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Abstract 12 
In this work, the vibrational spectra of hexagonal hydroxylapatite OHAp (space group P63) and 13 
type A carbonated apatite [Ca10(PO4)6(CO3), space group P1] have been calculated with an ab initio 14 
approach by density function method using the hybrid B3LYP functional and an all-electron 15 
polarized double-zeta quality Gaussian-type basis set using CRYSTAL09 computer program. The 16 
effect on the vibrational properties due to improving the Ca pseudopotential, usually adopted in 17 
previous studies on hydroxylapatite, towards the present all-electron basis set has also been briefly 18 
addressed. The anharmonic correction for hydroxyl groups in OHAp has also been considered. The 19 
results of the modeling are in good agreement with the available FTIR and Raman data present in 20 
literature and can be useful to experimental researchers to assign unequivocally the bands in 21 
infrared and Raman spectra to specific fundamental vibrational modes. 22 
 23 
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INTRODUCTION 27 

Apatite minerals are an important group of minerals not only because they are commonly found 28 
in almost all type of rocks, but also because carbonate hydroxylapatite COHAp is the main 29 
component of the mineral phase of mammalian bones (Dorozhkin, 2009; Dorozhkin, 2010). The 30 
two natural polymorphs of hydroxylapatite are monoclinic [P21/b] and hexagonal [P63/m] and can 31 
be found mainly in minerals and bone tissues, respectively. At standard temperature and pressure, 32 
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the monoclinic cell is more stable than the hexagonal one; the phase transition between the two 33 
polymorphs (order/disorder) takes place at 200°C. Nevertheless, the hexagonal OHAp allows 34 
extensive atomic substitution and non-stoichiometry in Ca, P and channel anion positions to 35 
entropically stabilize its structure (Suda et al., 1995). For example, anions such as fluoride, chloride 36 
and carbonate can easily enter in the c-axis channel, leading to fluoro-, chloro- and carbonate 37 
apatites, both as end-members and in mutual solid solutions (Elliott, 1998; Hughes and Rakovan, 38 
2002). 39 

The carbonate ion substitution in hydroxylapatite has been extensively studied, because the CO3
2- 40 

ion is commonly present in natural bone tissues in substantial amount (about 4-6 wt. %). As a 41 
consequence, the inclusion of carbonate ion in apatite-based biomaterial could increase the 42 
biocompatibility of implanted prosthetic. 43 

Carbonate ion can substitute for both OH in the c-axis channel of apatite (type A) and the 44 
phosphate group (type B), as already described by many authors  (Astala and Stott, 2005; Fleet and 45 
Liu, 2007; Fleet and Liu, 2008; Fleet and Liu, 2003; Fleet and Liu, 2004; Fleet et al., 2004; Fleet et 46 
al., 2011; Kovaleva et al., 2009; Sturgeon and Brown, 2009). In a very recent paper, Ulian and co-47 
workers (2012) modelled the structures of both OHAp and type A carbonated apatite (CAp) by 48 
periodic ab initio simulation with DFT/B3LYP hybrid functional and with an all electron Gaussian 49 
basis set for all the atoms in the unit-cell. Figures 1a and 1b report the optimized crystallographic 50 
cells of OHAp and CAp, respectively. They found that the carbonate ion is preferably oriented in 51 
the Ca2+ channel in a "closed" configuration (type A1 CAp), with a bisector of the CO3

2- triangle 52 
perpendicular to the c-axis. This result was in agreement with both single crystal X-Ray Diffraction 53 
(XRD) data (Fleet and Liu, 2003; Fleet et al., 2011) and previous theoretical results (Peroos et al., 54 
2006). However, the simulation with DFT/B3LYP hybrid functional with an all electron gaussian 55 
basis set for all the atoms in the unit cells of OHAp and CAp provided the closest structures to the 56 
experimental derived ones. 57 
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Alongside single-crystal XRD, two of the most employed tools to experimentally investigate the 58 
internal structure of a solid phase are Fourier-Transformed InfraRed (FTIR) and Raman 59 
spectroscopy. These techniques resolve specific vibrational mode of the different molecular groups 60 
in the sample and they have been extensively used for the characterization of both OHAp (Bertinetti 61 
et al., 2007; Cuscó et al., 1998; Miller et al., 2001; Tsuda and Arends, 1994) and carbonated 62 
hydroxylapatite (COHAp) (Fleet, 2009; Fleet and Liu, 2008; Fleet and Liu, 2003; Fleet and Liu, 63 
2004; Fleet et al., 2004; Petra et al., 2005; Suetsugu et al., 1998). From the position of the 64 
IR/Raman signals it is possible to obtain information on the chemical environment of each 65 
molecular group in the mineral. The most important IR vibrational mode in carbonated apatite is the 66 
CO3

2- out-of-plane bending (labelled as ν2). This vibrational mode falls at slightly different 67 
wavenumbers depending on the site (A or B) occupied by the carbonate ion in the apatite cell. From 68 
the relative intensities of the ν2(CO3) peaks it is possible to evaluate the relative amount of A and B 69 
sites in the sample (Fleet, 2009; Kolmas et al., 2011; Petra et al., 2005). 70 

