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Structure and carbonate orientation of vaterite (CaCQOs)
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ABSTRACT

First-principles calculations and molecular-dynamics simulations are employed in this study to
further our understanding of the crystal structure and orientational order of carbonate ions in vaterite,
which is the least stable polymorph of calcium carbonate. The structural details of vaterite have been
controversial but they are prerequisite for investigating and understanding the processes involving
vaterite crystal nucleation, growth, and stabilization at a molecular level. The first-principles calcula-
tions, using density functional theory with the plane-wave pseudopotential method, are carried out to
calculate relative thermodynamic stabilities of proposed structures. Molecular-dynamics simulations
with classical empirical potentials, larger computational cells, and fully flexible models at different
temperatures are performed to investigate the orientation and order-disorder of the carbonate ions.
The results show that the previously accepted structure with disordered CO; ions, which are randomly
distributed over three orientations parallel to the ¢ axis, is only metastable. By applying a temperature
annealing technique to the molecular dynamics simulations, a more stable structure with fully ordered
carbonate ions is found that has a hexagonal superstructure. The space group of this newly derived
vaterite structure is P6522 (no. 179) with Z = 18 and cell dimensions of 3 times in a, and 3 times in
c of the previous suggested disordered structure. Comparison of experimental observations of X-ray
diffraction patterns, enthalpies of transformation to calcite, and volume change by heat treatment with
our theoretical calculations indicates that freshly made vaterite is often carbonate-disordered and meta-

stable and can fully or partially transform to a carbonate-ordered structure by aging and heating.
Keywords: Vaterite, crystal structure, order-disorder, quantum mechanical calculations, XRD

data, thermodynamics

INTRODUCTION

Calcium carbonates occur widely in nature and are the major
minerals in many sedimentological environments. They play an
important role in biological functions and processes (Heywood
1994; Mann 2001; Skinner 2005; Rodriguez-Navarro et al. 2007),
and they are valuable in many industrial applications, such as
paper, rubber, plastics, and paint production (Xiang et al. 2006).
Vaterite is thermodynamically stable with respect to amorphous
calcium carbonate, but metastable with respect to the other
two crystalline polymorphs, aragonite, and calcite. Therefore,
vaterite is a rare mineral in geologic settings, though it may be
an important precursor in several carbonate-forming processes.
Its natural occurrence is often associated with biogenic activities
(Ariani et al. 1993; Falini et al. 1998, 2005; Kanakis et al. 2001,
Mann 2001), as in pancreatic stone or clogging in human heart
valves (Falini et al. 1998; Kanakis et al. 2001), hard tissues of
fish otoliths (Falini et al. 2005), and crustacean statoliths (Ariani
etal. 1993). In vitro, vaterite can be easily synthesized (Plummer
and Busenberg 1982; Shen et al. 2006). At ambient conditions,
mixing of calcium chloride and sodium carbonate salt solutions
leads first to the deposition of an amorphous calcium carbonate
phase that, within minutes, transforms to vaterite. If vaterite
stays in contact with the solution, within one day, it transforms to
calcite, the most stable polymorph. If kept dry, such an abiogenic
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vaterite is stable at temperatures up to 670 K (Turnbull 1973).
Although less common than the other polymorphs, vaterite and
its initial nucleation, growth, and stabilization offer an oppor-
tunity to study the mechanism of biomineralization and also to
understand crystal nucleation and growth in general (Falini et al.
1998; Champ et al. 2000). However, its crystal structure, the basis
for such growth and nucleation studies, is still controversial and
not well understood (Medeiros et al. 2007). Thus, before major
progress can be made on understanding processes involving the
formation and stabilization of vaterite at the atomic level, details
of its crystal structure need to be resolved.

