 
activation energy of the transition. 

For ACC, the experimental enthalpy is 12.3∼22.7 kJ/mol higher 
than calcite, which is comparable to the calculated values of the 
disordered vaterite. The calculated enthalpy for ACC is 26.2 
and 28.5 kJ/mol higher than calcite from two MD calculations 
based on two different structure models for ACC. The calculated 
values for ACC are higher than the experimental values prob-
ably because of the accuracy of the structural models used for 
ACC. However, the comparison between ACC and disordered 
vaterite is only qualitative. For the experiments of ACC, the 
value varies widely between different experiments and samples 
with different degrees of disorder, which was not quantified 
and it would be difficult to do so. Thus, it is difficult to make 
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quantitative comparison if structural parameters, such as degree 
of disorder, of ACC are not identified and determined. Nonethe-
less, it is expected that the enthalpy of disordered vaterite should 
not be much lower than the one of ACC, given that enthalpy of 
disordered vaterite is 16∼21 kJ/mol higher than calcite. These 
data (Table 3, Fig. 6), regardless of the discrepancies between 
different experiments and theoretical calculations, suggest that 
the degree of disordering in vaterite has a large effect on the 
relative stability of vaterite with respect to ACC, aragonite, and 
calcite. The effect is enhanced by the fact that there are only small 
energy differences among the three crystalline polymorphs (e.g., 
ordered vaterite, aragonite, and calcite) and between ACC and 
disordered vaterite. In addition, the size effect on free energies 
of calcium carbonate precipitates could complicate the relative 
stabilities of the different polymorphs.

The kinetics of the phase transitions also plays an important 
role to control the formation and growth of different calcium car-
bonate polymorphs. The activation energy for the order-disorder 
transitions of vaterite is ∼94 kJ/mol, which is much smaller than 
∼250 kJ/mol for the vaterite to calcite transition (Peric et al. 
1996; Baitalow et al. 1998; Wolf and Gunther 2001), 235 kJ/
mol (Peric et al. 1996) or 370 kJ/mol (Wolf and Gunther 2001) 
for the aragonite to calcite transition based on the two experi-
ments, and 152–304 kJ/mol for ACC to calcite transition (Koga 
et al. 1998). These data suggest a faster ordering transition in 
vaterite than its transition to calcite. In solution, however, indirect 
transformations through dissolution-recrystallization processes 
may have much lower activation energies. For instance, for the 
vaterite to calcite transition in solution, the activation energy is 
only ∼55 kJ/mol (Kralj et al. 1997). Other factors, such as sur-
faces of organic molecules, may also affect the kinetics of the 
transitions, especially of these less stable polymorphs of calcium 
carbonates (i.e., ACC and vaterite). Currently, a full description 
of phase stabilities and kinetics of the transitions of various 
calcium carbonate polymorphs is far from being completed. It 
is expected that such knowledge is essential to the understand-
ing of the nucleation, growth, and transformation of calcium 
carbonates in various conditions relevant to calcium carbonate 
formations in natural systems.
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