However, the interpretation of experimental vibrational spectra of both natural and synthetic 71 
samples can be complicated by several factors, for instance: (1) the presence of impurities from 72 
preliminary treatments and the synthesis process of the sample; (2) the nature and the morphology 73 
of the samples (powders or single crystals); (3) the presence of overtones and/or combination peaks, 74 
and (4) band broadening and overlap of signals. 75 

One of the most reliable solution to overcome the problems cited above is the quantum 76 
mechanical simulation of the vibrational spectrum of the sample of interest. This approach was 77 
effectively adopted by many researchers in their theoretical investigations of the vibrational 78 
properties of hydroxylapatite, α-quartz, brucite, magnesite, calcite and dolomite (Corno et al., 2006; 79 
Pascale et al., 2004; Prencipe et al., 2004; Ugliengo et al., 2004; Valenzano et al., 2007; Valenzano 80 
et al., 2006). Furthermore, the comparison between the computed vibrational spectra with the 81 
experimental ones is another way to validate the chosen modelling method, other than to compare 82 
the modelled structures with those obtained by XRD. 83 
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The aim of the present work is to provide the simulated vibrational spectra of both OHAp and 84 
type A1 CAp, using the optimized geometries previously evaluated with DFT/B3LYP level of 85 
theory and a complete basis set for each atom in the structures (Ulian et al., 2012). The results from 86 
this kind of calculation can be used to unequivocally assign each signal to specific normal modes 87 
and can help the experimental researchers in identifying which bands in their spectra correspond to 88 
fundamental vibrational transitions. 89 
 90 
 91 
 92 
COMPUTATIONAL DETAILS 93 

All calculations have been performed on a Debian (Linux) Cluster with the ab initio 94 
CRYSTAL09 code (Dovesi et al., 2009), which implements the Hartree–Fock and Kohn–Sham self 95 
consistent field method for the study of periodic systems. The graphical drawings have been carried 96 
out with the molecular graphics program VESTA (Momma and Izumi, 2008). The analysis of the 97 
vibrational modes were made with MOLDRAW (Ugliengo, 2009). 98 

 99 
Basis set 100 

Multielectron 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), with outer shell 103 
exponents αsp = 0.453 bohr–2, αd1 = 3.1910 and 0.8683 bohr–2 and αd2 = 0.2891 bohr–2. The 104 
phosphorus atom is described by the basis 85-21G(d), αsp = 0.48105 and 0.135 bohr–2 and αd = 105 
0.74583 bohr–2, respectively. Oxygen and hydrogen are both represented by a 6-31G* basis set with 106 
the outer shell exponents αsp = 0.2742 bohr–2 and αd = 0.538 bohr–2; and αsp = 0.1613 and αp = 1.1 107 
bohr–2, respectively. Finally, the carbon atom is described by a 6-21G* basis set with αsp = 0.26 108 
bohr–2 and αd = 0.8 bohr–2. 109 
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 110 
Hamiltonian and computational parameters 111 

The Becke three-parameter (B3LYP) hybrid exchange functional (Becke, 1993) in combination 112 
with the gradient-corrected correlation functional of Lee, Yang, and Parr (Lee et al., 1988) has been 113 
adopted for all calculations. This functional has been already used for alkali oxides, α-quartz, 114 
calcite and hydroxylapatite (Dovesi et al., 1991; Pascale et al., 2004; Prencipe et al., 2004). The 115 
presence of some fraction of exact exchange increases the electronic localisation, which in turn 116 
increases the ionic nature of the materials, causing a systematic decrease of the lattice parameters 117 
and an increase of the elastic constants and bulk moduli. The exchange–correlation contribution is 118 
performed over a grid of points and is the result of a numerical integration of the electron density 119 
and its gradient. The adopted pruned grid is given by 75 points and 974 angular points, subdivided 120 
into 5 sub-intervals of 86, 194, 350, 974 and 350 points and obtained from the Gauss–Legendre 121 
quadrature and Lebedev schemes (Prencipe et al., 2004). This is a good compromise between 122 
accuracy and cost of calculation for geometry optimization and vibrational frequencies. The values 123 
of the tolerances that control the Coulomb and exchange series are the default provided by 124 
CRYSTAL09 (ITOL1 to ITOL4 = 6) (Dovesi et al., 2009), but we increased the pseudo-overlap 125 
parameter (ITOL5) from 12 to 14. The Hamiltonian matrix has been diagonalized (Monkhorst and 126 
Pack, 1976) using a shrinking factor  of IS = 4 (Dovesi et al., 2009), that leads to 12 and 36 127 
reciprocal lattice points (k-points) for OHAp and CAp, respectively.  128 
 129 
Geometry 130 

