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Abstract 

 

Carbonate apatite is a material of the utmost importance as it represents the inorganic 

fraction of biological hard tissues in bones and teeth. Here we study the static and dynamic 

features of CO3
2- ion in the apatitic channel of carbonate apatite (A-type substitution), by 

applying both static and dynamic quantum mechanical calculations based on density 

functional methods with B3LYP-D* and PBE functionals. The static calculations reveal a 

number of almost energetically equivalent carbonate configurations in the channel, leading 

to cell parameters compatible with the 
3

P  space group assigned by the experimental X-ray 

structure determination. Ab initio isothermal-isobaric molecular dynamics simulations 

provide insights on the CO3
2- mobility, showing that, at the temperature of the experimental 

structural determination, the CO3
2- moiety undergoes a dynamic disorder, as the carbonate 

group is almost free to move within the apatitic channel enhancing its exchangeability with 

other anions. 

 

 

 

 

 

 

 

Keywords: Biological tissue, biomaterials, carbonate substitution, PBE, B3LYP-D*, 

AIMD. 
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Introduction 

Apatites have drawn substantial attention from the biological point of view because 

they represent the primary inorganic constituents of biological hard tissue, particularly in 

the form of carbonate-containing hydroxyapatite (Ca10(PO4)6-2y(OH)2-2x(CO3)x+3y) 

nanocrystals.1 Spectroscopic data indicate that bone apatite contains just a small or even 

negligible concentration of hydroxyl groups, whereas the presence of carbonate groups is 

clearly remarked.2 The composition of bioinorganic materials is of the utmost importance 

in determining their properties and therefore the carbonate substitution is fundamental for 

the features of bone tissue. In particular, the carbonate content of bone and teeth tissues is 

compatible with the stoichiometry of the so-called A-type carbonate apatite (chemical 

formula Ca10(PO4)6CO3, structure in Figure 1), in which the carbonate group is 

accommodated in a channel of calcium ions (the apatitic channel), giving a CO3
2- for OH- 

substitution.2 This structure is particularly interesting due to the multiple configurations for 

the CO3
2- reported by XRD analyses.3-5  Indeed, experimental data assign this structure to 

the 
3

P space group,5 incompatible with previous theoretical results stating that the system 

has no symmetry (P1 space group).6  In particular, calculated and experimental data are in 

disagreement upon cell parameters.6-8  Moreover, classical molecular dynamics simulations 

indicate that the carbonate has a certain rotational freedom in the lattice,9 which should 

allow a remarkable mobility of this group at room temperature. The aim of this work is to 

understand and to overcome the difference between calculated and experimental results 

using accurate static and dynamic ab initio computational tools.  

Computational Details 

All the calculations were done within the Density Functional Approximation (DFT). 

The Perdew, Burke and Enzerhof GGA (Generalized Gradient Approximation) exchange-

correlation functional (PBE) was adopted for the molecular dynamics simulations,10 while 

for static calculations the hybrid Becke, three parameters, Lee-Yang-Parr (B3LYP) 

functional was chosen.11,12  

A developmental version of the CRYSTAL09 code13-15 was adopted for the static 

calculations in its massively parallel version.16,17 The chosen Gaussian basis set was the 

same already employed by some of us in recent ab initio simulations of apatites:6,18 an all-
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electron 8-6511G(2d) basis set for Calcium, a 85-21G(d) basis set for Phosphorous, a 6-

31G* basis set for Oxygen and a 6-21G* basis set for Carbon. Values of the tolerances that 

control the truncation criteria for the bielectronic Kohn-Sham integrals were set to ITOL1 = 

ITOL2 = ITOL3 = ITOL4 = 7, while the remaining value of tolerance, ITOL5, was 

changed to 16. The Hamiltonian matrix was diagonalized at 36 k  points in the first 

Brillouin zone.19 Internal coordinates were optimised using the analytical gradient method 

and the Hessian matrix was upgraded with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm. Tolerances for the maximum allowed gradient and the maximum atomic 

displacement for considering the geometry as converged were kept at the default values 

(0.00045 Hartree Bohr-1 and 0.00030 Bohr, respectively). 

