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Abstract 21 

We propose a microscopic model of the dominant carbonate for phosphate substitution in 22 

fluorapatite. A well-crystallized sedimentary fluorapatite sample containing ~2.3 ± 0.8 wt% 23 

of carbonate was investigated using Fourier-transform infrared spectroscopy (FTIR) and 13C 24 

and 19F magic-angle spinning nuclear magnetic resonance (MAS NMR). About 75% of the 25 

carbonate groups replace the phosphate group (“B-site"), whereas a lesser contribution from 26 

carbonate groups located in the structural channels (“A-site”) is observed. Beside the 27 

dominant 19F NMR signal of channel ions at ~ -102 ppm, an additional signal corresponding 28 

to ~ 8 % of fluoride ions is observed at -88 ppm. 19F double quantum-single quantum (DQ-29 

SQ) MAS NMR and 13C{19F} frequency-selective Rotational Echo DOuble Resonance 30 

(REDOR) experiments prove that this additional signal corresponds to isolated fluoride ions 31 

in the apatite structure, located in close proximity of substituted carbonate groups. Density 32 

functional theory (DFT) calculations allow us to propose a composite carbonate-fluoride 33 

tetrahedron defect model accounting for these experimental observations. The planar 34 

carbonate ion lies in the sloping face of the tetrahedron opposite a fluoride ion occupying the 35 

remaining vertex, together replacing the tetrahedral phosphate ion. This "francolite-type" 36 

defect leads to a diagnostic narrow IR absorption band at 864 cm-1 that could be used as a 37 

guide to, e.g., detect the incipient transformation of fossil bone and teeth samples. 38 

 39 

Introduction 40 

 Apatite, Ca5(PO4)3(OH,F,Cl), is an accessory phase occurring in many igneous, 41 

metamorphic and sedimentary rocks. World phosphorus resources consist mainly of 42 

sedimentary deposits of carbonate-bearing fluorapatite, referred to as “francolite” (Knudsen 43 

and Gunter 2002), while carbonate-bearing hydroxyapatite is the major inorganic component 44 

of vertebrate skeletons (Elliott 2002). The flexibility of the apatite structure enables 45 

significant chemical variations, among which carbonate group incorporation is of peculiar 46 
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importance (Leventouri et al. 2000; Pan and Fleet 2002; Peroos et al. 2006). Structural 47 

carbonate groups have significant effects on apatite physical and chemical properties (Elliott 48 

2002) and can be used as proxies of past environmental conditions in fossil samples (Kohn 49 

and Cerling 2002). They can substitute at the phosphate tetrahedral site (B-site) or in the 50 

structural channels located on the hexagonal symmetry axis (A-site), each site leading to 51 

specific Fourier-transform infrared (FTIR) and nuclear magnetic resonance (NMR) 52 

spectroscopic signatures (e.g., Beshah et al. 1990; Elliott 2002). Despite numerous studies, 53 

detailed atomic-scale models of carbonate groups in apatite are still debated (e.g., Regnier et 54 

al. 1994; Pan and Fleet 2002; Astala and Stott 2005). In particular, the early model for local 55 

charge compensation of carbonate by fluoride ions at the B-site in “francolite” samples with 56 

excess fluoride (McClellan and Lehr 1969) has been challenged by the theoretical modeling 57 

of a tetrahedral CO3F3- species by Regnier et al. (1994). More recent electron paramagnetic 58 

resonance (Nokhrin et al. 2006) and NMR (Mason et al. 2009) investigations of carbonate-59 

bearing fluorapatite samples did not find any evidence of interaction between carbon and 60 

fluorine atoms. 61 

 In the present study, incorporation of carbonate in “francolite” is investigated by 62 

experiment and theory, using temperature-dependent FTIR spectroscopy, 13C and 19F NMR 63 

spectroscopy, and first-principles quantum-mechanical calculations. Our results prove that the 64 

local charge compensation of carbonate by fluoride ion does occur in the B-type carbonate 65 

