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Abstract 12 
In nature hydroxylapatite [Ca10(PO4)6(OH)2] is mostly present with various stoichiometric defects. 13 
The most abundant is the carbonate ion that can occupy different crystallographic sites (namely A 14 
and B types), however its effects on the apatite structure is still object of debate. 15 
Type A carbonated apatite was quantum mechanically simulated in a previous study, here we 16 
extend the simulation to bulk structural and vibrational features of Na-bearing type B and mixed 17 
type A-B carbonated hydroxylapatite [Ca10-xNax(PO4)6-x(CO3)x+y(OH)2(1-y), space group P1]. The 18 
simulation has been performed by ab initio density functional methods. The geometry of the models 19 
(lattice parameters and internal coordinates) have been fully optimized exploring different positions 20 
of the sodium ion in the apatite unit-cell. The results, in agreement with XRD data, suggest that in 21 
each crystallographic cell in the biological mineral there is at least one calcium ion substitution or 22 
vacancy per cell. The carbonate ion presence in the apatite structure is in good agreement with 23 
biological/chemical data. Furthermore, there is also a very good agreement with FTIR data reported 24 
in literature. 25 
 26 
Keywords: type B carbonated hydroxylapatite, type A-B carbonated (hydroxyl)apatite, Structure, 27 
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 29 
INTRODUCTION 30 

Hydroxylapatite [Ca10(PO4)6(OH)2; OHAp] is commonly found in all igneous rocks and in some 31 
metamorphic and sedimentary ones and, also as the main component of the inorganic phase of bone, 32 
dentin and enamel tissues (Dorozhkin, 2009c). For this reason, apatite minerals draw the attention 33 
of many researchers not only in mineralogy, but also in biology, biochemistry and medicine. OHAp 34 
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is considered a key-biomaterial in cements and prosthetics for tissue repairing/reconstruction 35 
(Dorozhkin, 2009a; Dorozhkin, 2009b; Dorozhkin, 2009d). 36 

In their first hierarchal level, biological hard tissues are characterized by the incorporation of 37 
minerals (inorganic phase) in a soft organic matrix of structural proteins, such as tropocollagen. The 38 
mineral phase is mainly given by hexagonal hydroxylapatite (space group P63/m), with parameters 39 
a = b and a calcium channel where there are two hydroxyl groups oriented with the same direction 40 
along the c-axis. This polymorph is thermodynamically unstable if compared to the monoclinic 41 
phase (space group P21/b) typically found in rocks because of the proton order imposed by the same 42 
OH alignment in the apatite channel. The disorder/order transition have been evaluated at 200°C 43 
(Suda et al., 1995).   44 

The biological hydroxylapatite is not a pure mineral, but presents vacancies and ionic 45 
inclusions/substitutions. The main substituting ion is the carbonate ion, with an average content of 46 
about 6% in weight. The carbonated hydroxylapatite (COHAp) accommodates the CO3

2- ion either 47 
in place of both hydroxyl group in the c-axis channel of apatite (type A defect) or the phosphate 48 
group (type B) (Astala and Stott, 2005; Fleet, 2009; Fleet and Liu, 2007; Fleet and Liu, 2003; Fleet 49 
and Liu, 2004; Sturgeon and Brown, 2009; Suetsugu et al., 1998). The two types of defect usually 50 
coexist in a solid solution and the order of occurrence of A and B defects were extensively studied 51 
(Kovaleva et al., 2009). In recent years, the interest in those defective structures has increased, 52 
because it is known that chemical modification of OHAp, in particular the incorporation of 53 
carbonate ions, results in a considerable influence on the mineralization, demineralization and 54 
remineralization properties. Other properties, such as surface morphology and electrostatic 55 
potential, which influence interactions and adsorption processes at the mineral-organic interface in 56 
biological environment, could be affected by atomic substitutions, especially by the carbonate ion. 57 
Thus, obtaining accurate knowledge on the carbonate effects on both the apatite crystallographic 58 
cell and the surface leads to the possibility to design materials for prosthetic implants with 59 
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improved biomimetic and biocompatible properties (Gibson and Bonfield, 2002; Lafon et al., 2008; 60 
LeGeros, 2002).  61 

Many experimental and theoretical studies were conducted on both type A and type B carbonated 62 
defect to better understand the role of the CO3

2- ion on the structural variation and its spatial 63 
orientation within the OHAp cell (Astala and Stott, 2005; Engin and Girgin, 2009; Fleet and Liu, 64 
2007; Fleet and Liu, 2008; Fleet and Liu, 2004; Fleet and Liu, 2005; Fleet et al., 2004; Gibson and 65 
Bonfield, 2002; Kovaleva et al., 2009; Peeters et al., 1997; Peroos et al., 2006; Rabone and de 66 
Leeuw, 2007; Suetsugu et al., 1998). Recently, we successfully investigated, by periodic quantum 67 
mechanics (QM) approach based on the hybrid B3LYP functional with an all electron basis set, the 68 
structural and vibrational features of type A fully carbonated apatite (CAp) (Ulian et al., 2013a; 69 
Ulian et al., 2013b). The results showed that the preferred CO3

2- orientation in the cell is the 70 
"closed" configuration (A1), with a bisector of the triangular plane perpendicular to the c-axis, in 71 
good agreement with experimental data reported in literature (Fleet and Liu, 2003). In type B 72 
COHAp, it is known that the carbonate ion occupies one of the tetrahedron sloping faces of the 73 
substituted PO4

3-. This substitution requires charge compensation, which can be obtained in several 74 
ways, such as the substitution of one of the calcium ion with a monovalent cation (sodium, 75 
potassium) or the inclusion of a small monovalent anion near the CO3

2- (Peeros et al., 2006). The 76 
first example of coupled substitution is the most relevant, because Ca2+ ions can be easily 77 
substituted by both sodium and magnesium by 0.5 – 1.2 % wt. (Dorozhkin, 2009c), as it has been 78 
also experimentally observed in sodium-bearing apatites (Fleet and Liu, 2007). However, there is 79 
still some degree of disagreement on the effects of the substituent on the crystallographic cell 80 
parameters. Furthermore, the effect of the coupled mixed type A-B substitutions in the hexagonal 81 
OHAp cell is still unclear. 82 

The aim of the present work is to complete the characterization of defective OHAp, considering 83 
type B and mixed type A-B defects. First we provide a detailed quantum mechanical (QM) analysis 84 
on the structural features of type B COHAp, adopting the same level of theory (B3LYP with all 85 
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electron basis set) and computational parameters used for type A CAp. Then, we extended the 86 
modelling to type A-B carbonated hydroxylapatite, using the results obtained from the separated A1 87 
and B substitutions. Finally, the structural results were used provide the simulated phonon 88 
properties of type A and type B carbonate ions in both B-COHAp and mixed A-B C(OH)Ap to 89 
further investigate the differences between defective carbonated hydroxylapatite and  a fully 90 
carbonated one. 91 

