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Introduction

Nowadays, many synthetic bone substitutes based on calcium phosphate, and especially hydroxyapatite, are available to repair tissues that are lost or damaged. [START_REF] Legeros | Calcium phosphates in oral biology and medicine[END_REF][2][3] The solubility and reactivity of hydroxyapatite (HAp) vary with different factors such as porosity, grain size and crystallinity. 4, [START_REF] Rey | [END_REF] In addition, porous hydroxyapatites are well-known for their surface-binding and cation-exchange properties towards various organic and inorganic substances. [6][7][8][9] Further improvement of surface properties can be reached by grafting apatite with organic or biological moieties. [10][11][12][13][14][15] However, very few studies have been devoted to the one step modification, i.e. incorporation of the organic function during apatite formation, of HAp materials. One possibility is to use organophosphate molecules that replace part of the inorganic phosphate precursor. [16][17][18] Such procedures not only allow the homogeneous grafting of the organic function over the whole material volume but, because the organophosphonates can inhibit the growth of calcium phosphate particles, they significantly modify the HAp porous structure. An alternative strategy relies on the simultaneous surface functionalization and structural control a Laboratoire de Chimie Physique Générale, Département de Chimie, Faculte ´ des Sciences, BP 1014, Rabat, Marocco. E-mail: laghzizi@hotmail.com; Fax: +212 537775440 b UPMC Univ Paris 06; CNRS, Chimie de la Matière Condensée de Paris, Collège de France, 11 place Marcelin Berthelot, F-75005, Paris, France. E-mail: thibaud.coradin@upmc.fr.; Fax: +33 144271443; Tel: +33 144271528 of apatite using calcium-chelating agents. [19][20][21] For this purpose, carboxylic acids appear as most promising additives due to their strong affinity for calcium ions and apatite surface. 22- 27 In this work, we have evaluated a series of dicarboxylic acids of increasing chain length, i.e. oxalic, succinic and adipic acids on hydroxyapatite formation and compare their influence to citric acid, a tricarboxylic acid (Scheme 1). Our data suggest that these acids are able to interact with calcium ions present on the surface of growing apatite nanoparticles, leading to a modification of particle size and chemical nature. By doing so, they also impact on the textural features of the materials. When the different carboxylic acids are compared, it is observed that the relative ligand-calcium affinity in solution and on the apatite surface can significantly differ. This suggests that further identification of molecular inhibitors of apatite growth should take into account the specific constraints of the heterogeneous solid-liquid interface, in particular the conformational flexibility of the ligand.

Experimental Preparation of organically-modified hydroxyapatites

The pure hydroxyapatite (HAp) was prepared by a modified chemical wet method previously reported. 17 1.67 moles of Ca(OH) 2 and 1 mole of NH 4 H 2 PO 4 , corresponding to the hydroxyapatite stoichiometric ratio of Ca/P = 1.67, were independently dissolved in deionized water at room temperature. The phosphoruscontaining solution was quickly added to the calcium solution and the mixture was stirred for 1 h at 25 • C. The final suspensions were aged for 48 h at room temperature, filtered and thoroughly washed with deionized water. The recovered precipitate (HAp) was dried overnight at 100 • C in an oven. The carboxylate-modified hydroxyapatites were obtained following a similar procedure as for pure HAp except for the calcium-containing solutions that were prepared by adding 0.25 mole of carboxylic acid to the Ca(OH) 2 solution that was left under stirring for one hour. Resulting powders were termed o-HAp (oxalic acid), s-HAp (succinic acid), a-HAp (adipic acid) and c-HAp (citric acid).