site of “francolite”. A consistent and stable atomic-scale model of this "francolite-type" defect 66 

is proposed, in which the planar carbonate group occupies a sloping face of the tetrahedral site 67 

and a fluoride ion is located at the remaining vertex. 68 

 69 

Sample description 70 

 The investigated sample originates from the sedimentary phosphate deposit of Taiba 71 
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(Senegal) (Morin et al. 2002). It contains ~90 wt% of highly crystalline fluorapatite, occurring 72 

as hexagonal prismatic particles. Associated phases are quartz (7 wt%) and crandallite (2 73 

wt%), with traces of goethite (<1 wt%) and dioctahedral smectite (<1 wt%). Lattice 74 

parameters of the fluorapatite (a = 9.357(2) Å, c = 6.891(2) Å) are consistent with those of a 75 

carbonate-bearing fluorapatite, containing 2.3 ± 0.8 wt% of carbonate (Gulbrandsen 1970; 76 

McClellan 1980). The fluoride content determined by wet chemical analysis is 3.7(1) wt%.  77 

Details of the experimental spectroscopic measurements and periodic density 78 

functional theory calculations are described in the electronic supplementary information. 79 

 80 

Results and discussions 81 

 The room-temperature powder IR absorption spectrum of the sample (Fig. 1a) displays 82 

the absorption bands characteristic of natural carbonate-bearing apatites (LeGeros et al. 1969, 83 

Elliott 2002). Phosphate groups lead to intense bands at 569, 578 and 605 cm-1 (ν4 PO4 84 

bending modes) and 1043 and 1096 cm-1 (ν3 PO4 stretching modes). A weaker and narrower 85 

(full width at half-maximum (FWHM) ~4 cm-1 at 10 K) band at 966 cm-1 is related to the ν1 86 

PO4 stretching modes. Its width mostly depends on microscopic sources of broadening and 87 

attests to the high crystalline quality of the sample (Balan et al. 2011). Broader (FWHM ~15 88 

cm-1 at 10 K) bands related to the two anti-symmetric ν3 CO3 stretching modes are observed at 89 

1429 and 1454 cm-1. Their frequency is consistent with a dominant incorporation of carbonate 90 

groups at the B site (1410-1430 and 1450-1460 cm-1; LeGeros et al. 1969). The weaker 91 

absorption band of the ν2 CO3 bending mode is observed at ~864 cm-1; consistent with the 92 

“francolite” spectra previously reported by, e.g., Regnier et al. (1994) and Fleet (2009). It 93 

corresponds to the out-of-plane oscillating motion of C atoms. A fit of the ν2 band measured 94 

at 10K (Fig. 1b) shows that ~70% of the signal area corresponds to a narrow Lorentzian band. 95 

Other components at 878 cm-1 (~6% of the signal area) and 859 cm-1 (~24% of the signal area) 96 
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are ascribed to minor proportions of A-type and to unspecified environments (potentially A-97 

type) of carbonate groups, respectively (Rey et al. 1989; Elliott 2002; Fleet 2009). The ν2 CO3 98 

band displays the usual quantum saturation behavior at low-temperature (Balan et al. 2011), 99 

with a characteristic saturation temperature of the linewidth of ~ 500 K (Figs. 1c and d). The 100 

FWHM of the main component at 10 K is ~ 3.3 cm-1. This small linewidth indicates that the 101 

corresponding carbonate defect occurs in a well-defined molecular environment of the apatite 102 

structure. 103 

The 13C MAS NMR spectrum exhibits a relatively narrow signal at 170.4 ppm (Fig. 104 

2a) in good agreement with previous observations, and characteristic of carbonate groups on 105 

the B-site (Beshah et al. 1990). The peak is slightly asymmetric, suggesting the presence of 106 

residual carbonates on the A-site (around 169 ppm). A simulation with two components at 107 

170.4 and 168.7 indicates that the dominant B-site represents ~ 75% of the total signal (Fig. 108 