The cell parameters and fractional coordinates were optimized by the analytical gradient method 131 
in a recent work, adopting the same computational condition explained above (Ulian et al., 2012). 132 
Here we report a summary of the results in Table 1 for hydroxylapatite and type A1 carbonated 133 
apatite (CAp). For complete details, we suggest the reader to refer to the above referenced paper. 134 
 135 
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Vibrational features 136 
In periodic systems and within the harmonic approximation, the phonon frequencies at Γ point 137 

are evaluated diagonalising the central zone (k = 0) mass-weighted Hessian matrix: 138 
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In CRYSTAL, the calculation of the Hessian at equilibrium is made by the analytical evaluation 144 

of the energy first derivatives, jΦ  of E with respect to the atomic displacements: 145 
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while second derivatives at u = 0 (where all first derivatives are zero) are calculated numerically 147 
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 149 
More details on the vibrational calculation made by CRYSTAL can be found in literature 150 

(Pascale et al., 2004; Tosoni et al., 2005). The Hessian matrix eigenvalues provide the normal 151 
harmonic frequencies ωh  and it is obtained with 3N+1 SCF and gradient calculation. This method 152 
can be quite demanding for large unit cells, but point symmetry facilitates a remarkable time saving, 153 
because only the lines of the Hessian matrix referring to irreducible atoms need to be generated. 154 
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In addition, an anharmonic correction has been applied to the OH stretching mode in the OHAp 155 
cell. This three-step procedure is based on: (i) decoupling of the distance O–H, which is treated as a 156 
pure normal coordinate; (ii) calculation of the total energy of the system for a set of OH values 157 
around equilibrium (0.2/+0.3Å), followed by an interpolation by means of a sixth-order polynomial 158 
fit, and (iii) solution of the one-dimensional nuclear Schrödinger equation to obtain the three lowest 159 
eigenvalues, E0, E1 and E2, from which one can calculate the fundamental frequency ω01 = E1 – E0, 160 
the first overtone ω02 = E2 – E0 and the anharmonicity constant of the OH mode, ωeχe = (2 ω01–161 
 ω02)/2. This algorithm was proposed by Lindberg (1988) and already adopted by other authors 162 
(Pascale et al., 2004; Ugliengo et al., 2004; Ulian et al., 2012). 163 
 164 
RESULTS AND DISCUSSION 165 
Both hydroxyl- and carbonated apatite cells have 44 atoms and 44 x 3 = 132 associated degrees of 166 
freedom, of which 129 have vibrational character. The analysis of the vibrational modes has been 167 
conducted with the aid of (i) the visualization software MOLDRAW and (ii) the potential energy 168 
distribution (PED) computed by CRYSTAL09. These methodologies provide data that are 169 
particular useful to individuate different IR regions in the spectra, in particular for the phosphate ion 170 
vibrational bands. 171 
 172 
Hydroxylapatite 173 
Corno and co-workers (Corno et al., 2006) made a complete analysis of the vibrational modes for 174 
their OHAp model simulated with an all electron basis set except for the pseudopotential on the 175 
calcium atoms. In our simulations we followed their approach, but we used a complete all electron 176 
basis set for all the atoms of the OHAp cell. We compared our results with the experimental IR and 177 
Raman spectra present in literature.  178 

In the OHAp structure the P63 symmetry subdivides the 132 vibrational modes in the different 179 
following irreducible representations: 180 
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Γtotal = 22A + 22B + 22E1 + 22E2 181 
66 of these modes are active in the IR (22A + 22E1) and 110 are active in Raman (22A + 22E1 + 182 

22E2). The 22 B-symmetry modes are silent in both IR and Raman. The first A and E1 modes are 183 
associated with 3 acoustic (translation) modes and were not considered.  184 

In Figure 2 we report the simulated infra-red vibrational spectrum of hydroxylapatite from 0 to 185 
1300 cm-1.  186 

The lowest energy signals (100-400 cm-1) are phonon modes, related to vibrations of the crystal 187 
lattice. The range from 500 to 1200 cm-1 in the spectra was mainly given by PO4

3- ions bands. As 188 
already discussed by Corno et al. (2006), Cuscó et al. (1998), Rehman and Bonfield (1997), Tsuda 189 
and Arends (1994), the free phosphate tetrahedron in aqueous solution gives four vibrational modes 190 
(irreducible representations A1+E+2F): (i) the symmetric P-O stretching (ν1, A1) at 938 cm-1; (ii) 191 
the symmetric OPO bending (ν2, E) at 420 cm-1, which are IR inactive; (iii) the asymmetric P-O 192 
stretching (ν3, F) at 1017 cm-1 and (iv) the asymmetric OPO bending (ν4, F) at 567 cm-1.  193 

In molecular crystals, such as hydroxylapatite, the crystalline field induces distortions in the 194 
perfect phosphate tetrahedron. In particular, within the OHAp structure the PO4

3- symmetry is 195 
reduced from T to C6 point group. These effects activate the A1 and E modes in the IR range and 196 
hence the PO4