Characterization techniques

The crystalline phases were identified using a powder X-ray diffractometer (XRD) (Philips PW131 diffractometer). Infrared spectra were recorded from 400 cm -1 to 4000 cm -1 on a Br üker IFS 66v Fourier transform spectrometer using KBr pellets. The N 2 adsorption-desorption isotherms for dried powders were obtained by multi-point N 2 gas sorption experiments at 77 K using a Micromeritics ASAP 2010 instrument. The specific surface areas were calculated according to the Brunauer-Emmett-Teller (BET) method using adsorption data in the relative pressure range from 0.05 to 0.25 whereas the pore size and volume were estimated using the Barret-Joyner-Halenda (BJH) approximation. Thermogravimetry (TG) was carried out in an airflow using a TA Instruments Netzsch STA-409EP apparatus. The thermal measurements were conducted from 30 • C to 1000 • C with 10 • C min -1 as heating rate. The sample powder was chemically analyzed by inductively coupled plasma (ICP) emission spectroscopy (ICPS-7500, Shimadzu, Japan).

Solid state NMR studies

Solid state NMR studies were performed on Avance III 300 and 500 Bruker spectrometers. In the case of Cross-Polarization (CP MAS) and HPDec MAS experiments, High Power Decoupling was applied during acquisition (spinal 64, n 1H = 50 kHz). [START_REF] Legeros | Calcium phosphates in oral biology and medicine[END_REF] H MAS NMR spectra were obtained at 300.29 MHz (at 7.04 T) using a 7 mm diameter Bruker probe (MAS frequency, 5 kHz; 90 • pulse, recycle delay, 1 s; number of scans NS, 4). { 1 H}- 13 C CP MAS NMR experiments were performed at 75.51 MHz (at 7.04 T) with a 7 mm diameter Bruker probe (MAS frequency, 5 kHz) using 90 • pulse, recycle delay of 1 s, contact time of 1 ms. NS was 8728 for c-HAp, 14320 for o-HAp, 6720 for s-HAp and 64544 for a-HAp. { 1 H}-31 P HPDec MAS NMR spectra were recorded using a 4 mm Bruker probe (MAS frequency, 14 kHz) at 202.49 MHz (at 11.7 T) using 30 • pulse, recycle delay of 10 s and NS, 128. { 1 H}-31 P CP-MAS NMR experiments were carried out with a 4 mm diameter triple resonance Bruker probe (MAS frequency, 14 kHz) at a frequency of 121.56 MHz (at 7.04 T) using 90 • pulse, recycle delay of 2 s, a contact time of 2 ms for routine experiments and NS, 280. A 2D HETeronuclear CORrelation { 1 H}-31 P HETCOR-CP experiment was performed for the c-HAp sample with a 1 s recycle delay, 10 ms contact time, 128 slices and NS, 360.

During 1D-processing, a line broadening (LB) of 10 Hz was applied for 1 H MAS spectra, 100 Hz for { 1 H}- 13 C CP MAS spectra, 50 Hz for { 1 H}-31 P HPDec MAS and CP MAS spectra. For the 2D { 1 H}-31 P HETCOR-CP experiment, LB was 100 Hz in direct dimension ( 31 P) and 200 Hz in indirect dimension ( 1 H).

Results

The chemical composition of the materials was first studied by TG analysis (Fig. 1). All samples show similar profiles with a first step in the 25 • C-200 • C temperature range corresponding to weakly-bound water desorption, and a second step between 200 • C and 500 • C corresponding to the decomposition of organic matter incorporated in the apatite layers. In this last step, the relative weight loss for the different material is in the order c-HAp (8 wt%) > a-HAp (4 wt%) > s-HAp, o-HAp (3 wt%) > HAp (< 2 wt%).

The total organic carbon (TOC) as determined by CHONS elementary microanalysis technique, agrees fairly well with the TG analysis (Table 1). The molar Ca/P ratio of the as-synthesized samples was also obtained by ICP-AES analyses and varies from 1.60 to 1.71. It is interesting to note that the Ca/P molar ratio of c-HAp is close to the one of the reference whereas the other additives lead to significantly higher Ca/P ratio.