2a), roughly consistent with FTIR observations.  The 19F MAS NMR spectrum (Fig. 2b) 109 

displays a main signal at ~ -102 ppm (maximum at -102.2 ppm) with a broad and slightly 110 

asymmetric lineshape assigned to fluoride ions in the structural channels (Mason et al. 2009). 111 

The linewidth of this intense peak does not vary with the spinning frequency and is mainly 112 

due to a distribution of 19F isotropic chemical shift, which reflects a distribution of the 113 

environment of the fluoride ions in the channels. A less intense peak is also present at -88 114 

ppm, representing ~8% of the total fluorine contribution (Fig. 2b). This signal was also 115 

present in the carbonate fluorapatite ("stafellite") sample investigated by Mason et al. (2009). 116 

It is absent in measurements performed on a carbonate-poor fluorapatite sample from 117 

Durango, Mexico (not shown). Although likely related to B-site carbonate substitution, no 118 

conclusive assignment was achieved for this peak (Mason et al. 2009). Two-dimensional 19F 119 

homonuclear DQ-SQ MAS NMR experiments (Fig. 2c), which have been shown to probe F-F 120 

interatomic proximities up to 4.5 Å (Wang et al. 2009), confirm that the signal at -88 ppm 121 
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corresponds to a second F environment in the apatite structure. The absence of auto-122 

correlation peak for this signal indicates that the F-F distances between the corresponding F 123 

sites exceed 4.5 Å, whereas the observed intense cross-correlation peaks show that these sites 124 

are in close vicinity of F ions contributing to the peak at -102 ppm. It thus corresponds to 125 

isolated defects in the apatite structure. In addition, a natural-abundance frequency selective 126 

13C{19F} REDOR experiment, which allows the recoupling of the heteronuclear dipolar 127 

interactions between 13C resonances and a single selected 19F site, was employed to probe C-F 128 

inter-atomic proximities. It shows that the signal at -88 ppm exhibits relatively large 19F-13C 129 

dipolar couplings consistent with an F-C inter-atomic distance in the range from 2.5 to 2.7 Å 130 

(Fig. 2d). 131 

 Considering these experimental results, as well as previous polarized IR measurements 132 

(Elliott 1964) and XRD pattern refinements (Fleet and Liu 2004), we build a model of 133 

“francolite-type” carbonate for phosphate substitution by incorporating one carbon atom at 134 

the center of a sloping face of the tetrahedral site and by substituting a fluoride ion for the 135 

opposite oxygen (Fig. 3). The occurrence of such a defect in a single cell of fluorapatite 136 

(Ca10(PO4)5(CO3F)F2) corresponds to a concentration of 6.0 wt% of CO3. The unit-cell 137 

parameters of the model are fixed at the relaxed values previously obtained for fluorapatite (a 138 

= 9.48 Å, c = 6.9 Å; Balan et al. 2011). Energy minimization and relaxation of atomic 139 

positions reveal that the proposed configuration corresponds to the stable state of the defect. 140 

The C-O bond lengths range between 1.29 and 1.31 Å (Table 1). The theoretical distance 141 

between the C and F atom is 2.47 Å, in good agreement with the result of the 13C{19F} 142 

REDOR experiment. At variance with the theoretical model of the tetrahedral carbonate 143 

defect investigated by Regnier et al. (1994), the planar geometry of the carbonate group is 144 

preserved and the fluoride ion does not migrate to an interstitial position.  145 
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 The comparison of the theoretical IR absorption spectrum with the experimental one 146 

confirms the assignment of the main absorption bands to carbonate or phosphate group’s 147 

vibrational modes (Fig. 1a, Table 1). Discrepancies observed between theoretical and 148 

experimental frequencies are similar to those observed in previous theoretical investigations 149 

of minerals using the PBE functional (e.g., Balan et al. 2011). Compared to pure fluorapatite, 150 

additional vibrational modes of phosphate groups are active because of the lower symmetry of 151 

the defective crystal. The ν1 PO4 modes are spread over ~ 6 cm-1 (Table 1), which may 152 

contribute to the broadening of the ν1 PO4 band in carbonate-bearing apatite samples 153 