Harmonic frequencies were calculated with CRYSTAL and the infrared intensity 

for each normal mode was obtained by computing the dipole moment variation along the 

normal mode, adopting the Berry phase method.20 When not otherwise specified, harmonic 

frequencies were computed for the carbonate group only, considered as an independent 

fragment within the structure. 

A general drawback of all common GGA functionals, including hybrids, is that they 

cannot describe van der Waals (dispersive) forces. Since dispersion plays a key role in 

many chemical systems, it was necessary to apply a correction to the energy obtained with 

the standard density functional methods. For the B3LYP static calculations presented in this 

work, the modification proposed by Civalleri et al. to the Grimme’s standard set of 

parameters21 was adopted and referred in the following with the D* labeling.22 This 

correction, when activated during a geometry optimization, is added to the energy and its 

gradient to determine the final geometry. Carbonate apatite is a highly ionic structure, 

particularly for the Ca ion which is expected to be very little polarizable. To account for 

that, the Grimme’s original Ca dispersion C6 parameter was set to zero, thus entirely 

neglecting its contribution to dispersive interactions. This approximation led to a better 

agreement with structural experimental data (data not reported). 

Ab initio molecular dynamics (AIMD) simulations were performed using the CP2K 

code.23 The Quickstep technique24 with a mixed plane wave and Gaussian basis set 

methodology (Gaussian and Plane Wave method, GPW)25 was employed to calculate the 

electronic structure. We used the PBE functional, with the Goedecker-Teter-Hutter 

pseudopotentials26 and a double-ζ basis set with polarization functions (DZVP). The cutoff 
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for the plane wave basis was set to 400 Ry. AIMD simulations were run at 300 K in the 

isothermal–isobaric ensemble (NPT), at 0 external pressure using a flexible cell. A time 

step of 0.5 fs was chosen. A reference cell was set, to avoid unphysical jumps in energy. 

The canonical sampling through velocity rescaling (CSVR) thermostat was employed, with 

a 10 fs time constant.27 

 

Results 

Static calculations: geometrical and vibrational features 

A previously published model of fully carbonate A-type CAp (Ca10(PO4)6CO3) was 

used as reference geometry (Figure 1) for the calculations presented in this work.6 This 

structure, in turn, was obtained by modeling the substitution of two hydroxyl ions by a 

carbonate ion in the unit cell of hydroxyapatite (Ca10(PO4)6(OH)2).
28 In A-type CAp the 

carbonate ion is located in the apatitic channel, in an intermediate position between the two 

substituted hydroxyl ions, and is in the so-called A1 (“closed”) configuration, with two 

oxygen atoms close to the c axis.  

From the quantum chemical point of view, it is not possible to impose to this 

structure the 
3

P  space group proposed by Fleet and Liu29, because symmetry operators 

would generate six non-physical rotational replicas of the carbonate group around the c axis 

within the same unit cell. The 
3

P  group should therefore imply that the experimental 

structure results either from a static disorder of the carbonate group differently oriented in 

diverse crystal domains or from a dynamic disorder in which the available minimum 

positions are frequently visited due to easily surmountable barriers for carbonate rotation 

around the c axis. Such minimum configurations have been searched by a rotational scan of 

360° degrees around the axis of the carbonate ion parallel to the c axis, with a step of ~6°, 

starting from the reference geometry, followed by a full optimization of the resultant 

models. Optimization led to twelve minimum energy structures covering the whole 

circumference, as shown in Figure 2. In each of the twelve structures, the carbonate group 

is surrounded by the six calcium ions of the apatitic channel. These ions are arranged in a 

fairly regular octahedral coordination, with the octahedron only slightly elongated along the 

direction taken up by the carbonate oxygen perpendicular to the c axis. This distortion from 

regularity, consequent to the introduction of the carbonate ion in the apatitic unit cell, is 
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responsible for the symmetry breaking with respect to hydroxyapatite. It results also in a 

significant rotation of the adjacent phosphate groups dependently on the carbonate 

orientation (Figure 2): repulsive interactions between carbonate and phosphate oxygen 

atoms play an important role in determining the allowed configurations of the carbonate 

ion. 