XRD patterns of as-prepared materials using carboxylate chelating agents after drying at 100 • C are shown in Fig. 2. A poorly crystalline structure is obtained for all products with a significant reduction in crystallinity in the presence of carboxylic acids. In particular, the diffraction peaks at 2q ª 32 • , 33 • and 34 • corresponding to the (211), ( 112) and (300) planes of the apatite structure (JCPDS No. 09-0432), that are clearly resolved in the HAp diffractogram, overlap due to band broadening for organically-modified apatites. In addition, additional peaks could be observed in the o-HAp diffractogram at 2q ª 25 • , 30 • and 38 • that may be attributed to the calcium oxalate monohydrate structure (JCPDS No. 20-231).

Infrared spectra of the as-prepared materials are shown in Fig. 3. On the pure HAp sample, vibrational bands at ca. 3570 cm -1 and 630 cm -1 are assigned to the OH groups, while sharp peaks at ca. 1090, 1030, 960, 605 and 565 and 470 cm -1 can be attributed to PO 4 vibration. [START_REF] Legeros | Calcium phosphates in oral biology and medicine[END_REF] Vibration bands in the 1400-1450 cm -1 wavenumber range correspond to carbonate ions that could originate from the dissolution of surrounding CO 2 during aqueous precipitation. [START_REF] Legeros | Calcium phosphates in oral biology and medicine[END_REF] In the presence of oxalic acid, an additional band at 1300 cm -1 appears corresponding to the n sym (COO -) vibration band of oxalate ions whereas the the bands in the 1600-1650 cm -1 should correspond to both d(H-O-H) of adsorbed water and n asym (COO -) vibration. 28 For s-HAp and a-HAp, the corresponding asymmetric vibration bands of the carboxylate groups are also identified near 1550 cm -1 whereas the bands corresponding to the symmetric vibration expected near 1400 cm -1 are overlapping with carbonate bands. 29 In the case of c-HAp, because of the higher content in organic acid incorporated, this latter band is clearly visible at 1420 cm -1 together with the asymmetric band shifted to higher wavenumber (ca. at 1590 cm -1 ). Noticeably, the relative intensity of the OH vibration bands at 3570 cm -1 and 630 cm -1 compared to the PO 4 vibration bands at 602 cm -1 and 562 cm -1 is weaker in the presence of the organic acids.