(Antonakos et al. 2007). As usually observed for polar materials, intense absorption bands are 154 

also shifted with respect to the corresponding transverse-optical (TO) vibrational frequencies. 155 

These electrostatic effects significantly contribute to the inhomogeneous broadening of ν3 and 156 

ν4 PO4 bands (Balan et al. 2011) and, to a lesser extent, of the ν3 CO3 stretching bands (Table 157 

1). In contrast, the ν2 CO3
 modes are almost unaffected by long-range electrostatic 158 

interactions and a narrower absorption band is consistently observed. 159 

 The 13C NMR chemical shift calculated for the theoretical model of the “francolite-160 

type” defect is at 169.8 ppm, within 1 ppm of the experimental value (170.4 ppm) of the B-161 

site in “francolite” (Fig. 2, Table 1). The three different types of fluoride ions display three 162 

different theoretical 19F NMR chemical shifts (Fig. 2, Table 1). The two channel fluoride ions 163 

(F1 and F2) are computed at -102.1 and -103.2 ppm (-102.5 ppm for a pure fluorapatite). 164 

These values support the assignment of the peak experimentally observed at ~ -102 ppm to 165 

channel fluoride ions and underline the sensitivity of the 19F chemical shift to the medium-166 

range environment of fluorine. The experimental width of the main peak is consistent with the 167 

presence of structurally distinct channel components in the “francolite” sample. The fluoride 168 

ion (F3) forming the charge-compensated composite tetrahedron with the carbonate group 169 

defect in the "francolite-type" model is calculated at -84 ppm, consistent with the additional 170 
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signal observed at -88 ppm in the experimental spectrum. In addition, the calculated 19F 171 

chemical shift anisotropy parameters of the F1 (δCSA=55 ppm, η=0.2), F2 (δCSA =57.2 ppm, η 172 

=0.3) and F3 (δCSA =-55.8 ppm, η =0.5), sites are in good agreement with the values 173 

determined from the spinning sidebands intensities of the experimental 19F resonances at -102 174 

ppm (δCSA =58(3) ppm, η =0.35(5)) and -88 ppm (δCSA =-57(3)ppm, η =0.5(1)). 175 

 Summarizing these results, spectroscopic FTIR and 13C NMR measurements 176 

consistently indicate that, in the investigated “francolite” sample, carbonate ions are mostly 177 

incorporated in the B-site of the structure. The dominant carbonate molecular environment, as 178 

probed by the IR linewidth, is weakly distributed, indicating the occurrence of a single 179 

dominant charge balance mechanism. The concomitant detection of an additional fluoride 180 

environment in the 19F NMR spectrum suggests that non-channel fluoride ions located in the 181 

apatite structure are candidates for the electrostatic charge compensation of carbonate groups 182 

incorporated at the B-site of the structure. The close proximity of these fluoride ions to 183 

carbonate groups is further attested by 13C{19F} REDOR experiments. In parallel, the 184 

theoretical structural and spectroscopic properties of a carbonate-bearing fluorapatite model 185 

are robustly tested against experimental observations. This body of evidence leads us to 186 

propose that a planar carbonate ion located on the sloping face of the phosphate tetrahedron 187 

facing a fluoride ion located at the remaining tetrahedron apex is a realistic model of the 188 

carbonate site in “francolite”. It should be noted that this defect does not correspond to a 189 

tetrahedral species with sp3 hybridization of carbon orbitals, which is consistent with the 190 

conclusions of Regnier et al. (1994). To our knowledge, this is the first direct evidence that 191 

carbonate groups at the tetrahedral phosphate site are locally charge-compensated by fluoride 192 

ions. In samples with nearly stoichiometric F content, this implies that an equivalent 193 

proportion of channel sites is balanced by other species, most likely A-site carbonate groups 194 

in the present case. We further suggest that the narrow absorption band observed at 864 cm-1 195 
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could be used as diagnostic evidence for the occurrence of this atomic-scale environment in 196 

natural apatite and may serve as a guide, for example, to unravel the incipient recrystallization 197 

of fossil bone and teeth samples. 198 

 199 
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Figure captions 277 

Figure 1: (a) Experimental room temperature FTIR spectrum of the Taïba apatite sample (top) 278 

and theoretical IR absorption spectrum (bottom) of the “francolite-type" model. (b) Fit the ν2 279 