 92 
COMPUTATIONAL DETAILS 93 

All simulations have been made on a Debian Cluster with 40 cores adopting the periodic ab initio 94 
CRYSTAL09 code (Dovesi et al., 2009). With this software it is possible to study periodic systems 95 
by the implemented Hartree–Fock and Kohn–Sham self-consistent field (SCF) method. The 96 
pictures of the structures and their inspections have been carried out with the molecular graphic 97 
software MOLDRAW (Ugliengo et al., 1993) and VESTA (Momma and Izumi, 2008). 98 

 99 
Basis set 100 

Multi electron wave functions are described by linear combination of crystalline orbitals (CO), 101 
expanded in terms of Gaussian-type basis sets. For all the calculations, calcium has been described 102 
with a 86-511G(2d), used by other authors for calcite (Valenzano et al., 2006) and by us in our 103 
previous work (Ulian et al., 2013a, 2013b), with outer shell exponents αsp = 0.453 bohr–2, αd1 = 104 
3.1910 and 0.8683 bohr–2 and αd2 = 0.2891 bohr–2. The phosphorus atom is described by the basis 105 
85-21G(d), αsp = 0.48105 and 0.135 bohr–2 and αd = 0.74583 bohr–2, respectively. For the sodium 106 
atom, an 8-511G basis set was used (Dovesi et al., 1991). Oxygen and hydrogen are both 107 
represented by a 6-31G* basis set with the outer shell exponents αsp = 0.2742 bohr–2 and αd = 0.538 108 
bohr–2; and αsp = 0.1613 and αp = 1.1 bohr–2, respectively. Finally, the carbon atom is described by 109 
a 6-21G* basis set with αsp = 0.26 bohr–2 and αd = 0.8 bohr–2 (Catti et al., 1993). 110 
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 111 
Hamiltonian and computational parameters 112 

The Becke three-parameter (B3LYP) hybrid exchange functional (Becke, 1993) in combination 113 
with the gradient-corrected correlation functional of Lee, Yang, and Parr (Lee et al., 1988) has been 114 
adopted for all calculations. This functional has been already used for alkali oxides, α-quartz, 115 
calcite and hydroxylapatite (Dovesi et al., 1991; Pascale et al., 2005; Prencipe et al., 2004; Ulian et 116 
al., 2013a; Ulian et al., 2013b). The presence of some fraction of exact exchange increases the 117 
electronic localization, which in turn increases the ionic nature of the materials, causing a 118 
systematic decrease of the lattice parameters and an increase of the elastic constants and bulk 119 
moduli (Cora et al., 2004). The exchange–correlation contribution is performed over a grid of points 120 
and is the result of a numerical integration of the electron density and its gradient. The adopted 121 
pruned grid is given by 75 points and 974 angular points (75, 974-XLGRID), obtained from the 122 
Gauss–Legendre quadrature and Lebedev schemes (Prencipe et al., 2004). This is a good 123 
compromise between accuracy and cost of calculation for geometry optimization and vibrational 124 
frequencies. The values of the tolerances that control the Coulomb and exchange series are the 125 
default provided by CRYSTAL09 (ITOL1 to ITOL4 = 6) (Dovesi et al., 2009), but we increased the 126 
pseudo-overlap parameter (ITOL5) from 12 to 14. The Hamiltonian matrix has been diagonalized 127 
(Monkhorst and Pack, 1976) using a shrinking factor (IS) = 4. The same conditions have been 128 
adopted in our previous work on type A hydroxylapatite (Ulian et al., 2013a, 2013b). 129 
 130 
Geometry 131 
The geometry of the OHAp base-model used in this work was optimized within the P63 space 132 
group. For more details we suggest to refer to the paper of Ulian et al. (2013a). When carbonate ion 133 
defects were introduced in the structure, the subsequent optimization were carried without any 134 
symmetry constrain (P1 symmetry). 135 
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Lattice constants and internal coordinates have been optimized within the same run using the 136 
analytical gradient method for the atomic positions and a numerical gradient for the unit-cell 137 
parameters. The Hessian matrix is upgraded with the Broyden–Fletcher–Goldfarb–Shanno 138 
algorithm. The tolerances for the maximum allowed gradient of the internal forces and the 139 
maximum atomic displacement for considering the geometry as converged have been set to 0.00006 140 
hartree bohr–1 and 0.00012 bohr, respectively.  141 
 142 
Phonon calculations 143 

In periodic systems and within the harmonic approximation, the phonon frequencies at Γ point 144 
are evaluated diagonalising the central zone (k = 0) mass-weighted Hessian matrix: 145 
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In CRYSTAL, the calculation of the Hessian at equilibrium is made by the analytical evaluation 151 

of the energy first derivatives, jΦ  of E with respect to the atomic displacements: 152 
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while second derivatives at u = 0 (where all first derivatives are zero) are calculated numerically 154 
using a "two-point" formula: 155 



7  

( ) ( )

NjNi

u
uu

u i

ijij

i

j

3,...,1;3,...,1

0,...,,...,00,...,,...,0
0

00

0
0

==

Φ−Φ
≈⎥

⎦

⎤
⎢
⎣

⎡
∂
Φ∂

 156 
More details on the vibrational calculation made by CRYSTAL can be found in literature 157 

(Pascale et al., 2004; Tosoni et al., 2005). The Hessian matrix eigenvalues provide the normal 158 
harmonic frequencies ωh and it is obtained with 3N+1 SCF and gradient calculation. 159 

Also, an anharmonic correction has been applied to the OH stretching mode in the type B 160 
COHAp cell. This three-step procedure is based on: (i) decoupling of the distance O–H, which is 161 
treated as a pure normal coordinate; (ii) calculation of the total energy of the system for a set of OH 162 
values around equilibrium (0.2/+0.3Å), followed by an interpolation by means of a sixth-order 163 
polynomial fit, and (iii) solution of the one-dimensional nuclear Schrödinger equation to obtain the 164 
three lowest eigenvalues, E0, E1 and E2, from which one can calculate the fundamental 165 
frequency ω01 = E1 – E0, the first overtone ω02 = E2 – E0 and the anharmonicity constant of the OH 166 
mode, ωeχe = (2 ω01– ω02)/2. This algorithm was proposed by Lindberg (Lindberg, 1988) and 167 
already adopted by other authors (Pascale et al., 2004; Ugliengo et al., 2004; Ulian et al., 2013b). 168 
 169 
RESULTS AND DISCUSSION 170 
Type B carbonated hydroxylapatite 171 
In the type B defect formation in OHAp, the CO3

2-/PO4
3- substitution would lead to a positively 172 

charged cell. Many ways were proposed to restore the cell neutrality (Peroos et al., 2006), we chose 173 
the following charge balancing reaction:    174 