The organically-modified samples were first analyzed by [START_REF] Legeros | Calcium phosphates in oral biology and medicine[END_REF] H and { 1 H}- 13 C CP solid state MAS NMR. The 1 H NMR spectra was similar for all samples, consisting of a broad peak centred at 4.8-4.9 ppm and a narrow peak at -0.4 ppm which corresponds to water and hydroxyl groups from the hydroxyapatite structure, respectively (Fig. 4a). 30 { 1 H}- 13 C CP MAS NMR spectra are shown on Fig. 4b. In the case of o-HAp, a single peak is observed at 167.9 ppm. For s-HAp, in addition to the signal at 31.8 ppm corresponding to the carbon atoms of the molecule backbone, an intense peak is observed at 184.6 ppm and a much weaker one at 169.1 ppm. A similar situation is found for a-HAp and c-HAp samples where, in addition to the signals of the carbon atoms of the molecule backbone in the 25-75 ppm range, an intense signal at 185.1 ppm and 180.3 ppm, respectively is found together with a weaker resonance at 169.7 ppm and 169.9 ppm, respectively. Based on the literature, the low-field signals should correspond to carboxylate groups whereas high-field components should correspond to carbonate ions. One exception is observed for the oxalate compound where the signal from the carbon atom from the carboxylate groups is expected to be found at a close chemical shift to the carbonate one. 31 Considering other samples, the signal attributed to carbonate ions is found between the expected resonance peaks corresponding to type B (i.e. phosphatesubstituting) and type A (i.e. hydroxyl-substituting) carbonates, and is broad, in agreement with the poor crystallinity of the materials. 32,33 The materials were further studied by 31 P MAS NMR. The HPDEC-MAS 31 P spectra first appear similar for all samples, giving a single broad peak at ca. 2.8-2.9 ppm corresponding to the phosphorus atom of the phosphate groups in the apatite structure (Fig. 5a). 32 However, the { 1 H}-31 P CP-MAS spectra suggests that the signal is asymmetrical with a narrow peak centered near 2.9 ppm and a larger signal at a lower chemical shift value (Fig. 5b). This assumption was confirmed by varying the contact time of the CP experiment. The intensity of the low-field narrow signal slowly increases with contact time whereas at the same time the intensity of the high-field large signal rapidly increases and then decreases (ESI †). It means that the first signal, which is a narrow Lorentzian-type component, is governed by a T H-P crossed relaxation law, that is typical for a rigid, well-crystallized structure in which both 1 H and 31 P nuclei are far from each other, as expected for apatite structures, 30b while the second signal, a larger Gaussian-type component, follows a T 1r relaxation decay, with a maximum of intensity reached for short contact times, that is more likely to correspond to a poorly-organized hydrated layer. Moreover, the comparison of the linewidth of these two components recorded for a-HAp at two different magnetic fields (B 0 = 7.0 and 11.7 T) showed an apparent narrowing in ppm for the Lorentzian component but not for the Gaussian component (ESI †). However the Lorentzian linewidth expressed in Hz is the same independently of the field. These observations support the assumption that the Lorentzian line is governed by T 2 * relaxation, that is typical of a well-defined environment, while the Gaussian component is related to site distribution, as usual for poorly-organised phases. Hence, the low-field resonance can be attributed to an ordered apatite whereas the high-field signal should correspond to a disordered, highly hydrated apatite layer, probably located at the surface of the material. To clarify this point, 2D { 1 H}-31 P HETCOR experiments were also performed, showing that two distinguishable correlations exist, first between the 31 P resonance at 2.9 ppm and that at -0.4 ppm in the 1 H dimension and second, between the 31 P resonance at 1.9 ppm and the 1 H broad resonance centered at ca. 4.8 ppm (Fig. 6). The cross-peak pattern is not symmetrical, in agreement with the previous assumption of the presence of two different signals for 31 P as well as for 1 H. In addition, no correlation was observed neither between the 31 P narrow peak at 2.9 ppm and the 1 H large resonance at 4.8 ppm nor between the large 31 P peak at 1.9 ppm In the case of c-HAp, the average value is 20 nm with a 5 nm standard deviation. Fig. 8a shows the full N 2 adsorption-desorption isotherms of all solids dried at 100 • C. In the case of HAp, o-HAp and s-HAp, these isotherms correspond to mesoporous materials. This is confirmed by calculation of the pore size distribution using the BJH model indicating a large distribution between 5 nm and 50 nm for HAp that slightly narrows down to 30 nm for s-HAp (Fig. 8b). In parallel, the specific surface area increases from 140 m 2 g -1 for HAp to ca. 165 m 2 g -1 for o-HAp and s-HAp (Table 1) while the porous volume V p is not significantly modified. For c-HAp, the S BET value is similar to o-HAp and s-HAp but the porous volume (0.18 cm 3 g -1 ) is much lower than all other samples. In the meantime, the pore size distribution is much narrower in the 10-20 nm range and a new population below 10 nm is also apparent. a-Hap appears as an intermediate case with S BET and porous volume values close to HAp, o-HAP and s-HAp but pore size distribution is closer to that of c-HAp. The C BET constants were also calculated, which are indicative of the affinity of the material surface for the sorption gas. As shown in Table 1 Indeed, the solubility product of hydroxyapatite near neutral pH is so small that none of the additives used in this work in a 1 : 0.15 Ca : ligand ratio can inhibit its formation. 34 However, they can interfere with the nucleation and/or growth reaction through their adsorption on the growing nuclei and/or particle surface. In this context, chemical analyses indicate that the Ca : ligand molar ratio in the final materials ranges from 1 : 0.015 for o-HAp and s-HAp to 1 : 0.025 for c-HAp, with an intermediate 1 : 0.020 ratio and the narrow 1 Hpeak at -0.4 ppm, confirming our previous attributions.