3- spectrum presents more than four bands originated from the doubly degenerate ν2 197 
and triply degenerate ν4 and ν3 modes. From the tables of symmetry correlation for the P63 space 198 
group, the predicted number of IR active bands is six for ν3 and ν4 modes, four for ν2 and two for ν1 199 
modes. For the Raman spectrum, there are nine active bands for ν3 and ν4 modes, six for ν2 and 200 
three for ν1 modes. In the OHAp crystal the phosphate ion bands are blue shifted due to the 201 
interactions between the PO4

3- distorted tetrahedron and the crystalline framework. 202 
In Table 2, we reported our vibrational analysis (B-symmetry modes were not considered) 203 

together with other theoretical figures obtained from a previous simulation with pseudopotentials on 204 
calcium atoms (Corno et al., 2006) and from FTIR and Raman spectroscopy (Rehman and Bonfield, 205 
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1997; Tsuda and Arends, 1994). In the following we discuss in details each vibrational region of the 206 
simulated OHAp spectrum in comparison with the theoretical and experimental results. 207 

Symmetric OPO bending (ν2).  208 
Simulations conducted with B3LYP and pseudopotential approximation on Ca2+ ions (Corno et 209 

al., 2006) showed this mode in a range from 482 to 527 cm-1. In the micro-Raman analysis by 210 
Cuscó et al. (1998) on a synthetic OHAp sample the symmetric bending mode spanned from 400 to 211 
490 cm-1 and two well resolved signals were found at 449 and 454 cm-1 by Tsuda and Arends 212 
(1994) using Raman spectroscopy on OHAp powders. The IR adsorption spectra of synthesized 213 
OHAp powder obtained by Zakharov et al. (2004) showed two defined peaks at 462 and 474 cm-1. 214 
Our symmetric OPO bending (ν2) fell in the range 437-489 cm-1, where we computed two silent 215 
modes (B symmetry) and six IR/Raman active vibrations, the most intense one being at 489 cm-1. 216 

Asymmetric OPO bending (ν4).  217 
Miller et al. (2001) studied the crystallinity of synthetic OHAp by infrared micro-spectroscopy 218 

and focused the attention to the ν4(PO4) vibrational transitions, providing a detailed analysis of this 219 
spectral region. The authors found three main components at 560, 573 and 600 cm-1 and another 220 
band at 530-540 cm-1, however assigned to acidic phosphate ions (HPO4

2-) impurities. Cuscó and 221 
co-workers (1998) distinguished several bands between 570 and 625 cm-1, while Zakharov et al. 222 
(2004) found two peaks at 571 and 601 cm-1. Corno et al. (2006) evaluated the ν4 signals in the 223 
range 591-663 cm-1. We calculated 12 normal modes (three were silent) for the asymmetric OPO 224 
bending from 566 to 633 cm-1. 225 

Symmetric P-O stretching (ν1).  226 
Experimental results reported a single intense peak for the non-degenerate symmetric P-O stretch 227 

at 962 cm-1 both in IR (Rehman and Bonfield, 1997; Zakharov et al., 2004) and in Raman (Cuscó et 228 
al., 1998) spectra. In the B3LYP simulation of Corno and co-workers (2006) four modes have been 229 
computed for the ν1 stretching, in the range between 990-993 cm-1. We obtained the same four 230 
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modes, but at lower wavenumbers: 971 cm-1 (B, silent), 972 cm-1 (A, Raman and IR), 972 cm-1 (E1, 231 
Raman and IR) and 974 cm-1 (E2, Raman). 232 

Asymmetric P-O stretching (ν3).  233 
From the micro-Raman analysis of Cuscó et al. (1998) this vibrational mode spans over the 1020-234 

1095 cm-1 range, while Zakharov and co-workers (2004) distinguished four peaks in the IR 235 
spectrum (1087, ~1072, 1046, ~1032 cm-1). In our simulation 12 modes were computed for the 236 
asymmetric P-O stretching (ν3) in the spectral region between 1041-1110 cm-1, with three silent 237 
modes. The same modes were previously obtained by Corno and co-workers (2006), but their ν3 238 
bands spanned the 1080-1146 cm-1 range. 239 

Vibrations of OH groups.  240 
We observed an IR/Raman band at 636 cm-1 (E1 symmetry) and the Raman signal at 724 cm-1 (E2 241 

symmetry), assigned to OH librations. This mode has been also observed in OHAp IR spectrum at 242 
630 cm-1 by Zakharov et al. (2004), but the similarities with experimental results are probably due 243 
to some error cancellation (see below). The hydroxyl asymmetric stretching was measured in both 244 
IR and Raman spectroscopies around 3575 cm-1 (Cuscó et al., 1998; Rehman and Bonfield, 1997; 245 
Tsuda and Arends, 1994; Zakharov et al., 2004). In the simulation of Corno and co-workers (2006), 246 
this mode was at 3774 cm-1, while with our method it is at 3757 cm-1. When anharmonicity was 247 
taken into account (see the Computational Methods section), the mode shifted to lower 248 
wavenumbers, at 3603 cm-1 in the work of Corno et al. (2006) and at 3598 cm-1 in the present work. 249 
The OH- symmetric stretching is a silent mode (B-symmetry). Other modes, such as the OH 250 
libration previously cited, are affected by anharmonicity but, unfortunately, the CRYSTAL code 251 
allows to apply the correction only to stretching ones. For this reason, it is difficult to establish a 252 
direct comparison between the calculated (with harmonic approximation) and the experimental OH 253 
modes.  254 