PO4
3-

(cell) + Ca2+
(cell) + CO3

2- + M+ → CO3
2-

(cell) + M+
(cell) + PO4

3- + Ca2+ 175 
where a Ca2+ is substituted by a monovalent ion, that could be any one of the alkaline elements. In 176 
this work we have chosen the sodium ion (M+ = Na+) because it possess an ionic radius close to that 177 
of calcium and thus it is sterically comparable. In fact, sodium-bearing apatites have been 178 
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experimentally reported and were extensively studied by X-Ray Diffraction (XRD) and Fourier 179 
Transform Infrared (FTIR) analysis (Fleet and Liu, 2007; Kovaleva et al., 2009). 180 
The modelling of type B COHAp involved the geometrically optimized OHAp structure that we 181 
have recently reported  (Ulian et al., 2013a). Since there are six phosphate ions and ten calcium ions 182 
in a crystallographic cell of hydroxylapatite (Fig. 1), the combined CO3

2- and Na+ substitution 183 
would lead to 60 models which are compatible with type B defect. However, since all the PO4

3- are 184 
symmetry related within the P63 space group, we fixed the CO3

2-/PO4
3- substitution on the P13 185 

phosphate ion (see Fig. 1). This operation reduces the symmetry to of the OHAp cell to P1. In this 186 
condition all the ten calcium ions are non-equivalent and a full analysis of the type B COHAp 187 
structure required ten models, one for each Ca/Na substitution. 188 
Thus, the rationale of the model creation was the following: (i) starting from the pure OHAp we 189 
removed the phosphate ion labelled as P13, (ii) then we placed the CO3

2- on the bottom sloping face 190 
of the removed tetrahedron and (iii) substituted a calcium with a sodium ion. Steps (i) and (ii) were 191 
the same for each model, while (iii) involved each Ca2+: this method allowed to reduce the number 192 
of necessary models from 60 to just 10.  193 
In Table 1 we reported the results of the geometrical optimization conducted on the type B COHAp 194 
structures. According to the adopted computational parameters, all the presented data in this work 195 
have an uncertainty on each atomic position of about 0.00006 Å. Because of the same atomic 196 
composition, it was possible to directly compare the energy of the different models. The most stable 197 
one presents the Na+ replacing Ca6 ion (Na6 model, see Fig. 2b), followed by the Na2 model where 198 
Na+ replaces Ca2 ion, which differs energetically from Na6 model by just +1.45 kJ/mol (Fig. 2a). 199 
The relative stability of the type B COHAp structure is probably due to a subtle interplay between 200 
the CO3

2- and Na+ relative distances and the distortion of the hosting structure to accommodate for 201 
the defect. In particular, the structure is stable when the sodium ion is in a position near to the 202 
oxygen vacancies related to the phosphate substitution, as it is possible to see in the results in Table 203 
1. This observation would prove the hypothesis proposed by Fleet and Liu (2007).  The actual 204 
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energy values are high enough to conclude that only the Na2 and Na6 models exhibits significant 205 
populations in the absence of the thermal effects while all other cases are not present at room 206 
temperature.  207 
Compared to our previous results of pure OHAp model (Ulian et al., 2013a), the combined CO3

2-208 
/Na+ substitutions cause a contraction of the crystallographic cell along the a- and b-dimensions, 209 
while the c-axis expands slightly. We noticed that the Ca3 --- Ca3 interaction distances slightly 210 
decreased by about 0.1 Å, which means that the calcium channel was also contracted by about 211 
2.0%. These results are solely due to the carbonate ion, which is smaller than the substituted 212 
phosphate ion. The Na+ ionic radius is close to the Ca2+ one and, as also suggested by previous 213 
studies (Peroos et al., 2006), its effects on cell variation are negligible. Angular distortions of the 214 
lattice are predicted to be small for the most stable Na2 and Na6 configurations, they remain below 215 
0.8 degrees as compared to the OHAp parent structure. 216 
Although the lattice parameters variations, the type B carbonate ion did not valuably affects the 217 
crystalline framework. The PO4

3- tetrahedrons in the unit-cell were only slightly rotated to 218 
accommodate the CO3

2- ion, but these rotations were negligible if compared to those of type A 219 
defect (Ulian et al., 2013a). The mean P-O and O-H bond lengths are almost the same in each 220 
model and they are very close to the OHAp values. We observed a reduction of the O-H---O-H 221 
interaction distances from 2.41 Å to 1.99 Å and in the case of Na5, Na7 and Na8 models it leaded to 222 
the formation of a hydrogen bond between the two OH groups in the unit-cell. 223 
In Fig. 3 we reported a section of the unit-cell involved in the PO4

3-/CO3
2- substitution. The 224 

highlighted phosphate tetrahedron face (Fig. 3a,c) represents the initial carbonate ion position. After 225 
the geometry optimization of the type B COHAp (Fig. 3b,d), we observed a rotation of the CO3

2- 226 
molecular plane on the [001] and [110] directions by -15° and -46°, respectively (see Fig. 3). 227 
Although there were minimal positional or angular variations between the ten models, the local 228 
geometry showed in Fig. 3 was maintained. The observed carbonate ion position is in line with both 229 
previous theoretical studies made by molecular dynamics approach (Peroos et al., 2006) and 230 
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experimental XRD refinement (Fleet and Liu, 2007), where the same molecular canting was 231 
observed. 232 
Compared to XRD refinements reported in literature (Fleet and Liu, 2004; Kovaleva et al., 2009; 233 
Yahia and Jemal, 2010), the type B COHAp resulting from our quantum mechanical simulations is 234 
in good agreement with experimental results. The differences on the crystallographic lattices are 235 
±0.050Å on a and b cell parameters and +0.010 on the c one. Generally, the simulated type B 236 
carbonated hydroxylapatite unit-cell volume is slightly contracted than the experimental by about 237 
3Å3. This could be due to the presence also of type A carbonate or other defects in the experimental 238 
samples, as reported by the authors, and to the approximations in the quantum mechanical 239 
calculations. 240 
 241 
Type A-B carbonated hydroxylapatite 242 
In this section the focus is on the effect of coupled type A and B defects on the crystallographic cell 243 
of hydroxylapatite. We have considered various configurations and mutual distances of the defects 244 
in both a single cell and in a supercell.  245 
 246 
Single-cell of type A-B carbonated apatite 247 
We initially considered a single unit-cell of OHAp in which both type A and B carbonate ions are 248 
included, accordingly to the reactions: 249 

2OH-
(cell) + CO3

2- → (A1)CO3
2-

(cell) + 2OH- 250 
PO4

3-
(cell) + Ca2+

(cell) + CO3
2- + Na+ → (B)CO3

2-
(cell) + Na+

(cell) + PO4
3- + Ca2+ 251 

The resulting structure has chemical formula Ca9Na(PO4)5(CO3)2, with a carbonate ion content of 252 
12.3 wt.% and without any OH– groups. The two models have been created with the same CO3