Apatite powders were difficult to image by SEM due to the presence of organics, all samples mainly consisting of featureless granular materials with micron-size platelets being sometimes visible (ESI †). TEM studies indicate that they consist of aggregated nanoparticles (Fig. 7). The HAp reference sample consists of platelets with an average size of 100 nm. In contrast, all samples obtained with carboxylates consist of rod-like particles with some-times platelet morphologies being observed. Noticeably, whereas o-HAp and s-HAp show a rather open structure with individual particles being easy to distinguish, the density of aggregation appears to increase for a-HAp whereas c-HAp consists of hardly individualized nanoparticles glued together by an amorphous, probably organic, matrix. As far as nanoparticle size is concerned, their largest in-plane dimension is 20 nm for o-HAp, 30 nm for s-HAp and 35 nm for a-HAp, all with a 5 nm standard deviation. for a-HAp, indicating that ca. 10-15% of the ligand remained associated to the apatite structure

In the presence of carboxylic acids, the following reactions can also proceed: 35 (2)

(3) (4) Ca 2+ + C 2 O 4 2-= Ca(C 2 O 4 ) s -log K = 8-9 Ca 2+ + C 4 H 4 O 4 2-= Ca(C 4 H 6 O 4 ) aq -log K = 2-2.1 Ca 2+ + C 6 H 8 O 4 2-= Ca(C 6 H 8 O 4 ) aq -log K = 1.8-2.1 Ca 2+ + C 6 H 5 O 7 3-= Ca(C 6 H 5 O 7 ) --log K = 3-4 (5) 
Oxalate establishes a weak monodentate binding with Ca 2+ . However, because it can bridge two calcium ions together, the precipitation of calcium oxalate occurs readily. Succinic and adipic acid act as stronger bidentate ligands for Ca 2+ . Finally, citric acid is a tridentate complex with Ca 2+ , resulting in the more stable complex in the here-studied series. The collected infra-red data suggest that the binding of organic acids to the apatite surface follows the expected coordination geometry for the corresponding Ca 2+ -complex. Especially, the difference Dn between the n sym and n asym of carboxylate groups is large for o-HAp, suggesting a monodentate binding and small for c-HAp, in favor of a chelating situation. 35c For s-HAp and a-HAp, the overlap between the carbonate band and n sym (COO -) band makes a precise determination difficult but an intermediate D n value is plausible, indicating a bidentate coordination. The organic content of the materials is also in agreement with the binding affinity of ligands except for s-HAp and a-HAp that incorporate significantly different amounts of acids despite similar K values.

Ligand binding on the growing apatite particles can indeed perturb the structure of the outer apatite layer. { 1 H}-31 P CP and HETCOR-CP NMR experiments suggest the presence of a poorlyordered highly-hydrated phase that may correspond to this surface layer. Noticeably, similar observations were already reported for synthetic and natural HAp nanocrystals. 36 In particular, the coexistence of a broad and a narrow 31 P signal near 2.6-2.8 ppm that exhibit different cross polarization time constants in { 1 H}-31 P CP experiments was described and attributed to the presence of both a crystalline apatite and a disordered apatite phase. 36a The latter was suggested to correspond to the surface layer of HAp nanocrystals. Other studies suggest the presence of a carbonated amorphous calcium phosphate and/or the existence of HOPO 3 2groups. 36b,c However, in all these studies, the 31 P spectra showed several signals, indicating that the phosphorus atoms also exists in other environments than the HAp structure. Therefore direct comparison with our data is difficult. However, the fact that the 31 P signal of the layer is slightly shifted compared to the HAp peak and does not correlate with protons from the OH groups of the apatite structure suggest that, due to the binding of carboxylate ligands to the calcium ions, less hydroxyl ions can be incorporated in this layer.