Relative energies and cell parameters of the structures are reported in Table 1. As 

can be immediately seen, energy differences among the structures are very low, the highest 

being 2.85 kJ/mol. In particular, structures labeled with odd numbers are the lowest in 

energy (differing by just 0.62 kJ/mol) and correspond to six different CO3
2- configurations 

regularly spread over the circumference. These structures, which will be the most 

populated, account for the experimentally observed 
3

P  space group of A-type CAp, 

reproducing the average distribution of the carbonate group over these configurations. 

Nevertheless, the six remaining structures (labeled with even numbers) are not so 

energetically different, and begin to be populated at room temperature. The lower energy 

structures correspond to a carbonate ion configuration where the carbonate oxygen atom 

perpendicular to the c axis is in an intermediate position between the two adjacent 

phosphate oxygen atoms, whereas higher energy structures correspond to a configuration 

where the carbonate oxygen is aligned with a single phosphate oxygen atom.  

It is clear from the present results that the energy differences between CAp 

structures with different CO3
2- orientations  are somehow at the lowest limit of the accuracy 

that DFT calculations can provide. Nevertheless, the important message is that whatever the 

“right” energy difference between CAp structures characterized by different CO3
2- 

orientations is, the present results indicate that the forces keeping the CO3
2- moiety in place 

are very weak as also shown by dynamical calculations (vide infra). While dependency of 

the results on improving the basis set quality and the adopted functional is expected, this is 

not going to change the suggested physical picture on the high CO3
2- mobility. 

Despite the very small energy difference between the considered configurations, the 

orientation assumed by the carbonate group remarkably affects the a and b parameters of 

the unit cell, as reported in Figure 3, showing the trend of cell parameters and volume for 

the various models. The squares and circles in the topmost part of the graph refer to the cell 

parameters a and b respectively, and indicate the existence of an inverse relationship 

between these two quantities, since the first one increases as the second decreases, and vice 



8 
 

versa. The parameter c (triangles) and the cell volume (stars), on the other hand, remain 

fairly constant throughout all the structures. These data indicate that the unit cell of A-type 

carbonate apatite responds in a rather subtle way to the orientation of the carbonate ion. 

Thus, it is patent that the experimentally observed structure (where the parameters a and b 

are equal) is an average of all the possible carbonate ion configurations. Since the 

positioning of the carbonate ion among the various configurations is expected to follow the 

Boltzmann distribution, the generic average cell parameter <x> may be obtained by the 

equation: 

 

where n is the number of considered structures (n=12) and 
iE  is the difference in 

energy between structure i and the most stable one. Averaging over the twelve 

configurations leads to values in better agreement with experimental data than those of the 

single structures, so that a and b parameters almost coincide. Moreover, average cell angles 

result in a good agreement with the angles required by the space group 
3

P  (Table 1). This 

confirms that the observed A-type carbonate apatite structure is indeed an average of 

multiple structures resulting from the disordering of the carbonate ion around the c axis.  

The role of dispersive interactions was assessed by re-optimizing the CAp structures 

without including the Grimme correction: energy gaps among the structures were found to 

be higher than those between structures optimized with the dispersion contribution and in 

an overestimation of cell parameters and volume with respect to experimental data. 

The vibrational features were assessed calculating the vibrational frequencies of the 

CO3
2- group in the twelve structures of Figure 2. Results are reported in Table 2. For 

selected structures, a full vibrational analysis, i.e. including all CAp atoms, confirmed that 

they are all true minima as no imaginary frequency resulted. 