CO3 absorption bands at 10 K after baseline subtraction. (c) Temperature dependence of the 280 

ν2 CO3 absorption spectrum from 270 K (top) to 10 K (bottom) in steps of 20 K. (d) 281 

Temperature dependence of the frequency (green circles) and linewidth (black squares) of the 282 

ν2 CO3 band. The average linewidth parameter (Δcorr) was obtained by spectral autocorrelation 283 

(Balan et al. 2011).  284 

Figure 2: NMR spectra of the Taïba apatite sample. (a) 13C MAS NMR spectrum (B0 = 7.0 T, 285 

νRot = 5 kHz). The theoretical 13C chemical shift of the “francolite-type” model (Table 1) is 286 

shown by the vertical bar. The red line is the summation of the two fitted components (b) 19F 287 

MAS NMR spectrum (B0 = 20.0 T, νRot = 30 kHz). The theoretical 19F chemical shifts of the 288 

“francolite-type” model (Table 1) are shown by the vertical bars. (c) Two-dimensional 19F 289 

DQ-SQ MAS NMR correlation spectrum (B0 = 20.0 T, νRot = 30 kHz). (d) Experimental 290 

dipolar dephasing difference curve (black squares) obtained from 13C{19F} natural-abundance 291 

frequency selective REDOR experiments (B0 = 9.4 T, νRot = 14 kHz). A 1.0 ms SNOB pulse 292 

was applied on the 19F resonance at – 88 ppm. Calculated curves for a 13C-19F isolated spin-293 

pair with a C-F distances of 2.5 Å (blue line) and 2.7 Å (green line). 294 

Figure 3: Theoretical model of carbonate B-site in fluorapatite ("francolite-type" model, 295 

Ca10(PO4)5(CO3F)F2). Fluoride F1 and F2 ions are located in the channel sites. Tetrahedral 296 

sites correspond to phosphate groups. Relative to the c axis, the tetrahedra display two 297 

parallel and two sloping faces. Note the planar geometry of the carbonate group and the 298 

location of the additional F3 ion at the remaining apex of the substituted tetrahedral site. The 299 

Crystallographic Information File (CIF) of the model is reported in supplementary electronic 300 

data. 301 
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Table 1: Experimental wavenumber of IR absorption bands at room temperature (± 0.5 cm-1), 303 

13C and 19F NMR chemical shifts (± 0.1 ppm). Theoretical IR absorption band wavenumber, 304 

transverse vibrational frequencies (in parentheses), NMR chemical shifts and selected 305 

geometrical parameters of the defect are reported below. Labels of atoms refer to Fig. 3. 306 

 307 

 ν2 CO3 
(cm-1) 

ν3 CO3 
(cm-1) 

ν3 CO3 
(cm-1)

ν1 PO4 
(cm-1) 

13C 
(ppm) 

19F 
(ppm) 

C-O bond 
length (Å) O-C-O angle (°) 

Experiment 864 1429 1454 966 170.4 -102.2, -88.0 - - 

Theoretical 
model 

814 
(813) 

1380 
(1375) 

1421 
(1415) 

913 
(908, 909, 
910, 913, 

914) 

169.8 

-102.1 (F1) 1.31 (C-O1) 118.0 (O1-C-O2) 

-103.2 (F2) 1.30 (C-O2) 121.0 (O2-C-O3) 

-84.0 (F3) 1.29 (C-O3) 121.0 (O3-C-O1) 

 308 
309 
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Figure 2 314 
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Figure 3 319 
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