2- 253 
positions in A and B sites but with sodium ion substituting Ca2 and Ca6 sites. This choice was 254 
made taking into account the previous results on the stability of type B COHAp. The orientation of 255 
the carbonate ion in the apatite channel (type A1) was selected as the same of that reported in a 256 
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previous work (Ulian et al., 2013a), which was the most stable one. The results of the optimization 257 
are reported in Table 2.   258 
The coupled substitution caused a small compression of the lattice parameters a and b and an 259 
expansion of the c one. However, the contraction on the a and b-dimensions is smaller than the one 260 
observed for the pure type B carbonated apatite: this is due to the type A carbonate ion in the 261 
calcium channel, which causes an expansion on a and b-dimensions and this explains the observed 262 
effect on the unit cell. The obtained values are in good agreement with the XRD data on a Na-263 
bearing type A-B COHAp sample with similar CO3

2- content (Fleet and Liu, 2007). The bond 264 
lengths and angles are not significantly different. During the geometry optimization process, the 265 
type A1 CO3

2- ion rotated counter-clockwise on its plane of about 180°, bringing the C – O bond 266 
perpendicular to the [001] direction near the type B carbonate ion. It is worth noting that this 267 
rotation brought the type A1 carbonate ion first in the A2 configuration, then after the optimization 268 
again in A1 configuration. The model with Ca6/Na6 substitution is more stable than that with 269 
Ca2/Na2. This result is in agreement with the data of the type B carbonate defect in apatites 270 
reported in the previous section. 271 
 272 
Supercell of type A-B carbonated apatite 273 
The single cell of type A-B CAp described in the previous paragraph is a good starting point to 274 
analyse the interaction between type A1 and type B carbonate ions. However, in that structure the 275 
relative distances between the CO3

2- ions is almost fixed to about 3 Å because of their contiguity 276 
within the same unit-cell, which allows to study only their short-range interactions. It would be 277 
interesting to study a case in which the defects are less close by adopting a supercell approach. The 278 
adoption of the canonical unit cell forces the removal of all OH groups in order to accommodate the 279 
mixed A-B type defects, while OH groups are experimentally found in both natural and synthetic 280 
carbonated apatites. 281 
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In order to take into account the above mentioned considerations, i.e., both the non-contiguity of 282 
type A and type B defects and the experimental observations of the presence of the OH groups, we 283 
modelled a "supercell". We doubled the a and b cell parameters, obtaining a structure that was 2 x 2 284 
x 1 the original one, with four unit-cells of OHAp and chemical formula Ca40(PO4)24(OH)8 (Fig. 285 
4a). This larger model allowed to place the type A and B defects in different contiguous unit-cells, 286 
thus to consider different carbonate ions relative distances. To create the mixed A-B COHAp we 287 
initially made the type A1 CO3

2- substitution: the four unit-cells are equivalent due to the symmetry 288 
of the supercell, so the choice is indifferent. The substitution resulted in a type A COHAp, a 289 
structure without any internal symmetry given by a solid solution of three OHAp unit-cells and a 290 
type A1 CAp one. Fixing this partial model, the type B carbonate ion could be placed in one of the 291 
three remaining hydroxylapatite unit-cells, thus defining three models that are:  292 

(i)  with the type B defect in the unit-cell contiguous to the type A1 CAp one along the b-axis 293 
(labelled as AB-1 in Fig. 4b);  294 

(ii)  with the type B defect placed along the ab diagonal (labelled as AB-2 in Fig. 4b); 295 
(iii)  with the type B defect placed along the a-axis (labelled as AB-3 in Fig. 4b).  296 

In each model, the sodium ion of the type B defect always substituted a Ca6 ion in the unit-cell.  297 
The resulting structures are then solid solutions of two OHAp, one type A1 CAp and one Na-298 
bearing type B COHAp unit-cells, with chemical formula Ca39Na(PO4)23(CO3)(OH)6(CO3) 299 
(normalized to Ca9.75Na0.25(PO4)5.75(CO3)0.25(OH)1.5(CO3)0.25) and a carbonate ion content of 3.01 300 
wt.%. The results have been reported in Table 3.  301 
To ease the interpretation and in order to make a direct comparison with previous results and with 302 
XRD experimental data, the lattice parameters a and b have been normalized with respect to the 303 
models with type A and B defects in a single unit cell. The three models AB-1, AB-2 and AB-3 304 
have CO3 --- CO3 distances that increase following the trend AB-3 < AB-1 < AB-2, where 305 
periodicity was also took into account. The type A1 carbonate ion in the first and second model 306 
rotates about the c-axis as to follow the type B CO3

2- ion. 307 
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The average bond lengths and angles are almost unaffected by the different carbonate ions relative 308 
distances. However, it seems that the structure stability increases in the following order AB-1 > 309 
AB-3 > AB-2. This trend does not follow the CO3 --- CO3 distances as it has could be expected. At 310 
low distance (AB-3) there could be some direct coulomb repulsion between carbonate ions that 311 
decreased the structure stability. At high distance (AB-2) the instability is amplified, probably 312 
because of the lack of interaction. Then, the most stable structure must lie between these two limit 313 
distances considered. Given the relative small energy differences between the most favourable 314 
structures (AB-1 and AB-3), it may be suggested that the experimental structure refers to a 315 
"geometrical" mix of these two structures or, more precisely, of all structures that are within kBT of 316 
the energetically most favourable structure, where kB is the Boltzmann’s constant and T is the 317 
temperature. As observed before, the coupled substitution caused a slight expansion of the c 318 
parameter, but the a- and b-dimensions showed different behaviours according to the type B defect 319 
location in the models. In particular, there is a full expansion along every lattice axis in the AB-1 320 
model, which may explain its stability. The mean bond lengths and angles of the crystalline 321 
framework were not significantly affected. It is worth noting that provided XRD data are somehow 322 
incomplete and thus a full comparison between the interatomic distances and angles was not 323 
possible. However, we reported the crystallographic information framework (CIF) data files for all 324 
the structures obtained from our simulations, which were used to measure the internal geometry of 325 
the models, to help others in interpreting their results. 326 