Vaterite has the same chemical composition as calcite (rhom-
bohedral) and aragonite (orthorhombic), but with a different
crystal structure in terms of symmetry, orientation of CO; ions,
and coordination environment of Ca ions. There is general agree-
ment that the carbonate planes are parallel to the ¢ axis, which
is consistent with its optical properties such as uniaxial positive
interference figures with n,=1.55 and n. = 1.65 (Kamhi 1963),
and that the calcium atoms are in eightfold coordination with
oxygen atoms. In contrast, the CO; ions in calcite and aragonite
are perpendicular to the c-axis, and the calcium atoms have
sixfold coordination in calcite and ninefold in aragonite (Kambhi
1963; Villiers 1971; Markgraf and Reeder 1985). For vaterite,
its symmetry and space group, dimensions of the unit cell, and
orientation and site symmetry of the CO; ions are controversial.
Meyer (1959) was the first to hypothesize a vaterite crystal struc-
ture derived from single-crystal X-ray diffraction experiments
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and he reported an orthorhombic unit cell with a space group
Pbnm and Z = 4 (Fig. 1a). In this structure model, all sites are
fully occupied, which is not consistent with apparent disordering
of oxygen sites originated from multiple carbonate orientations
in the structure. Kamhi (1963) found a structure with hexagonal
symmetry and space group P6s/mmc using the same XRD tech-
nique (Fig. 1b). There is only one unique carbonate in the unit
cell, and each atom of the COj; ion is disordered with a partial oc-
cupancy of 1/3, which accounts for considerable disorder. Based
on numerous diffraction streaks parallel to the ¢ direction in the
X-ray diffraction pattern (Kamhi 1963), a superstructure with a
unit cell rotation of 30° and a =3 - &', ¢ = 2*¢’, and Z = 12 was
suggested, apparently owing to partial ordering of the carbonate
ions in the vaterite sample. However, details of the superstruc-
ture such as symmetry and atomic positions were not provided.
Meyer (1969) later provided a structure mainly consistent with
Kamhi’s (1963) structure, which has the same space group but
different carbonate site symmetry. Meyer (1969) also noticed
diffuse streaks and satellite reflections in the diffraction pattern
and argued that there is possible stacking disorder of single lay-
ers of trigonal symmetry related by glide reflections and screw
axes along c. Again, no details of such stacking faults were dis-
cussed. Lippmann (1973) developed an idealized structure from
the vaterite-type high-temperature phase of YbBO; (Bradley et
al. 1966) with space group P6;22. Spectroscopic methods have
been applied to resolve the controversy on the vaterite structure
and focused on space group and site symmetry. However, the
results are inconsistent, often due to impurities in the samples,
mode assignments, and differences of group theory analysis. For
example, Sato and Matsuda’s infrared spectra (Sato and Matsuda
1969) support Kambhi’s structure (Kamhi 1963). Behrens et al.
(1995) argued that none of the proposed structures, P6s/mmc
or P6,22, is consistent with the Raman spectra that indicate the

existence of two distinct symmetric stretching modes for CO;
ions (Behrens et al. 1995). Anderson’s group theory analysis
(Anderson 1996) favors both Kambhi’s (1963) and Lippmann’s
(1973) structures. A more recent Raman study (Gabrielli et al.
2000) shows that Meyer’s structure (Meyer 1969) is consistent
with the Raman spectra. Although there is no consensus on the
structure, some features regarding the vaterite crystal structure
emerge: (1) the Ca ions are in a hexagonal sublattice and the unit
cell of this sublattice is hexagonal; (2) CO; ions are parallel to
the ¢ axis; and (3) there is considerable disordering of CO; ions
in the structure.

To better understand and ultimately resolve the contro-
versy on the vaterite crystal structure, quantum-mechanical
(first-principles) calculations are used in this study to estimate the
relative stability of the structures proposed in the literature. Mo-
lecular dynamics (MD) simulation with temperature annealing is
used to address disordering and to find an ordered superstructure.
The molecular modeling reported here also demonstrates the
value of combining these two techniques for predicting crystal
structures based on calculating the energetics without any free
or fitted parameters and for investigating dynamic phenomena
by simulating large systems at finite temperatures.