According to a previous interpretation of the calculated infrared spectrum of A-type 

CAp, the carbonate vibrational modes were assigned as follows: in plane bending (ν4a and 

ν4b, two modes), out-of-plane bending (ν2, one mode) and asymmetric stretching (ν3a and 

ν3b, two modes).18 Table 2 shows the average calculated frequencies along with their 

standard deviation (for completeness, the IR inactive symmetrical stretching frequency ν1 is 
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also reported). As expected from the low energy differences among the structures, the 

vibrational modes are practically independent of the carbonate orientation, as indicated by 

the small standard deviation values. Moreover, despite the expected systematic error in the 

absolute frequency values due to the adopted method, the calculated vibrational frequencies 

reproduce the experimental trends for both synthetic and bone A-type carbonate apatite (for 

further details see ref.18). Most importantly, the frequency difference between ν3a and ν3b 

modes resulted to be 90 cm-1 in very good agreement with the experimental value of 80 cm-

1. 

 

Dynamic and kinetic features 

Ab initio molecular dynamics (AIMD) simulations were conducted in order to 

assess whether the carbonate group disordering around the c axis has a dynamic or a static 

nature at room temperature, i.e. whether the group is almost free to rotate around the c axis 

or its orientation is restricted to a confined portion of the circumference. In a previous work 

Peroos et al.9 reported, by means of classical NVT molecular dynamics simulation, a 

marked mobility of the CO3
2- group around the c axis along with a less pronounced 

mobility in a direction perpendicular to the c axis.  

It is worth noting that our simulations were conducted within the isobaric-

isothermal (NPT) ensemble in order to take into account the essential structural relaxation 

of the cell consequent to the carbonate ion motion (vide supra). AIMD confirms the 

classical MD results: Figure 4 reports the carbonate ion mobility during a simulation run at 

300 K for 10 ps. During the considered time span, the carbonate ion covers approximately 

210° in its motion around the c axis, visiting at least 8 of the stable configurations found by 

static calculations. This suggests a very low energy barrier among the various minimum 

energy configurations and, consequently, a practically free rotation, confirming the 

dynamic nature of the carbonate group disordering. Limited carbonate mobility in and out 

the ab plane was also observed, in accordance with the classical results. 

Figure 5 reports the changes of a and b parameters with respect to time (only a 

small time window is shown for clarity): the anti-correlation of the two cell vectors during 

carbonate rotation is apparent which confirms the behaviour already predicted by the static 

simulations (Figure 3). For some snapshots, the two lines cross, suggesting that the 

equivalence of the experimental a and b cell parameters results from the cell size averaging 



10 
 

over time which is strongly correlated to the carbonate rotation, in agreement with the static 

calculations. It is noteworthy that running AIMD simulations in the NVT ensemble, i.e. 

keeping the unit cell volume fixed, showed a much restricted motion of the carbonate group 

compared to results at NPT, implying that the subtle correlation between a and b values is a 

key process for the prediction of the correct unit cell symmetry.  

A further insight of the CO3
2- mobility can be assessed by the knowledge of the 

kinetic barrier hindering the rotation between two subsequent minima. To compute such a 

barrier, the atomic coordinates and cell parameters were interpolated between the optimized 

configurations 9 and 10 of Figure 2, generating a possible CO3
2- rotation reaction path 

envisaging 10 different intermediate structures. By fitting the B3LYP-D* single point 

energy values for each intermediate structure we estimated an energy barrier value of 15 

kJ/mol, corresponding to an Arrhenius reaction rate constant of ~109 s-1, at room 

temperature. Considering that no geometry optimization has been performed along the path, 

the computed energy barrier value is overestimated, further confirming that the carbonate 

group can almost freely rotate around the c axis at standard conditions. 

 

Conclusions 

A-type carbonate apatite can be assigned to the 
3

P  space group due to a disordering 

of the carbonate group around the c axis, resulting in twelve almost equivalent minimum 

energy configurations, which were optimized at B3LYP-D* and characterized by a 

vibrational analysis. Average cell parameters calculated according to Boltzmann’s 

distribution are in good agreement with experimental data and confirm the assignment of 

the structure to the 
3

P  space group. Ab initio molecular dynamic simulations indicated that 

the disordering of the carbonate group has a dynamic nature, with the carbonate rotating 

almost barrierless around the c axis and visiting the twelve characterized minimum basins. 