In general, all the structural results are in good agreement with the experimental data (see Table 327 
4). The calculated lattice parameters show small variations between the different carbonated 328 
(hydroxyl)apatite models, with a larger deviation on the type A defective structure, but the 329 
evaluated data are consistent with experimental evidence. In each model but the single-cell type A-330 
B CAp the calcium ion content is higher than the relative one in biological tissues, but in good 331 
agreement with that of synthetic apatites (Fleet and Liu, 2007). This is not surprising, because Ca2+ 332 
ions can be easily substituted by both sodium and magnesium by 0.5 – 1.2 % wt. (Dorozhkin, 333 
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2009c). Thus, the type A-B CAp model suggests that in each crystallographic cell in the biological 334 
mineral there is at least one calcium ion substitution or vacancy per cell. The phosphorus weight 335 
content is in line with the experimental data. In particular, it seems that in the bone tissue there is in 336 
average one type B defect per unit cell. On the other hand, the enamel has a higher P content than 337 
the other hard tissues, which suggests the presence of less type A and B carbonate ion in the 338 
structure. The carbonate ion presence in the apatite structure is in good agreement with 339 
biological/chemical data, with an exception for the single-cell type A-B CAp model. The Na+ 340 
content is more represented by the type A-B supercell models, because in both type B COHAp and 341 
single-cell of mixed A-B CAp it is more than two times the experimental values. 342 
 343 
Simulated infrared properties of carbonate ions 344 
Type B carbonated hydroxylapatite 345 
The type B COHAp unit-cell does not have internal symmetry, thus its (43 x 3) - 3 = 126 346 
vibrational modes belong only to the A irreducible representation (IRREP): 347 

Γtotal = 126 A 348 
The vibrational modes can be subdivided in three regions: lattice modes (< 400 cm-1), phosphate 349 
ion vibrations (500 – 1200 cm-1) and carbonate ion modes (600 – 1800 cm-1). In the following we 350 
discuss in details each vibrational region of the simulated type B COHAp spectrum. 351 

FTIR and Raman spectra of the free phosphate tetrahedron in aqueous solution present four 352 
vibrational modes (irreducible representations A1+E+2F): (i) the symmetric P-O stretching (ν1, A1) 353 
at 938 cm-1; (ii) the symmetric OPO bending (ν2, E) at 420 cm-1, which are IR inactive; (iii) the 354 
asymmetric P-O stretching (ν3, F) at 1017 cm-1 and (iv) the asymmetric OPO bending (ν4, F) at 567 355 
cm-1 (Corno et al., 2006; Rehman and Bonfield, 1997; Tsuda and Arends, 1994). When the PO4

3- 356 
ion is in a molecular crystals, such as hydroxylapatite, the crystalline field induces distortions of the 357 
perfect phosphate tetrahedron, reducing its symmetry. In particular, within both type A and type B 358 
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defective COHAp structures the phosphate ion lies in a framework which does not have any 359 
symmetry feature. This lead to the loss of degeneracy of the highly symmetric phonon modes and to 360 
the activation of all the silent ones (B symmetry) previously described (Corno et al., 2006; Ulian et 361 
al., 2013b), thus to the presence of more signals in the infrared spectra. 362 
The spectrum presented in Fig. 5 is related to the Na6 model of type B COHAP, the most stable 363 
structure obtained. The asymmetric phosphate ions, ν3(PO4), at 1022-1140 cm-1 stretching signal is 364 
the most intense in the spectrum. This band is more complex than that of pure OHAp, because it is 365 
composed by 18 active modes originated by the degeneracy loss of E1 and E2 vibrational modes. 366 
Despite the complexity, the ν3(PO4) band in type B COHAp is very similar to that of OHAp, more 367 
than that of type A CAp (Ulian et al., 2013b). The P-O symmetric stretching (ν1) signal can be 368 
found in the 876 – 977 cm-1 range, composed by six phonon modes. The OPO asymmetric (ν4) and 369 
symmetric (ν2) bending modes are located in the 562 – 630 cm-1 (medium intensity) and 426 – 494 370 
cm-1 (very low intensity) ranges, respectively. In general, the CO3

2-/PO4
3- substitution caused a 371 

slight broadening of the phosphate vibrational band, leaving the high-intensity signal positions 372 
almost unchanged: this means that the type B carbonate defect in OHAp interacts poorly with the 373 
crystalline framework. Taking into account this consideration, the complete vibrational analysis has 374 
been conducted only on the most stable type B COHAp model (Na6). Similar PO4

3- phonon modes 375 
in the other nine theoretical type B COHAp structures were assumed. 376 
Regarding the hydroxyl groups, the O-H stretching mode falls at two different wavenumbers, 3774 377 
cm-1 and 3759 cm-1. The first signal is relative to the stretching of an hydroxyl group near to the 378 
charge-balancing sodium ion at a distance of   2.35 Å. The other peak is very close to the O-H 379 
signal of pure hydroxylapatite, at 3757 cm-1 (Ulian et al., 2013b). When anharmonicity was taken 380 
into account (see the Computational Methods section), the two stretching modes shifted to lower 381 
wavenumbers, at 3693 cm-1 and 3597 cm-1 respectively, in good agreement with the FTIR result of 382 
Fleet and Liu (2007). The 500 – 700 cm-1 region of the type B COHAp spectrum has more signals 383 
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than that of type A CAp, because of the presence of eight OH libration modes. These phonon 384 
signals concur in the formation of two peaks at 622 – 630 cm-1 (four modes of medium-intensity) 385 
and 701 – 722 cm-1 (four modes of very-low intensity), close to the results obtained for pure 386 
hydroxylapatite (an IR/Raman band at 636 cm-1, E1 symmetry, and the Raman signal at 724 cm-1, E2 387 
symmetry). As we have reported in our previous work, OH libration are affected by anharmonicity 388 
and, unfortunately, the CRYSTAL09 code allows to apply the correction only to the stretching ones 389 
(Ulian et al., 2013b), preventing the direct comparison between the theoretical (with harmonic 390 
approximation) and the experimental OH modes. 391 

The free CO3
2- in aqueous solution has four modes: asymmetric stretching (ν3, E’ symmetry), 392 

symmetric stretching (ν1, A’1 symmetry). bending out-of-plane (ν2, A’’ symmetry) and bending in 393 
plane (ν4, E’ symmetry). In the IR spectrum, the the A’1 symmetry mode relative to the symmetric 394 
stretching is inactive, because it does not cause dipole variations. In the apatite framework, the 395 
symmetry reduction causes the loss of degeneracy of E’ modes, giving origin to two doublets and to 396 
the activation of the symmetric stretching mode. 397 
The characteristic carbonate bands in apatite lattice are the asymmetric stretching (ν3) and the out-398 
of-plane bending (ν2). The simulated peaks occurred in the Na6 model spectrum (Fig. 5) at 1481 399 
and 1562 cm-1 for the ν3 vibration and at 876 cm-1 for the ν2 one. We compared the type B CO3

2- 400 
modes with those of the simulated type A1 CAp spectra reported in a previous paper (Ulian et al., 401 
2013b). The asymmetric stretch doublet of type B was at lower frequencies than that of type A1. 402 
However, they maintained a similar separation (81 cm-1 in type B and 86 cm-1 in type A1). The 403 
ν2(CO3) mode fell very close to the same band observed for the type A1 CAp (878 cm-1). 404 
The CO3