On the other hand, our simulation refers to a pure OHAp and obviously bands relative to 255 
impurities such as for example HPO4

2-, that may be present in experimental samples, are absent.  256 
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The comparison between our vibrational frequencies and those relative to the modelling of Corno 257 
and co-workers (2006) showed that the pseudopotential approximation on Ca2+ ions over-estimates 258 
the experimental frequencies, with errors in a range of 30-80 cm-1. By using an all electron basis set 259 
we observed a systematic deviation between the data (Figure 3), typical of the use of different basis 260 
set. This effect reduced the theoretical/experimental deviation to 15-35 cm-1, obtaining a better 261 
agreement with the FTIR and Raman data of Cuscó et al. (1998), Miller et al. (2001), Rehman and 262 
Bonfield (1997), Tsuda and Arends (1994) and Zakharov et al. (2004).  263 
 264 
Type A1 carbonated apatite 265 

Because the optimized CAp cell does not have internal symmetry (space group P1), the 132 266 
degrees of freedom are assignable only to the A (total-symmetric) irreducible representation: 267 

Γtotal = 132A 268 
 This means that all the phosphate and lattice B- and E2-symmetry modes observed for 269 

hydroxylapatite are now IR active. E1 and E2 modes gave doublets because they lost their 270 
degeneracy. These reasons explain the more complexity of the type A1 CAp spectrum presented in 271 
Figure 4, when compared to the OHAp one.  272 

We reported in table 3 the results obtained from our simulated IR analysis alongside the 273 
experimental ones. As many calculations in the past were adopting a pseudopotential on the Ca ions 274 
(Corno et al., 2006; Ulian et al., 2012) we compare them with the present all-electron results for the 275 
Cap A1 model.  276 

The phosphate signals are almost unaffected by the different basis set, with shifts in the order of 277 
magnitude of experimental error. The differences arise on the carbonate ion normal modes because 278 
of its interaction with calcium ions. 279 

In the following, the vibrational analysis of the type A1 CAp structure is focused on the all-280 
electron basis set results and divided in two subsections: in the first one we discussed mainly the 281 
phosphate ions modes; in the second one on the carbonate ion signals.  282 
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Phosphate ions vibrations (1200-500 cm-1).  283 
The symmetric phosphate OPO bending modes ν2 usually give faint bands in the experimental IR 284 

spectra. Petra and co-workers (2005) found one signal at 470 cm-1, while Rehman and Bonfield 285 
(1997) distinguished one peak at 469 cm-1. In our simulation we obtained 12 normal modes between 286 
421-498 cm-1, with the most intense peak at 472 cm-1.  287 

According to the work of Kolmas et al. (2011), the asymmetric OPO ν4 bendings fall in the range 288 
562-630 cm-1, where six bands have been decomposed and assigned in the following way: three are 289 
originated from apatite PO4

3- at 562-566, 573-585 and 601-605 cm-1; one was found at 616-623 cm-290 
1 and was assigned to a poorly crystalline phosphate ion environment; the peak at 536-550 cm-1 was 291 
due to  HPO4

2- impurities and the signal at 630 cm-1 was assigned to an OH libration mode. Petra et 292 
al. (2005) individuated two main bands near 604 and 565 cm-1 and a shoulder at 575 cm-1, while 293 
Costa and co-workers (2012) distinguished two peaks at 600 and 560 cm-1.  In the work of Rehman 294 
and Bonfield (1997) a band was found at 603 cm-1.  295 

We computed 18 normal modes for the asymmetric OPO bending in the range 562-633 cm-1 with 296 
four intense signals at 562, 579, 586 and 610 cm-1. The normal mode at 633 cm-1 is the same 297 
observed in OHAp (ν4 + OH libration), but with lower intensity because of the absence of the 298 
hydroxyl groups contribution in the CAp model. This effect was observed also by Kolmas et al. 299 
(2011), where the area of the peak at 630 cm-1 was seen reduced from the OHAp sample to the 300 
COHAp one. 301 

The symmetric P-O stretching (ν1) presented a single peak at 961 cm-1 in the FTIR spectra 302 
obtained by Rehman and Bonfield (1997) and Petra et al. (2005), while it was at 960 cm-1 in the 303 
work of Kolmas and co-workers (2011) and Costa et al. (2012). In our simulation we obtained six 304 
overlapped modes of weak intensities in the range 956-967 cm-1.  305 