COMPUTATIONAL METHODS

Quantum-mechanics calculations

Quantum-mechanical calculations are performed within the density functional
theory (DFT) framework using plane-wave basis sets as implemented in the VASP
package (Kresse and Furthmuller 2004). The projector-augmented wave method
(PAW) (Bl6chl 1994) and exchange-correlation as parameterized by Perdew-Wang
91 (PWOI functionals) (Perdew et al. 1992; Perdew and Wang 1992) are applied
in the generalized gradient approximation (Perdew and Wang 1986) (GGA-PAW).
The Monkhorst-Pack scheme for integration in the Brillouin zone is adopted and
the number of k-points is determined to be large enough in our calculations for
good convergence of total energies as a function of k-point density. A k-point

FIGURE 1. Crystal structures of vaterite. Scheme: light gray spheres are oxygen atoms, gray spheres are carbon atoms, and black spheres are
calcium atoms. (a) Orthorhombic structure with space group Pbnm after Meyer (1959). (b) Hexagonal structure with space group P6s/mmc after

Kambhi (1963).
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mesh of 5 X 3 x 3 is used for the primitive cell to simulate Meyer’s orthorhombic
structure (@ = 0.413 nm, b = 0.715 nm, and ¢ = 0.848 nm) (Meyer 1959) and a 3
X 3 x 1 grid is used for the hexagonal superstructure (¢ = b = 0.729 nm, ¢ = 2.53
nm). The energy cutoff for the plane-wave basis set is 520.00 eV or 38.22 Ry in
both cases, which was tested for energy convergence. All optimizations allow the
volume of the computational cell to relax, and all atoms are free to move. Test
cases for the other two polymorphs calcite and aragonite show that the method and
computational parameters are adequate to converge the total energy within 0.1 kJ/
mol and optimized cell parameters within 1.0%.

Molecular dynamics simulations

Three-dimensional periodic boundary conditions and standard methods and
algorithms are used in the MD simulations (Allen and Tildesley 1987). Long-range
electrostatic interactions are calculated using Ewald summation based on partial
charges at each atom. Lennard-Jones 12-6 potentials with a cutoff method are used
for short-range van der Waals interactions. Harmonic bond interactions are used
for C-O and O-C-O interactions within the carbonate ion. Non-bonded interactions
within the CO; ion are excluded from the intramolecular interactions. The force
field used in our MD simulations is summarized in Table 1 and it is compatible
with the CLAYFF force field (Cygan et al. 2004), where an effective force field
with partial charges and Lennard-Jones 12-6 potentials is implemented. The Ca
force field parameters are taken from the literature (Koneshan et al. 1998; Cygan
et al. 2004). The CO; parameters have been used for carbonate ions in solution
(Kalinichev et al. 2001). All MD simulations are performed using NPT ensembles
(constant temperature and pressure) with the so-called leap-frog algorithm for the
integration of the equations of motion, which is implemented in the GROMACS
program (van der Spoel et al. 2005). All atoms in the simulation cell are free to move.
The time step for all MD simulations is 1 fs (femtosecond). More details for MD
simulation method and applications on minerals are discussed in other publications
(de Leeuw and Parker 1998; Cygan 2001; Wang et al. 2001, 2003, 2006).

NPT simulations at isotropic pressure of 1 bar and temperature of 300 K were
carried out to estimate unit-cell parameters of calcite and aragonite to validate
the models used in our simulations. The computational supercell for calcite was
hexagonal and consists of 2160 atoms or 432 CaCO; units with the dimensions
0f 2.9928 x 2.9928 x 3.4122 nm and y = 120°. The supercell for aragonite was
orthogonal and consists of 1200 atoms or 240 CaCOj; units with the dimensions
of 2.4807 x 2.39013 x 2.29616 nm. Each system was allowed to equilibrate for
500 ps MD simulation. The equilibrium dynamic trajectory was recorded for
statistical analysis at 0.5 ps intervals during an additional 500 ps MD simulation.
Statistical averaged unit-cell parameters for calcites are @ = b = 0.4918 + 0.0006
nm and ¢ = 1.6834 + 0.0022 nm, compared to experimental values of 0.4988 and
1.706 Inm (Markgraf and Reeder 1985). Calculated cell parameters for aragonite
are @ = 0.4912 + 0.0012 nm, b = 0.7887 £ 0.0012 nm, and ¢ = 0.5683 + 0.0011
nm, compared to experimental values of 0.49616 nm, 0.79705 nm, and 0.57394
nm (Negro and Ungaretti 1971). The results reproduce all the experimental lattice
parameters within 2%. The fluctuations of total energy, temperature, pressure,
and cell volume as a function of MD simulation time during the 1 ns MD run for
calcite are plotted in Appendix 1.!