2- vibrational modes in the other nine optimized models have been obtained separately with 405 
the FRAGMENT keyword (Dovesi et al., 2009). The related spectra are reported in Fig. 6 and the 406 
frequency values in Table 5. The carbonate asymmetric stretch doublets (ν3) are at different 407 
frequencies with respect to the Na6 model. A consistent comparison is possible using this method 408 
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because repeating the frequency calculation on the Na6 model with the FRAGMENT keyword 409 
returned almost the same values obtained with the full calculation. This result further confirms the 410 
low interaction of the type B carbonate ion with the crystalline framework. We observed a 411 
systematic red shift of the ν3b signal, with different entity from one structure to another. The ν3 412 
band follow this trend in four cases (Na1, Na3, Na4 and Na8 models), but in the remnant structures 413 
it is blue shifted. In this latter case this leaded to a reduction of the doublet separation, which is very 414 
noticeable in Na5, Na9 and Na10 spectra. This effect was due to the different Ca2+/Na+ substitutions 415 
in the unit-cell. Considering that in experimental samples the sodium ion occupies different 416 
positions simultaneously, this result could explain a significant band broadening of this mode (ν3max 417 
– ν3min ≈ 45 cm-1). 418 
The ν2(CO3) band fell at almost the same frequency in each model (876 cm-1), which means that the 419 
sodium ion position did not interfered with this vibrational mode. The symmetric stretching (ν1) and 420 
the in-plane bending (ν4) modes are also slightly affected by the different Na+ ion position, with the 421 
signals red shifted when compared to the Na6 model.   422 

 423 
Type A-B carbonated (hydroxyl)apatite 424 
In this section the focus is on the effects of the CO3

2- --- CO3
2- relative distance on the IR signal 425 

positions. The results are collected in Table 6.    426 
Compared to the to the type A1 CAp simulated in a previous work (Ulian et al., 2013b), in the 427 

fully carbonated cell of type A1-B CAp all the signals but the ν1 one are red shifted (Fig. 7a).  428 
When the different solid solution of hydroxylapatite and carbonate defects were considered, we 429 

observed an inversion of the order of ν3a(CO3) modes at different CO3
2- relative distances (Fig. 7b). 430 

When the two defects are very close, i.e. in the single unit-cell of type A-B CAp, there is first the 431 
ν3a(A) mode, then the ν3a(B) one (at 1442 and 1436 cm-1, respectively); in type A-B COHAp, either 432 
AB-1, AB-2 and AB-3 models, the order is reversed (1470 cm-1 for ν3a(B) and 1505 cm-1 for 433 
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ν3a(B)). The order of occurrence of the ν3b(CO3) signal is not affected by the positions of the type A 434 
and type B defect in the apatite cell. The out-of-plane bending (ν2) falls almost at the same position 435 
in the supercell models of type A-B carbonated hydroxylapatite. 436 
Respect to both singly type A1 and type B defects, the symmetric stretching mode (ν1)  is slightly 437 
red shifted (Δν ≈ 10 cm-1) in the AB-1, AB-2 and AB-3 models, while the effect is larger in the AB-438 
Na6 one (Δν > 15 cm-1). In the type AB supercell models the carbonate ion modes are shifted to 439 
different position, with no apparent behavior. In particular, the ν2 signals can be quite well resolved 440 
in AB-3 or slightly overlapped in AB-1 and AB-2 models. 441 

We compared our phonon results with experimental Raman/FTIR analysis reported in literature 442 
for a variety of samples (Table 7). Both natural and synthetic samples were experimentally 443 
investigated (Fleet et al., 2011; Penel et al., 2005; Petra et al., 2005; Sturgeon and Brown, 2009; 444 
Yahia and Jemal, 2010). There is a very good agreement on the ν2(CO3) mode to each simulated 445 
structure, both with singly and coupled type A1 and type B defects, with only negligible variations 446 
from +1 to +9 cm-1. This is an important result, because the quantification of the carbonate content 447 
in apatite is usually made from the intensity of the out-of-plane band and our approach adequately 448 
describe this region of the spectrum. Differences are present in the asymmetric stretch region (1400-449 
1500 cm-1). Our ν3(CO3) doublet for type B carbonate ion was blue shifted of about +70 cm-1 and 450 
presented a larger separation between the two signals (81 cm-1) than the experimental ones (~50 cm-451 
1). This observation can be extended to type A1 ν3 signals, but the difference from experimental 452 
results is less than the one found for the type B phonon mode. The effect on the ν3 modes could be 453 
related to the adopted computational methods, since there is a systematic shift of the calculated 454 
signals. A configuration where the CO3

2- ion is placed in the Ca2+ channel with a bisector of the 455 
carbonate triangular plane parallel to the c-axis (type A2) was reported (Fleet et al., 2011). It was 456 
found by FTIR analysis an asymmetric stretching mode doublet relative to the A2 carbonate ion at 457 
1569 and 1507 cm-1. This CO3

2- configuration was found unstable in our previous work on type A 458 
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defect, spontaneously shifting toward the A1. For this reason, we do not have any evidence of the 459 
signal reported by Fleet et al. (2011). 460 

Despite these small deviations, there is a general good agreement with the experimental results, 461 
especially with those of synthetic carbonated hydroxylapatite samples (Fathi et al., 2008; Fleet and 462 
Liu, 2007; Sturgeon and Brown, 2009). Both natural and synthetic samples present different 463 
concentration of type A and type B defects and their distribution within the lattice is not clearly 464 
known. An important aspect may be given by the presence and the content in the apatite cell of 465 
various type of defects, substituent and/or vacancies, especially for bone tissues samples. When 466 
modeling a structure different strategies have been proposed to restore the neutrality of the apatite 467 
cell when a type B carbonate ion is included (Astala and Stott, 2005; Peroos et al., 2006). We have 468 
chosen the Ca2+  Na+ substitution because the sodium ion was observed in biological apatites and 469 
its ionic radius is very close to that of calcium ion. This approach affected the COHAp lattice and 470 
phonon modes as we reported, while other possible ways were not covered in the present work. As 471 
an example, the inclusion of an OH group in the cell near the carbonate ion may produce different 472 
responses. However, that simulation will be the subject of a future work. 473 
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LIST OF TABLES 588 
 589 

Table 1. Optimization results for the type B COHAp substitution. 