The asymmetric P-O stretching (ν3) band fell in the 1020-1110 cm-1 range in the micro-FTIR 306 
analysis of Petra and co-workers (2005), who measured a maximum near 1030 cm-1 and strong 307 
signals at 1045, 1064 and 1110 cm-1. Two maxima were found at ca. 1033 and 1090 cm-1 by 308 
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Kolmas et al. (2011), while a single intense peak was observed at 1041 cm-1 by Rehman and 309 
Bonfield (1997) and at 1020 cm-1 by Costa et al. (2012). In the spectra presented in this work, we 310 
calculated the ν3 modes in the 1149-1014 cm-1 region, where we computed 18 normal modes. The 311 
relative intensity of the peaks are very similar to those obtained for the OHAp structure. The 312 
strongest signal in the pure hydroxylapatite model (ν3 at 1045 cm-1, E1 symmetry) divided in two 313 
peaks at 1047 and 1026 cm-1 in the type A1 CAp spectrum. 314 

In general, the CO3
2-/2OH- substitution did not shifted significantly the phosphate ion vibrational 315 

modes (only ~15 cm-1) and, despite the presence of more signals, the overall shape of the spectra is 316 
almost unchanged.  317 

Carbonate ion vibrations.  318 
The free CO3

2- has four modes: bending in plane (ν4, E’ symmetry), bending out-of-plane (ν2, A’’ 319 
symmetry), symmetric stretching (ν1, A’1 symmetry) and asymmetric stretching (ν3, E’ symmetry). 320 
In the free ion spectra, the only absent signal is the one relative to the symmetric stretching, because 321 
this mode does not cause dipole variations.  322 

When the carbonate ion was placed in the apatite lattice, the E' modes (ν3 and ν4) lost their 323 
degeneracy because of the symmetry lowering and gave origin to two doublets.  324 

The characteristic signal that evidences the carbonate ion presence in the apatite cell is the 325 
asymmetric C-O stretching (ν3), whose doublet usually falls between 1400 and 1600 cm-1. Detailed 326 
experimental vibrational analysis of the type A1 carbonate ion was provided by Fleet and Liu 327 
(2003), who measured the FTIR spectrum of a carbonate-rich carbonated apatite of composition 328 
0.75CAp·0.25OHAp, with negligible amount of type B carbonate ion. The CO3

2- ν3 mode gave two 329 
peaks at 1461 and 1544 cm-1. In the infra-red spectrum of the carbonated hydroxylapatite (COHAp) 330 
obtained by Rehman and Bonfield (1997) these signals are at 1470 and 1650 cm-1, while they were 331 
found at 1458 and 1538 cm-1 in the Mg-COHAp sample of Kolmas and co-workers (2011). In two 332 
other experimental studies, a single peak was found at 1430 (Costa et al., 2012) and 1461 cm-1 333 
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(Petra et al., 2005) for a COHAp coating and for a bone sample treated with acetone to remove the 334 
organic phase, respectively. In an earlier theoretical work on static-lattice carbonated apatite 335 
(Peeters et al., 1997), the ν3 mode was found at 1720 and 1332 cm-1. We calculated the asymmetric 336 
C-O stretching doublet at 1518 and 1604 cm-1, which is blue shifted by about 55 cm-1 if compared 337 
to the experimental results. Using pseudopotential on Ca ions, the ν3 signals were at 1555 and 1681 338 
cm-1, i.e. the all-electron basis set improved substantially the agreement of this bands with respect 339 
to experiment. 340 

The out-of-plane bending mode (ν2) is commonly used to evaluate the proportion of type A and B 341 
carbonate ion amount in the sample, because it falls at slightly different frequencies according to 342 
the site occupied by the carbonate (Fleet, 2009). For type A carbonate ion ν2 has been found at 878 343 
cm-1 (Costa et al., 2012; Fleet and Liu, 2003; Fleet et al., 2011; Kolmas et al., 2012; Petra et al., 344 
2005), 873 cm-1 (Rehman and Bonfield, 1997) and at 871 cm-1 (Kolmas et al., 2011). In the work of 345 
Peeters and co-workers (1997) this mode was computed at 880 cm-1, while in our simulated IR 346 
spectrum it is at 878 cm-1 and at 900 cm-1 with all electron and pseudo potential basis sets, 347 
respectively, again showing a slight improvement with respect to experiment when the all-electron 348 
basis set is adopted for the Ca ions .  349 

The OCO bending mode (ν4) was measured at 650 and 750 cm-1 by Petra et al. (2005) and was 350 
calculated at 541 and 808 cm-1 by Peeters and co-workers (1997). We obtained two very weak 351 
peaks at 670 and 781 cm-1 with all electron basis set, while they were at 694 and 827 cm-1 with the 352 
pseudopotential on Ca ions, showing a better agreement to experiment when adopting the all-353 
electron basis set for Ca ions .  354 