Temperature-annealing MD simulations (to find disordered and ordered
structures in vaterite) were performed at isotropic pressure of 1 bar. The compu-
tational supercell consisted of 1080 atoms or 216 CaCO; units. The supercell is
hexagonal with dimensions 2.478 x 2.478 x 2.547 nm. The CO; orientations were
initially arranged to be similar to those of the orthorhombic structure suggested
by Meyer (1959). The annealing MD simulation consisted of five annealing cycles
at temperatures 0, 50, 300, 500, 1000, and 1500 K. In each annealing cycle, the
system temperature started at 0 K and was linearly increased to the highest an-
nealing temperature during the MD run, and then linearly decreased to 0 K again.
The total simulation time for the annealing MD was about 7 ns (1 nanosecond =
7 million time steps). At the end of each cycle, the annealed structures were re-
viewed, and potential energies were calculated. The lattice parameters and potential

! Deposit item AM-09-006, Appendix 1. Deposit items are avail-
able two ways: For a paper copy contact the Business Office of
the Mineralogical Society of America (see inside front cover
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energies were therefore calculated at 0 K for comparison with the first-principles
calculations. The structure at the end of the 50 K annealing cycle is similar to the
orthorhombic structure of Meyer (1959). The structures at the end of each 300,
500, and 1000 K annealing cycles are disordered. The structure at the end of the
1500 K annealing cycle is ordered. This indicates that a temperature of 1500 K is
necessary to overcome the activation energy for ordering; however, a much lower
temperature would be sufficient to observe ordering, e.g., in days.

Calculations of X-ray diffraction patterns

To compare various model structures of vaterite with experimental results,
X-ray diffraction patterns were calculated using the Cerius® package (Accelrys
1999), assuming a wavelength of 0.154178 nm (CuKa), Lorentzian peak shapes,
and crystal sizes of 50 nm. Indexing of these diffraction patterns was based on
the first-principles (GGA-PAW) optimized cell parameters of the ordered super-
structure. A module in the Cerius® package was used for finding symmetry and to
obtain the space group of the MD annealed ordered structure.

RESULTS AND DISCUSSIONS

Structure and energetics

Energetics and unit-cell dimensions of the ordered orthor-
hombic structure. We use the proposed ordered orthorhombic
structure (Meyer 1959) as the starting point (Fig. 1a) and compare
how good the agreement is between the experimental structure
parameters and our computer-optimized values. The orienta-
tion of the CO; ions in the proposed structure is ordered and
parallel to (010), the crystallographic a-c plane. All optimized
cell parameters based on this structure are systematically larger
than experimental values in the ¢ dimension and smaller in the
b dimension, while giving a satisfactory value in the ¢ dimen-
sion (Table 2). The deviation of calculated cell parameters from
experimental data for a given method is approximately as positive
for a as it is negative for b (e.g., GGA-PAW: +11.7 and —10.3%;
GGA-PP: +9.7 and —7.1% for a and b, respectively). The results
indicate that the proposed structure over-counts CO; orientation
in the a direction, under-counts in the b direction, and counts
correctly in the ¢ direction. In addition to this deficiency regard-
ing cell dimensions of the proposed orthorhombic structure, this
ordered structure was also invalidated by the single-crystal X-ray
diffraction study by Kamhi (1963), which revealed no evidence
for this orthorhombic structure. Orthorhombic symmetry is not
consistent with multiple orientations of CO; ions. Raman spec-
troscopic results do not support the site symmetry of CO; of the
proposed structure either (Sato and Matsuda 1969; Behrens et
al. 1995; Anderson 1996; Gabrielli et al. 2000). Therefore, the