 OHAp* Na position 
   1 2 3 4 5 6 7 8 9 10
            

Cell parameters     
a (Å) 9.433 9.377 9.432 9.376 9.398 9.402 9.413 9.373 9.397 9.429 9.386
b (Å) 9.433 9.346 9.335 9.335 9.310 9.364 9.301 9.320 9.353 9.338 9.324
c (Å) 6.896 6.924 6.898 6.910 6.899 6.913 6.889 6.926 6.915 6.895 6.903
α (°) 90 90.8 90.4 90.6 90.0 90.1 90.1 90.6 90.2 90.4 90.2
β (°) 90 90.0 89.2 90.3 90.0 90.3 90.1 90.2 90.1 89.7 90.2
γ (°) 120 120.6 120.8 120.3 120.5 121.0 120.0 120.8 121.1 120.8 120.3
Volume (Å3) 531.5 522.3 521.8 521.9 520.1 521.6 522.2 519.5 520.7 521.2 521.4
Density (g/cm3) 3.139 3.025 3.028 3.027 3.038 3.029 3.025 3.041 3.034 3.031 3.03
            

Mean bond lengths (Å)    
P - O 1.552 1.551 1.552 1.552 1.552 1.551 1.551 1.552 1.551 1.551 1.551
O - H 0.972 0.970 0.971 0.970 0.970 0.973 0.971 0.972 0.972 0.970 0.969
O-H --- O-H 2.477 2.232 2.125 2.406 2.110 2.036 2.386 1.994 2.058 2.312 2.666
C - O - 1.295 1.293 1.294 1.295 1.294 1.293 1.294 1.294 1.294 1.295
Ca --- O 2.437 2.423 2.445 2.426 2.448 2.445 2.446 2.450 2.448 2.447 2.433
Na --- O - 2.646 2.555 2.522 2.505 2.557 2.477 2.430 2.480 2.513 2.486
Na (--- OPO4exited) - 4.939 2.762 4.754 3.957 4.478 2.342 2.501 3.456 4.7844 5.346
Ca3 --- Ca3 4.178 4.073 4.086 4.069 4.090 4.084 4.062 4.064 4.070 4.073 4.088
Na --- C - 3.354 3.616 3.326 3.423 3.146 3.285 3.373 3.456 5.800 6.177
Na --- O(CO3) - 2.686 2.775 2.825 2.358 2.347 2.589 2.594 2.791 4.892 5.724
(Na--C)/(Na--O) - 1.25 1.30 1.18 1.45 1.34 1.27 1.30 1.24 1.19 1.08
            

Mean bond angles (°)    
O - P -O 109.8 109.2 109.3 109.3 109.3 109.8 110.0 109.6 109.5 109.5 109.4
O - C -O - 120.0 120.0 120.0 120.0 120.0 120.0 120.0 120.0 120.0 120.0
            

ΔE (kJ/mol) - 9.3 1.5 18.4 18.2 28.8 0.00 13.9 39.3 46.3 50.2
            

Band Gap (eV) 7.71 7.76 7.84 7.64 7.79 7.96 7.66 7.93 7.87 7.60 7.76
                        

Notes: values in italic indicate the most stable structures obtained. Numbers from 1 to 10 indicate the location of 
Na+/Ca2+ substitution. 
* (Ulian et al., 2013a) 
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 592 
Table 2. Optimization results for type A-B CAp in comparison with 
experimental data 
Defect A-B (Na) Experimental*  B3LYP  
 Single Cell XRD  Na2 Na6 
   

Cell parameters     
a (Å) 9.3855  9.4085(+0.023) 9.3951(+0.010)
b (Å) 9.3855  9.4111(+0.026) 9.3371(-0.048)
c (Å) 6.9142  6.9210(+0.007) 6.9038(-0.010)
α (°) 90.0  89.0(-1.0) 89.6(-0.4) 
β (°) 90.0  90.9(+0.9) 90.4(+0.4) 
γ (°) 120.0  120.1(+0.1) 119.8(-0.2) 
Volume (Å3) 527.5  530.1(+2.6) 525.8(-1.7) 
Density (g/cm3) 3.120  3.066(-0.054) 3.091(-0.029) 
% CO3 wt. 11.1  12.3(+1.2) 12.3(+1.2) 
% Na wt. 2.01  2.35(+0.34) 2.35(+0.34) 
   

Mean bond lengths     
P – O 1.513  1.544(+0.031) 1.552(+0.039) 
C - O (A) -  1.294 1.295 
C - O (B) -  1.295 1.296 
C – C -  3.854 3.881 
Ca --- O (A) 2.360  2.378(+0.018) 2.422(+0.062) 
Na --- O -  2.568 2.395 
Ca3 --- Ca3 4.212  4.306(+0.094) 4.257(+0.045) 
Na --- C (A) -  5.138 2.818 
Na --- C (B) -  3.649 3.187 
Na --- O(CO3) -  2.732 2.287 
(Na--C)/(Na--O) -  1.336 1.394 
   

Mean bond angles     
O - P –O 109.4  110.1(+0.7) 110.0(+0.6) 
O - C -O (A) 120.0  120.0(+0.0) 120.0(+0.0) 
O - C -O (B) 120.0  120.0(+0.0) 120.0(+0.0) 
   

Energy     
ΔE (kJ/mol)  -  +19.06 0.00 
Notes: values in parenthesis are the deviations from experimental results. 
Na2 and Na6 indicate the location of Na+/Ca2+ substitution.  
* (Fleet and Liu, 2007) 
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Table 3. Optimization results for type A-B COHAp
Defect A-B (Na)  Experimental*   B3LYP 
2 x 2 x 1 unit-cell XRD   AB-1 AB-2 AB-3 
      

Cell parameters      
a (Å) 9.397  9.451(+0.054) 9.413(+0.016) 9.486(+0.089)
b (Å) 9.397  9.482(+0.085) 9.466(+0.069) 9.400(+0.003)
c (Å) 6.889  6.897(+0.008) 6.903(+0.014) 6.906(+0.017)
α (°) 90.0  89.5(-0.5) 89.5(-0.5) 89.9(-0.1) 
β (°) 90.0  90.1(+0.1) 90.4(+0.4) 90.0(+0.0) 
γ (°) 120.0  120.6(+0.6) 120.1(+0.1) 120.1(+0.1) 
Volume (Å3) 526.8  532.0(+5.2) 532.2(+5.4) 532.5(+5.7) 
Density (g/cm3) 3.150  3.112(-0.038) 3.111(-0.039) 3.109(-0.041)
% CO3 wt. 3.5  3.01(-0.49) 3.01(-0.49) 3.01(-0.49) 
% Na wt. 0.81  0.58(-0.23) 0.58(-0.23) 0.58(-0.23) 
      

Mean bond lengths      
P - O -  1.548 1.548 1.548 
O - H -  0.972 0.971 0.971 
O-H --- O-H -  2.537 2.491 2.440 
C - O (A) -  1.287 1.287 1.288 
C - O (B) -  1.294 1.295 1.296 
C - C -  8.108 8.693 5.988 
Ca --- O (A) -  2.415 2.339 2.371 
Na --- O -  2.403 2.421 2.407 
Ca3 --- Ca3 -  4.237 4.343 4.239 
Na --- C (A) -  8.591 9.921 7.363 
Na --- C (B) -  3.122 3.330 3.104 
Na --- O(CO3) -  2.322 2.484 2.483 
(Na--C)/(Na--O) -  1.345 1.341 1.250 
      