In parallel, the IR data shows the decrease of the intensity of the OH vibration band relative to the phosphate vibration bands in the presence of carboxylic acids, suggesting that ligands may substitute OH -groups rather than PO 4 3-. Alternatively, this effect can be observed in apatite structures with lower degrees of stoichiometry. In fact, for the reference apatite, the presence of carbonate ions, probably originating from dissolved ambient CO 2 , is suggested both by IR data and ICP/elemental analysis. In this case, the stoichiometry of the material should be evaluated by calculating the Ca/(P+C), leading to a 1.59 value, in agreement with the previous hypothesis. However, such a calculation is not valid for the organically-modified samples because the experimental Ca/P ratio is an average of the compositions of the surface layer and particle core. Due to the ligand binding to surface calcium ions, it is expected that the outer layer will be depleted in phosphate (and hydroxyl) groups, thus exhibiting a high Ca/P ratio. As a result, if one assumes that the core particles have a similar composition as the reference apatite, the average Ca/P ratio will be higher in the presence of ligands due to the outer layer contribution. Interestingly, in the case of c-HAp, the Ca/P ratio is smaller than for the other ligands and closer to the one of the reference sample, i.e. the surface layer has a lower Ca/P ratio. This may be due to the strong citrate-calcium affinity leading to the formation of complexes during the reaction that leave the material surface and are withdrawn during the washing procedure. Indeed a similar phenomena can occur for all ligands but it is expected to decrease with decreasing calcium-ligand affinity. One exception is observed for oxalate that forms an insoluble complex with calcium, explaining the formation of calcium oxalate monohydrate as revealed by XRD analysis.

The presence of organic ligands can also limit the size of growing HAp particles, by hindering the further addition of calcium, phosphate and hydroxyl on the growing particle surface. TEM and XRD studies indicate a loss in crystallinity and decrease in particle size in the presence of ligands compared to the pure HAp system. Due to the limited variations observed between the different organically-modified samples, it is difficult to establish a reliable classification. However, it can be noticed that o-HAp and c-HAp exhibit significantly smaller particle size when compared to a-HAp and s-HAp. This difference could be expected for oxalic acid, the ligand that exhibits the lowest affinity for calcium. In contrast, this effect is more difficult to fully explain for citric acid but it may be proposed that this ligand can act as a bridge to bind two calcium ions and is therefore twice as effective as succinic and adipic acid to perturb apatite growth for a similar initial concentration.

Coming to the porous features of the materials, it is worth noting that all modified apatites have a higher specific surface area S BET , lower pore volume V p and smaller average pore size than the reference sample, in agreement with the observed decrease in particle size. The decrease in C BET values confirms that the ligand is located on the surface of the pores, i.e. on the particle outer layer. These ligands can also partially fill the pores of the materials, in agreement with TEM observations, explaining the decrease of the average pore size with organic content. Hence, it could be expected that c-HAp, with the highest organic content would present the lowest average pore size, as observed here. However, such a decrease should be correlated with an increase in specific surface area. This is not the case here but a significant decrease in pore volume is observed, meaning that the smallest pores become completely filled by the ligands and are no longer accessible to nitrogen during the sorption experiments. Noticeably, such a behavior is not observed for a-HAp despite a close pore size distribution. This can be attributed to the lower organic content as well as larger particle size for this material compared to c-HAp. The reason for the bimodal pore distribution observed in a-HAp and c-HAp is difficult to explain at this time. However it can be suggested that it exists for all organically-modified samples as a result of the rod-like morphology of the apatite nanocrystals which may lead to different packings and therefore different pore size. However it cannot be clearly distinguished for o-HAP and s-HAp due to the large pore distribution and become apparent only for a-HAp and c-HAp due to the much narrower distribution curves.

Finally, it is worth emphasizing the unexpected differences observed for succinic acid and adipic acid addition. These two ligands were initially selected because they have different inter-carboxylate chain length but exhibit similar calcium binding constants for complex formation in solution. Here, a-HAp incorporates significantly more ligand than s-HAp which suggests that adipic acid has a significantly higher affinity for calcium on apatite surface. This may be due to the fact that the longer alkyl chain of adipic acid compared to succinic acid leads to a higher conformational flexibility and therefore a better adaptation of the chelating ligand to the steric constraint arising from the PO 4 3-/OH -environment of Ca 2+ in the apatite structure.