TaBLE 1. Forcefield parameters for MD simulations

Cco Cci12 Partial charge

Ca 0.93918-107 0.52704-10° +2.000
C 0.44999-103 0.20995-10°° +1.123
(¢] 0.26171-1072 0.26331-10° -1.041
Notes: Non-bonded interactions:

(12) C(6)
ULI(rij) — 1z s

r. "

ij ij

The cutoff is 0.9 nm. And the combination rules are: C¢ = (C¢ - Cf)” and Cj? =

(Cr]rz . Cj}z)vz'

Interactions within carbonate molecule:

Harmonic bond O-C: Uz = %aco(b — b,)? with by = 0.13 nm, ¢, = 644336.0 kJ/
mol/(nm)?

Harmonic angle O-C-O: Uy = %2¢,(0 - 6,)? with 6, = 120°, ¢, = 920.5 kJ/mol/
(rad)%

Harmonic improper dihedral C-O;: U, = V2co(p — Wo)? with Y, = 0°, ¢, = 2100
kJ/mol/(rad)?.
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TABLE 2. Cell parameters of Meyer (1959) structure of vaterite (Pbnm)
a (nm) Deviation b (nm) Deviation ¢ (nm) Deviation

GGA-PAW 04612 +11.7% 0.6415-10.3% 0.8473 -0.08%
LDA-PP* 0.4341 4+5.1% 0.6432 -10.0% 0.8424 -0.70%
GGA-PP* 0.453149.7% 0.6640 -7.1% 0.8477 -0.04%
Experimentalt 0.4130 0.7150 0.8480

* Medeiros et al. 2004.
1 Meyer 1959.

crystal structure of vaterite proposed by Meyer (1959) cannot
be confirmed by our quantum-mechanical calculations and by
the experiments by Kamhi (1963). Thus, partial occupancy and
disordering are unavoidable for correctly describing the vaterite
structure.

Energetics of the disordered and ordered superstructures.
Potential-energy calculations using molecular-modeling methods
show that a vaterite structure with COj; ions distributed over three
orientations is more energetically stable than the orthorhombic
structure with only one orientation. The structure at the end
of the annealing cycle at room temperature (300 K) from our
temperature-annealing MD simulation shows that the orientations
of CO; ions are disordered (Fig. 2a) and there are three preferred
orientations with an angle of 120° between CO; planes. However,
the structure lacks long-range orientational order. The calculated
potential energy per formula from the annealing MD simula-
tion with an annealing temperature of 300 K for this disordered
structure is 22.7 kJ/mol more favorable than that of the ordered
orthorhombic structure (Table 3). This disordered structure (Fig.
2a), when taking a space average, is consistent with Kamhi’s
structure (Kamhi 1963) (Fig. 1b), in which each lattice site of
the CO; ion is partially occupied and all atoms of the CO; ions
are randomly distributed among three positions.

However, this fully disordered structure does not account for
any degree of long-range ordering in the crystal structure, which
was observed in the single-crystal X-ray diffraction patterns,
indicated by a small number of weak superstructure reflections
(Kambhi 1963). To address possible CO; orientational ordering,
annealing MD cycles were carried out at higher temperature.
An ordered superstructure appeared at the end of about 7 ns of
simulated annealing with a final annealing temperature of 1500
K. A snapshot of the final structure is shown in Figure 2b. This
ordered superstructure is 33.3 kJ/mol more energetically favor-
able than the ordered orthorhombic structure and 10.6 kJ/mol
more favorable than the disordered superstructure (Table 3). The
energy contribution from the loss in configurational entropy is
relatively small [kg-T-In(3) ~2.7 kJ/mol] at room temperature if
a complete disorder of the CO; ions over three orientations in the
disordered structure is assumed. The GGA-PAW method gives a
larger relative negative potential energy (=71 kJ/mol, compared
to—33 kJ/mol from empirical MD) for the ordered superstructure
with respect to the ordered orthorhombic structure. This is be-
cause the empirical potential method does not explicitly consider
electron interactions in the system but assigns fixed effective
partial charges to each atom. While the absolute energy differ-
ences between structures with different carbonate orientations are
different, the order of relative stabilities using the two methods
agrees. In addition, all methods provide satisfactory estimates of
unit-cell parameters. The deviation from experimental data is less
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FIGURE 2. Snapshots of MD computational supercell structures
from the temperature annealing MD simulation, projected onto
(001) plane. The original computational supercell is hexagonal. The
structure is plotted in a rectangular box for efficiency reasons, which is
implemented in Gromacs package (van der Spoel et al. 2005). Scheme:
light gray spheres are oxygen atoms, gray spheres are carbon atoms,
and black spheres are calcium atoms. Image a is a snapshot at the end
of the annealing cycle at 300 K, where CO; ions are disordered. Image
b is a snapshot at the end of the annealing cycle at 1500 K, where they
are ordered. The dashed lines highlight unit-cell dimensions for the
pseudocell and supercell.