Mean bond angles      
O - P -O -  109.4 108.9 108.9 
O - C -O (A) -  120.0 120.0 120.0 
O - C -O (B) -  120.0 120.0 120.0 
      

Energy      
ΔE (kJ/mol) -   0.00 20.71 9.18 
Notes: values in parenthesis are the deviations from experimental results. 
* Single-crystal XRD refinement of sample LM006, (Fleet and Liu, 2007)
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Table 4. Comparison between C(OH)Ap models and natural hard tissues 
 Theoretical models Experimental§ 

  OHAp* 
Type A1 

CAp* 
Type B 

Na-COHAp†
Type A-B 
Na-CAp† 

Type A-B 
Na-COHAp† Bone Dentin Enamel

Cell parameters         
a (Å) 9.433 9.582 9.3982 9.4027 9.4493 9.41 9.421 9.441 
b (Å) 9.433 9.764 9.3327 9.3707 9.4486 9.41 9.421 9.441 
c (Å) 6.896 6.877 6.9071 6.9134 6.9028 6.89 6.887 6.880 
α (°) 90 89.3 90.3 89.3 89.6 90.0 90.0 90 
β (°) 90 89.8 90.0 90.7 90.2 90.0 90.0 90 
γ (°) 120 121.9 120.6 120.0 120.3 120.0 120.0 120 
Volume (Å3) 531.5 546 521.3 527.4 532.2 528.4 529.4 531.1 
         
% wt.         
Ca2+ 39.89 38.81 37.87 36.79 39.07 34.80 35.1 36.5 
P 18.05 18.05 16.26 15.84 17.86 15.20 16.9 17.7 
CO3

2- - 5.82 6.30 12.26 3.01 7.40 5.6 3.5 
Na+ - - 2.41 2.35 0.58 0.90 0.6 0.5 
* (Ulian et al., 2013a) 
† present work 
§ (Dorozhkin, 2009c) 
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Table 5. Carbonate ion phonon frequencies in type B COHAp 
Band Na1 Na2 Na3 Na4 Na5 Na6 Na7 Na8 Na9 Na10 
ν4(CO3) -4 -1 -8 -4 -8 706 -12 -13 -5 -7 
ν4(CO3) -3 -3 -6 -8 -2 715 9 2 -4 -8 
ν2(CO3) 0 -1 5 5 3 876 -1 3 3 4 
ν1(CO3) -9 1 -3 -16 -5 1109 -3 -4 -3 -10 
ν3(CO3) -25 6 -5 -23 8 1481 -1 -16 20 6 
ν3b(CO3) -1 -16 -31 -8 -40 1562 -20 -11 -48 -53 
           

Notes: Values (cm-1) are reported as deviation from the most stable type B COHAp 
structure (Na6). 
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Table 6. Carbonate ion phonon frequencies in different type A-B 
models 
Band AB-Na6 AB-1 AB-2 AB-3 B-Na6 
ν4a(CO3) (A) 660 666 676 666 - 
ν4b(CO3) (A) 759 784 775 771 -
ν2(CO3) (A) 890 889 882 889 - 
ν1(CO3) (A) 1086 1128 1124 1125 - 
ν3(CO3) (A) 1442 1503 1517 1501 - 
ν3b(CO3) (A) 1589 1612 1608 1613 - 

ν4a(CO3) (B) 693 693 692 701 706 
ν4b(CO3) (B) 721 719 713 718 715 
ν2(CO3) (B) 875 879 879 861 876 
ν1(CO3) (B) 1091 1099 1095 1092 1109 
ν3a(CO3) (B) 1463 1472 1473 1462 1481 
ν3b(CO3) (B) 1545 1568 1548 1553 1562 

Notes: Values are in wavenumber (cm-1). 
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Table 7. Comparison between theoretical and experimental phonon results for C(OH)Ap structures. 

Band Theoretical  Experimental 

 A1a B-Na6 b AB-Na6 b AB-1 b  Raman c Micro-FTIR d FTIRe FTIR f FTIR g 

ν4a(CO3) (A) 670 - 660 666 676 670 - - - 
ν4b(CO3) (A) 781 - 759 784 754 750 - - - 
ν2(CO3) (A) 878 - 890 889 - 878 - 880 - 
ν1(CO3) (A) 1134 - 1086 1128 1103 - - - - 
ν3(CO3) (A) 1518 - 1442 1503 - - 1449 1457 - 
ν3b(CO3) (A) 1604 - 1589 1612 - - 1541 1550 1558 

ν4a(CO3) (B) - 706 693 693 689 670 - - 
ν4b(CO3) (B) - 715 721 719 718 750 - - 
ν2(CO3) (B) - 876 875 879 - 871 873 876 873 
ν1(CO3) (B) - 1109 1091 1099 1073 - - - - 
ν3a(CO3) (B) - 1481 1463 1472 - - 1406 1418 1423 
ν3b(CO3) (B) - 1562 1545 1568 - - 1474 1462 1473                     
Notes: all values are in wavenumbers (cm-1). 
a (Ulian et al., 2013b) 
b present work 
c (Penel et al., 2005) 
d (Petra et al., 2005) 
e (Fleet and Liu, 2008) 
f (Fathi et al., 2008) 
g (Sturgeon and Brown, 2009) 
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LIST OF FIGURES 639 
 640 
Figure 1. Views along the [001] direction of OHAp unit cell content with labelled potential substitution sites. 641 
 642 
Figure 2. Optimization results for the two most stable type B COHAp, with (a) Na2/Ca2 and (b) Na6/Ca6 substitutions. 643 

Atoms are indicated in red for oxygen, pink for phosphate, cyan for calcium, white for hydrogen, ochre for 644 
carbon and yellow for sodium. 645 

 646 
Figure 3. Views along (a,b) [001] and (c,d) [110] directions of the unit-cell phosphate ion in OHAp (a,c) interested in 647 

the type B CO3
2- substitution (b,d). The sloping face in which the carbonate ion was introduced is maintained in 648 

the type B COHAp to show the optimization effect. 649 
 650 
Figure 4. Substitution scheme for type A-B COHAp. (a) Generation of the supercell and (b) generation of the three 651 

type A-B models. A and B refers to the carbonate defect types and OH to the pure hydroxylapatite. 652 
 653 
Figure 5. Simulated vibrational spectra of the most stable type B COHAp structure (Na6 model). 654 
 655 
Figure 6. Simulated ν3 and ν2 bands of carbonate ion in the type B COHAp models. Dotted lines are centered on the 656 

Na6 model results. 657 
 658 
Figure 7. Phonon spectra of mixed type A-B C(OH)Ap structures (a) in single unit-cell and (b) in 2x2x1 supercell. The 659 

dotted line in (a) is the same type A-B CAp spectrum, with sharper signals. For the sake of clearness, in the 660 
spectra reported in (b) the A1 and B modes have been labeled as (*) and (°), respectively. 661 
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