In addition, we observed a weak signal related to the symmetric stretching of the carbonate ion 355 
(ν1) at 1134 cm-1 (and 1140 cm-1 with pseudopotential on Ca atoms). In high-symmetric structures 356 
where the carbonate ion is placed in a similar environment, i.e. calcite and aragonite, this 357 
vibrational mode is visible only by Raman spectroscopy. Because of the interaction with the apatite 358 
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lattice, the ν1(CO3) mode was active in IR, although its related signal has very low intensity and it is 359 
not clearly visible in Figure 3. It appears as a small shoulder on the ν3(PO4) band. The same result 360 
was obtained by Peeters and co-workers (1997) in their static-lattice model of carbonated apatite, 361 
but the symmetric stretching was calculated at 1043 cm-1. We have not found any experimental 362 
evidence of this observation, probably because of the weak intensity of the carbonate ion 363 
symmetric stretching mode and the overlapping of the peak with the HPO4

2- impurity bands 364 
commonly found in both synthetic and natural samples. 365 

Compared to the "free" CO3
2-, the type A1 carbonate ion establishes significant interactions with 366 

the surrounding calcium ions of the apatite channel. This is reflected in the amplitude of the IR 367 
shifts, especially for the high -frequency modes (ν3 and ν1). 368 

Our carbonated apatite model refers to a perfectly periodic type A1 CAp end-member, with a 369 
CO3

2- ion content fixed at 5.8 wt.%. It is not possible to make a direct peak-to-peak comparison 370 
between simulated and experimental spectra because the experimentally analyzed carbonated 371 
apatite samples may vary in composition because obtained from different sources, synthesis 372 
processes, type of minerals and also bone tissues. In the experimentally analyzed samples the 373 
carbonate ion amount may range between 1-12 wt.%, because of the possible simultaneous presence 374 
of type A and type B carbonate ions in the apatite cell. Usually there are hydroxyl groups, the 375 
presence of other ionic substitutions, i.e. Mg2+/Ca2+ and the presence of type B CO3

2- ions. The 376 
matrix effects can cause several problems in detecting weak signals, especially in bone samples. 377 

However, the results that we obtained from the simulated IR spectra are in good agreement with 378 
the FTIR data reported in literature. Better accordance was found for the phosphate ion normal 379 
modes, with an average difference of 10 cm-1. Considering the carbonate ion, the computed ν2 mode 380 
matches perfectly with experimental results, with deviations in the order of magnitude of the 381 
instrumental resolution (ca. 5 cm-1). The most evident discordance was obtained for the carbonate 382 
ion asymmetric stretching mode (ν3): our simulation gave the doublet blue shifted of about 50 cm-1 383 
compared to the FTIR results. However, we observed that the separation between the two peaks (86 384 



 16

cm-1 in our spectrum) is in good agreement with the ones of Fleet and Liu (2003) and Kolmas et al. 385 
(2011), that are 83 and 80 cm-1, respectively. This deviation is imputable to the different 386 
composition of the modelled structure (a CAp end-member) and the experimental samples 387 
(synthetic and natural).   388 

 389 
Type A2 and planar carbonated apatite 390 

We have reported in our previous work that the type A2 configuration, with a bisector of the 391 
CO3

2- triangular plane parallel to the c-axis, is not energetically favourable and the carbonate ion 392 
rotated in the channel to reach the type A1 configuration (Ulian et al., 2012). For this reason, it was 393 
not possible to obtain a vibrational spectra of the type A2 CO3

2- ion in the cell.  394 
On the other hand, it was found that the planar configuration, with the CO3

2- molecular plane 395 
perpendicular to the c-axis, represents a stationary point on the potential energy surface. This 396 
structure was geometrically optimized with the same computational parameters, with and without 397 
symmetry (space groups P3 and P1, respectively). The graphical results are reported in Figure 5. 398 
Despite the geometry results, the electronic energy of the planar configuration was really high if 399 
compared to the A1 configuration (+165.78 kJ/mol and +164.78 kJ/mol for the P3 and P1 structure, 400 
respectively).  401 

Then, to better understand the nature of this stationary point, we also evaluated the vibrational 402 
spectra of the planar CAp, with both P1 and P3 symmetries, obtaining two imaginary frequencies at 403 
-35 cm-1 and -59 cm-1, respectively. These results are not surprising for such high-energy structures: 404 
the planar configuration is phononically instable at Γ point and then it is a saddle point on the 405 
potential energy surface. The latter statement is justified by the analysis of the modes with 406 
imaginary frequency, because they are related to rotations of the plane of the CO3

2- that bring the 407 
molecule into the A1 configuration. We excluded calculation artefacts, because of the very good 408 
convergence criteria, the high number of k sampling points and because the vibrational analysis was 409 
performed with and without symmetry constraints. 410 
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 525 
Table 1. B3LYP  lattice parameters and mean 
geometric characteristics of initial models 
 OHAp* CAp*
Symmetry P63 P1 
a (Å) 9.433 9.582 
b (Å) 9.433 9.764 
c (Å) 6.896 6.877 
α (°) 90.0 89.3 
β (°) 90.0 89.8 
γ (°) 120.0 121.9
Vcc (Å3) 532 546 
   

Mean bond length (Å)   
P – O 1.55 1.54 
O – H 0.97 - 
C – O - 1.29 
Ca --- O (c-channel) 2.37 2.36 
   