a,
.O

than 1% for the ¢ dimension and less than 2% for a (b).

Fully disordered pseudocell and ordered supercell. A
full description of the vaterite crystal structure requires both a
pseudocell and a supercell. The former accounts for randomness
and carbonate ion orientational disorder, and the latter captures
long-range order of CO; ion orientation. A pseudocell found by
Kamhi (1963) is a fully disordered structure. Each atom of the
CO; ion is completely randomly distributed over three lattice
sites. This structure is consistent with most spectroscopic studies
and is supported by our temperature annealing MD simulation
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TasLE 3.  Energetics and unit-cell parameters of vaterite structures

(CaC0,)

Relative Energy (kJ/mol)* a(nm) b (nm) c(nm)
P1 (Disordered) (a =3 =90° y=120°)

MD -22.7 0.7103 0.7103 2.5271
P3,21 hexagonal (a =3 =90° y=120°)

GGA -69.9 0.7214 0.7214 2.5401
MD -333 0.7103 0.7103 2.5249
P6522 hexagonal (a =3 =90° y=120°)

GGA -71.7 0.7290 0.7290 2.5302
MD -333 0.7103 0.7103 2.5249
P6;/mmc hexagonal (a =3 =90° y = 120°)

Exp.t 0.716 0.716 2.547%

Notes: The values from MD simulations are obtained by gradually decreasing
the temperature from high temperature (500-1500 K) to 0 K. The values for the
first-principles calculations are from optimized structures.

* For each method, the reference energy is based on vaterite with Pbnm
structure.

1 Kamhi 1963.

# A super-cell witha=+3 xa’ andc=3-¢.

at annealing temperature 300 K. However, the small number of
weak reflections (Kamhi 1963) and numerous diffuse streaks
(Meyer 1969) in the X-ray diffraction patterns as well as the two
independent site symmetries for CO; ions from the Raman spec-
tra (Behrens et al. 1995) indicate the existence of some degree of
long-range ordering and a superstructure. Although both single-
crystal X-ray diffraction studies (Kamhi 1963; Meyer 1969)
provide supercell dimensions, they do not supply any details for
the superstructure such as atomic positions and symmetry, pos-
sibly because the vaterite samples are only partially ordered or
contain a mixture of ordered and disordered domains. Stacking
faults found by a single-crystal X-ray diffraction study (Meyer
1969) further complicate finding the true supercell.