The dynamic behaviour of the carbonate moiety may have implications for the bioactivity 

of the CAp itself as a material formed outside a bioglass when in contact with a body fluid. 

As the surface of CAp  is involved in the complex Hench’s mechanism responsible of 

bioglass  integration with the body, we speculate that the high CO3
2- mobility may be 

essential to alter the kinetic of  the exchangeability  with other anions present in the body 

fluid and, ultimately, to speed up the process of bone repair and integration. 
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Table 1 Relative energies (ΔE, in kJ/mol per cell) with respect to the most stable structure 

(number 9), cell parameters (Å), angles (degrees) and cell volume (Å3) of the twelve 

optimized A-type CAp structures (Figure 2). Average values of cell parameters and angles 

computed according to the Boltzmann distribution (see text for details) and experimental 

values29 are also reported. 

 

Structure  ΔE a b c α β γ Vol 

1  0.62 9.597 9.678 6.860 89.50 89.33 121.84 541.1 

2 2.10 9.498 9.751 6.860 89.22 90.30 121.66 540.7 

3 0.04 9.367 9.591 6.860 89.36 91.15 118.59 541.1 

4 1.31 9.372 9.528 6.855 90.06 90.71 117.92 540.9 

5 0.41 9.678 9.368 6.860 91.17 89.52 119.52 541.1 

6 2.35 9.736 9.424 6.862 90.19 89.30 120.80 540.8 

7 0.60 9.597 9.677 6.860 89.50 89.33 121.84 541.1 

8 2.85 9.483 9.741 6.861 89.31 90.37 121.45 540.6 

9 0.00 9.368 9.591 6.860 89.37 91.16 118.58 541.1 

10 2.37 9.422 9.466 6.864 90.50 90.22 117.96 540.7 

11 0.35 9.678 9.367 6.860 91.17 89.52 119.52 541.1 

12 2.84 9.749 9.401 6.859 90.38 89.27 120.63 540.8 

Mean   9.553 9.546 6.860 89.98 90.09 119.86 541.0 

Expt.29  9.521 9.521 6.872 90.00 90.00 120.00 539.5 
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Table 2 Simulated harmonic and experimental vibrational modes of the CO3
2- group in A-

type CAp. All frequencies are expressed in cm-1. See text for band assignment. 

 

Vibrational mode <B3LYP-D*> ± σ Expt. Bone  Expt. Synthetic 

ν4a  668 ± 2 670 - 

ν4b 780 ± 1 750 - 

ν2 883 ± 7 878 879 

ν1 1131 ± 2 - - 

ν3a 1519 ± 1 1461 1458 

ν3b 1609 ± 2 - 1538 
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Captions to the Figures 

 

Figure 1 Views along the c (left) and a (right) axes of the unit cell of A-type CAp 

(reference geometry, corresponding to structure 1 in Figure 2). Unit formula: 

Ca10(PO4)6CO3. Phosphate groups are represented as tetrahedra.  

 

Figure 2 View of the twelve stable carbonate configurations along the c axis found during 

the rotational scan. Structure labels refer to Table 1. Only the apatitic channel is shown, to 

focus on the carbonate group. 

 

Figure 3 Cell parameters (Å) and volume (Å3) of the twelve minimum energy structures. 

Structure labels refer to Table 1. 

 

Figure 4 Representation of the carbonate group mobility during the 10 ps AIMD 

simulation (NPT ensemble at 300 K). For clarity, only the trajectory of the oxygen atom 

perpendicular to the c axis is reported. The channel of calcium ions surrounding the group 

is represented schematically. Larger circles represent Ca ions in the upper plane.  

 

Figure 5 Fluctuation of the cell parameters a (full black line) and b (dashed red line) during 

a 2.5 ps window of the NPT AIMD simulation.  
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