Mean bond angle (°)   
O – P – O 109.4 110.1 
O – C – O - 120.0 
   

Notes: Vcc is the volume of the crystallographic 
cell.  O (c-channel) refers to an oxygen atom of 
hydroxyl group and in OHAp cell or carbonate 
ion in type A1 CAp structure. 
* (Ulian and Valdrè, 2012) 
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Table 2. Harmonic frequencies for the B3LYP-simulated OHAp bulk structure. 
   Calculated Experimental 
Mode Symmetry Active B3LYP* Ampl. (IR)* B3LYP§ IR◊  Raman‡ Δν 
ν2 (PO4) A IR, R 459 0.2 506  432 +27
 A IR, R 489 40.4 527  454 +35
 E1 IR, R 437 2.4 476  
 E1 IR, R 475 34.6 515  432 +43
 E2 R 440 0 482 462 449 -9
 E2 R 457 0 515  
ν4 (PO4) A IR, R 566 1095.5 599 566 
 A IR, R 599 0.1 630 660-520 593 +6
 A IR, R 621 4.2 656  609 +12
 E1 IR, R 573 691.2 602  
 E1 IR, R 600 166.7 632 632 
 E1 IR, R 609 735.2 639 602 
 E2 R 566 0 591  581 -15
 E2 R 588 0 622  609 -21
 E2 R 633 0 663  617 +16
ν1 (PO4) A IR, R 972 2.62 991  962 +10
 E1 IR, R 972 360.2 990 962 
 E2 R 974 0 993  962 +12
ν3 (PO4) A IR, R 1054 4686.4 1088 1190-976 1034 +20
 A IR, R 1064 136.6 1111  1048 +16
 A IR, R 1096 1.0 1127  1077 +19
 E1 IR, R 1045 8207.8 1080  1043 +2
 E1 IR, R 1068 97.6 1107 1042 
 E1 IR, R 1110 755.8 1146 1091 
 E2 R 1041 0 1081  1028 +13
 E2 R 1077 0 1109  1055 +22
 E2 R 1081 0 1126  1077 +4
ν (OH)harm A IR, R 3757 - 3774  
ν (OH)anharm A IR, R 3598 88.0 3603 3573 3572 +26
          

Notes: Ampl. (IR) is the calculated infrared transition amplitude. Δν has been evaluated from Raman spectroscopy. 
* present work 
§ (Corno et al., 2006) 
◊ (Rehman and Bonfield, 1997) 
‡ (Tsuda and Arends, 1994) 
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Table 3. Harmonic frequencies for the B3LYP-simulated CAp bulk structure. 
 B3LYP*  FTIR (experimental)  Δν(CAp-FTIR)
Mode OHAp CAp  (a) (b) (c)  (a) (b) (c) 
ν2 (PO4) 475 471  469 470 -  +2 +1 - 
ν4 (PO4) 566 562  - 564 566  - -2 -4 
 588 586  - 575 580  - +11 +6 
 609 610  603 604 604  +7 +6 +6 
ν1 (PO4) 972 961  961 961 960  0 0 +1 
ν3 (PO4) 1045 1047  1041 1044 1033  +6 +3 +14 
 1054 1064  - 1064 - - 0 -
 1110 1110  - 1110 1090  - 0 +20 
           

ν4a (CO3) - 670  - 670 -  - 0 - 
ν4b (CO3) - 781  - 750 -  - +31 - 
ν2 (CO3) - 878  873 878 879  +5 0 -1 
ν1 (CO3) - 1134  - - -  - - - 
ν3a (CO3) - 1518  1470 1461 1458  +48 +57 +60 
ν3b (CO3) - 1604  1650 - 1538  -46 - +66 
     

Notes: All the frequencies are in wavenumbers (cm-1). The results of the present work 
(*) are reported alongside the FTIR analysis of (a) Reman and Bonfield (1997), (b) Petra 
et al. (2005) and (c) Kolmas et al. (2011), respectively.
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 570 
Figure 1. Optimized hydroxyl- (a) and carbonated apatite (b) crystallographic cell obtained from ab initio simulation 571 

(Ulian and Valdrè, 2012), viewed along different directions. 572 
 573 
Figure 2. OHAp IR vibrational spectra, where the asymmetric (ν3) and symmetric (ν1) stretching and the asymmetric 574 

(ν4) and symmetric (ν2) bending modes of phosphate group are marked. The O-H stretching is not showed for the sake 575 
of clearness. 576 

 577 
Figure 3. Correlation between experimental and computed vibrational frequencies using Ca-pseudopotential and all 578 

electron basis sets.  579 
 580 
Figure 4. Simulated type A1 CAp IR vibrational spectra. Asymmetric (ν3) and symmetric (ν1) stretching and the out 581 

of plane (ν2) bending modes of carbonate ion are marked. The OHAp spectrum (dashed line) is also reported to ease the 582 
comparison between the two structures. 583 

 584 
Figure 5. Optimized type A carbonated apatite with CO3

2- in planar configuration, viewed from (a) [001] and (b) 585 
[100] directions. 586 
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