The fully ordered superstructure found by our MD annealing
simulation is hexagonal (Table 4). The unit-cell parameter a is
0.729 nm and c is 2.530 nm from the GGA-PAW calculation
(Table 3). It has space group P6522, or P3,21 if the coordinate
tolerance is smaller (0.01 nm) when finding symmetry for the
MD annealed structure (Fig. 2b). The unit cell of this hexagonal
superstructure is rotated by 30° and \'3 times longer in the a (b)
dimension, and 3 times in the ¢ dimension with respect to that
of Kambhi’s pseudocell structure (Kamhi 1963). Both unit cells
are highlighted in Figure 2b. The new hexagonal supercell di-
mensions are consistent with the suggested supercell of earlier
X-ray diffraction studies except for the c-axis dimension (Kamhi
1963; Meyer 1969). The supercell volume is 9 times that of the
hexagonal pseudocell, with Z = 18. In this superstructure, the
Ca atoms form a hexagonal lattice (Fig. 3). The planes of the
CO; ions are parallel to the ¢ axis and oriented with a 120° angle
between them in an ordered fashion. Along the a or b axes, CO,
ions in each row are oriented in the same direction. Each CO,
ion is at the center of a prism of 6 Ca ions, all three oxygen
atoms of CO; are pointing to the edges of the prism. Ca ions
are coordinated by six O atoms at distances of about 0.23-0.25
nm and two more O atoms at 0.29-0.31 nm, consistent with the
results of the disordered hexagonal structure (Kamhi 1963).
The stacking sequence is ABC, resulting in a ¢ dimension being
tripled, instead of ABAB, doubled as suggested by Kamhi (1963)
and Meyer (1969), which may originate from incomplete CO,
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ordering or stacking faults along ¢ dimension in their samples.
The structure found by our MD simulation is fully ordered with
no stacking faults.

Disorder of freshly made vaterite

Comparing our calculated X-ray diffraction patterns with the
experimental one by Han et al. (2006) (Fig. 4) indicates that the
structure of freshly made vaterite by rapid gas-solution reaction
at pH 7.9 is compatible with the disordered structure proposed
by Kambhi (1963) and our model (Fig. 2a) with disordered CO;
orientations. All calculated and experimental XRD patterns have
very similar peak positions and shapes of the major reflections.
The remaining differences are weak reflections with 20 around
28.5, 34, and 38-39°. These peaks become more visible when
CO; ions are more ordered. The calculated patterns from the
disordered model (DSOD I) and the fully disordered hexagonal

TABLE4. Vaterite structure from the first-principles calculation
Atomic positions x/a y/b z/c
Cal 0.991 0.011 0.083
Ca2 0.696 0.304 0.083
Ca3 0.339 0.661 0.083
(@] 0.051 0.373 0.995
2 0.000 0.309 0.667
01 0.000 0.131 0.667
02 0.990 0.391 0.622
03 0.965 0.289 0.950
04 0.226 0.551 0.997
05 0.963 0.282 0.039

Notes: Cell parameters: a = b =0.7290 nm, ¢ = 2.5302 nm, a = 3 =90°, y = 120°.
Space group: P6522 (no. 179).

FIGURE 3. The unit cell of
hexagonal superstructure of vaterite
along [001] (a) and [100] (b). The
CO; ions are orientationally ordered.
Scheme: light gray spheres are
oxygen atoms, gray spheres are
carbon atoms, and black spheres are
calcium atoms.

i
Hi
|

ek

X

i 0=0=0 0 0=0=00
cy’-ﬁ% °
O=-$':Q‘& o

o



WANG AND BECKER: STRUCTURE AND CARBONATE ORIENTATION OF VATERITE (CaCOs)

structure (P6s/mmc) are very similar to the experimental one,
with the absence of small reflection peaks in the experimental
one in the 20 range between reflections (113) and (116), and
between (116) and (300), indicating that the sample has disor-
dered CO; orientations. The patterns from the ordered models
(OD and P6522) have some additional weak reflections at 26
=~ 28.5, 34, and 38-39°. These reflections are much weaker in
the intermediate disordered model (DSOD II, which is more
ordered than DSOD 1), which is consistent with the degree of
CO; orientational order. Therefore, the peaks marked by stars in
Figure 4 can serve as an order-disorder indicator.

Orientational order and disorder in vaterite

The vaterite structure can be considered as having hexagonal
symmetry and a small basic pseudocell (Z = 2) with disordered
CO; ions, which can be ordered in the a and b directions, resulting
in two unique COj; ions. The lattice vectors a and b are turned by
30° from the original lattice vectors and V3 times longer than a
and b of the hexagonal cell. There is ordering of the carbonate
ions in the ¢ direction, resulting in an ordered stacking (tripled)
of the pseudocell by rotational symmetry operation along the ¢
axis. The degree of ordering depends on sample preparation and
thermal history. This view of the vaterite structure is supported
by comparing calculated potential energies and volume changes
of the ordered and disordered structures with available experi-
mental data, e.g., enthalpy changes of transformations to calcite
and changes in cell volumes of heat-treated samples.