Conclusion

Due to their similarity with the aspartic acid amino acid found in the protein backbone, the interactions of synthetic carboxylic acids on growing hydroxyapatite or hydroxyapatite surfaces have already been widely studied, especially for citric acid. 22- 27 Here we wished to take advantage of the strong carboxylate-apatite interactions to control both the structural and chemical features of HAp powders.

On the one hand, the incorporation of the here-selected ligands does not significantly improve the material surface area and porous volume compared to HAp obtained by the neutralization method. This latter parameter is even significantly lowered upon citric acid addition. On the other hand, some of these ligands significantly narrow the pore size distribution and modify the chemical nature of the surface (as indicated by C BET constant). The first modification can be of primary importance because it allows a better control of the rate of apatite dissolution, foreseeing applications in bioactive and/or drug delivery materials. 2, 3 The second feature is also important in the medical field, because it can influence the interaction of the apatite surface with biomolecules or cells. [START_REF] Rey | [END_REF] Moreover, the modification of the sorption properties of apatite surfaces may be useful for remediation purposes, especially allowing enlargement of the chemical nature of organic pollutants that may be trapped within these promising low-cost/low-impact sorbents. 7,9 In this context, adipic acid appears as the most interesting additive as it shows comparable specific surface area, slightly lower porous volume but significantly narrower pore size distribution and lower C BET compared to HAp. Indeed, further investigation of alternative carboxylic ligands is now necessary, for instance through the introduction of more hydrophobic molecules that may influence apatite porosity and surface to a larger extent. However, the here-provided comparison between adipic and succinic acids suggest that available data on ligand-calcium affinity in solution may not always constitute a sufficient basis for the selection of the most effective ligands for controlling the growth of hydroxyapatite. 
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 4 Fig. 4 (a) 1 H MAS and (b) { 1 H}-13 C CP MAS NMR spectra for pure and carboxylate-modified apatites (* indicate spinning side bands).
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 5 Fig. 5 (a) HPDEC-MAS 31 Pand(b){ 1 H}-31 P CP MAS (contact time = 2 ms) NMR spectra for pure and carboxylate-modified apatites. Deconvolution of the CP signal into two components is also shown for c-HAp.
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 6 Fig. 6 2D { 1 H}-31 P HETCOR CP NMR spectrum of c-HAp (contact time = 10 ms). Dashed lines were added as eye-guides for the readers.
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 7 Fig. 7 TEM images of (a) HAp, (b) o-HAp, (c) s-HAp, (d) a-HAp and (e) c-HAp (scale bar = 100 nm). (f) high magnification TEM image of c-HAp (scale bar = 20 nm).
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 8 Fig. 8 (a) N 2 -sorption isotherms at 77 K and (b) pore size distribution from BJH analysis for pure and carboxylate-modified apatites.

  

Table 1

 1 Chemical composition and porous characteristics of pure and carboxylate-modified apatites: calcium-phosphorus molar ratio (Ca/P), organic content (% org), total organic carbon (%C), specific surface area S BET , porous volume V p , pore size distribution D p and C BET constant Apatite Ca/P a % org b % C c

					S BET	d /	V p	e /
					m 2 g -1	cm 3 g -1 D p	e /nm C BET
	HAp	1.60	< 2	0.15	140		0.42	5-50	310
	o-HAp	1.71	3	1.30	170		0.38	5-40	320
	s-HAp	1.69	3	1.85	165		0.37	5-30	150
	a-HAp	1.69	4	2.65	160		0.36	5-15	170
	c-HAp	1.61	8	4.70	155		0.18	5-12	80

a from ICP-AES, b from TGA weight loss in the 200-500 • C range, c from chemical analysis, d from N 2 isotherms with BET model, e from N 2 isotherms with BJH model.

ESI-3: SEM images of all samples
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