Large variations in the measured enthalpies of transformation
(from vaterite to calcite) of samples prepared at different condi-
tions can be explained by different degrees of CO; orientational
ordering in the structures. Based on our MD simulations, the
calculated potential energy change is —10.6 kJ/mol from the dis-
ordered structure to the fully ordered one. Based on this estimate,
a small fraction of ordering, for instance 10%, can reduce the
potential energy by about 1.0 kJ/mol, which should be measur-
able by experimental methods. In fact, experimental results of
the transition enthalpy (vaterite to calcite) vary from —3.4 + 0.2
kJ/mol (Wolf et al. 2000) to —6.2 + 1.7 kJ/mol (Plummer and
Busenberg 1982). Moreover, a systematic thermochemical study
(Turnbull 1973) shows that the enthalpy of transition can depend
on sample-aging history. For freshly made vaterite, the enthalpy
of transition to calcite is —4.3 kJ/mol, compared to —3.5 kJ/mol
for an aged sample (2 h), suggesting a 0.9 kJ/mol enthalpy gain
during aging. If this energy difference is entirely caused by
ordering (assume the final product calcite is the same), based
on our MD simulations, as little as 10% orientational carbon-
ate ordering could account for such an enthalpy change. In the
past, the enthalpy change with aging was related to surface and
strain energies (Turnbull 1973). However, the energies were not
estimated for vaterite. It is possible that CO; ordering occurs
simultaneously with the decrease of surface area and crystal
defects during sample preparation or aging and heat treatment.
The contribution of orientational ordering to the enthalpy change
is significant as demonstrated by our MD simulations, which has
not been realized previously.

Orientational ordering of CO; ions in vaterite can also explain
specific volume changes of the heat-treated samples at high tem-
peratures. The specific volume of vaterite decreases by 0.64%
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FIGURE 4. The calculated and experimentally observed X-ray
diffraction patterns. Indexing is based on the hexagonal supercell
with a = 0.729 nm and ¢ = 2.53 nm from the first-principles optimized
supercell. The patterns from bottom up are: experiment at pH 7.9 and
room temperature (Exp.); completely disordered pseudocell (P6,/MMC),
disordered superstructure (DSOD I), which is annealed at 0 K with 300 K
annealing temperature; more partially disordered superstructure (DSOD
1I), which is annealed at 0 K with 500 K annealing temperature; fully

ordered annealed superstructure (OD), which is annealed at 0 K with
1500 K annealing temperature; and ordered supercell (P6522).

for the sample heat-treated at 740 K with respect to the 470 K
heat-treated one (Rao 1973). This volume contraction can be
rationalized by internal structural changes of the thermally acti-
vated CO; orientational ordering during the heat treatment. Our
temperature-annealing MD simulation results in a volume decrease
of 0.47%, which is comparable to the experimental observation.
There may be other causes for the decrease of the specific volume
by heating such as healing of crystal defects and impurities, but
the order-disorder contribution cannot be ignored.

CONCLUDING REMARKS

The experimental observations on both structure and energet-
ics of inorganically formed vaterite in a laboratory setting are
well explained by the order-disorder transition of COj; ions. It
is not clear whether abiogenic and biogenic vaterite formation
follows similar principles since the chemical composition of
vaterite samples that are inorganically synthesized are much
more pure than those of biogenic origin. It is well known that
biomolecules, such as aspartic acid (Malkaj and Dalas 2004),
can alter the stability of vaterite (Falini et al. 1998; Champ et al.
2000; Mann 2001; Malkaj and Dalas 2004; Wu et al. 2004). They
must have a significant influence on order-disorder transitions
and the stability of interfaces. Thus, it remains to be seen what
effect the orientational ordering of CO; ions has on the stability,
properties, and functionalities of biogenic vaterite.
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