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Abstract

The incorporation of Mg in hydroxyapatite (HA) was investigated using multinuclear solid state NMR,
X-ray absorption spectroscopy (XAS) and computational modeling. High magnetic field “*Ca solid
state NMR and Ca K-edge XAS of a ~10% Mg-substituted HA were performed, bringing direct
evidence of the preferential substitution of Mg in the Ca(ll) position. *H and *'P solid state NMR show
that the environment of the anions is disordered in this substituted apatite phase. Both Density
Functional Theory (DFT) and interatomic potential computations of Mg-substituted HA structures are
in agreement with these observations. Indeed, the incorporation of low levels of Mg in the Ca(ll) site
is found to be more favourable energetically, and the NMR parameters calculated from these
optimized structures are consistent with the experimental data. Calculations provide direct insight in
the structural modifications of the HA lattice, due to the strong contraction of the M---O distances
around Mg. Finally, extensive interatomic potential calculations also suggest that a local clustering of

Mg within the HA lattice is likely to occur.
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Introduction

Calcium hydroxyapatite is the main mineral component of bone tissue and teeth. Its
composition differs from that of synthetic hydroxyapatite Ca;o(PO,)s(OH), (HA), due to the presence
of several ionic substitutions in the lattice, such as CO5>", F, Mg2+ and Na*.[1-3] These minor species
not only alter the space group, morphology, stability, and mechanical properties of the HA structure,
but also play an important role in the biological responses of bone cells. For instance, carbonates have
a strong influence on the growth of apatite crystals,[1] sodium plays a role in bone remodeling,[4]
whereas fluoride prevents the development of dental caries.[5] These ions are distributed
inhomogeneously throughout the tissue, and their concentration changes according to the age and

maturity of the mineral.[1, 6, 7]

Magnesium is known to be an important trace element in bone and teeth. Indeed, despite its
low concentration (generally between ~0.5 and 1.5 wt%), it plays a key role in bone metabolism, in
particular during the early stages of osteogenesis where it stimulates osteoblast proliferation,[8] and its
depletion causes bone fragility and bone loss.[9] Furthermore, relationships have been suggested

between the magnesium content in enamel and the development of dental caries.[10]

Given the biological relevance of magnesium, many research teams have worked on the
preparation of apatite and calcium-phosphate implant materials containing low levels of Mg, which
has been shown to improve their bioactivity.[11, 12] Moreover, much work has been done on synthetic
magnesium-substituted apatites (Mg-HA), in order to try to elucidate the exact structural role of Mg in
bone. According to the literature, the replacement of calcium by magnesium in HA is limited. This is
related to the large size difference between Mg?* and Ca®* (~0.28 A difference in radius according to
the Pauling scale), which leads to strong distortions of the HA lattice and reduces its crystallinity.
These changes have a direct impact on the properties of Mg-HA, compared to their non-substituted
analogues:[12-16] it notably increases their solubility and biodegradability in physiological fluids and
favours their thermal conversion into substituted pB-tricalcium phosphate (B-Cas_xMgy(PQOs)2).

Additional studies have also shown that the co-substitution of other ions such as COs> in the structure



may help counteract the destabilization of the apatite phase [17] and that, according to the synthetic
procedure or the age of the Mg-HA material, higher Mg concentrations at the surface of the HA

crystallites can be observed.[18, 19]

Numerous spectroscopic techniques have been used to learn more about the substitution of
magnesium in  HA. Nevertheless, although X-ray diffraction,[20] X-Ray Photoelectron
Spectroscopy,[14] and cathodoluminescence spectroscopy[21] clearly indicate that Mg enters the HA
lattice, several key structural characteristics remain unsolved, and little is known about how exactly
Mg-incorporation affects the bulk structure of apatites. In particular, the position of Mg in the HA
lattice is still an open question: does it occupy one or both of the two crystallographic calcium sites,
referred to as Ca(l) and Ca(ll), which present different local environments, as depicted in Figures 1
and 2? Some authors state that Mg enters the Ca(ll) site,[13] whereas others the Ca(l) site.[15, 21, 22]
The main difficulty in answering this question in the case of Mg-HA arises from the absence of high
resolution spectroscopic data over an important range of composition, and the significant loss of
crystallinity of Mg-HA compounds above ~ 20% Mg. Thus, in contrast with Sr- or Ba-substituted
HA,[23, 24] Rietveld analyses based on X-ray powder patterns are not conclusive for Mg-HA, and
both the Ca(l)[15] and the Ca(ll)[20] sites have been suggested to be the preferential site of
incorporation of Mg. Such discrepancies might be due to differences in synthetic procedures (which
could perhaps alter the final site for incorporated Mg), and/or to the low quality of the XRD patterns
used in the Rietveld refinements. Indeed, it is noteworthy that some of the refined distances are
surprising: for a sample with ~ 30% Mg, an average M---O bond distance was found that was almost
identical to the non-substituted compound,[20] which seems contradictory with the fact that average
Mg--O distances are generally ~0.4 A shorter than average Ca--O distances and that there is a
contraction of the HA lattice.[13] It thus appears necessary to find other analytical tools not only to
help elucidate the structural and biological role of Mg, but also help shed light on the changes in local

structure around the different atoms in the lattice.



Recently, alternative approaches have started to emerge to investigate in more depth the mode
of incorporation of substituting divalent cations in HA phases. In particular, it has been shown that
much information could be accessed experimentally using spectroscopic techniques which are
sensitive to the local structure around particular cations, such as X-ray absorption spectroscopy and
solid state NMR. For instance, the preferential incorporation of Zn** and Pb?* into the Ca(ll) site of
apatites has been demonstrated using Zn K-edge EXAFS and XANES,[25] and %’Pb solid state
NMR,[26] respectively. Furthermore, an increasing number of computational studies are reported
aimed at determining any energetic advantages of incorporating impurity ions into different sites of the
HA lattice, [27-30] and it has been shown that these can bring further insight into the structural

changes in substituted species, and help understand spectroscopic data.[25]

In the case of Mg-substituted apatites, no experimental NMR or XAS data have been reported
so far, and the first computational studies were published very recently.[28] Using Density Functional
Theory (DFT) calculations, Matsunaga et al. showed that the incorporation of Mg?* is more favourable
in the Ca(ll) than in the Ca(l) site, and that it induces strong changes in the position of the coordinated
oxygen atoms. However, no experimental evidence could be referred to to confirm the changes in the
local structure around the different ions in the structure: the experimental data available so far for Mg-
HA are insufficient (i) to validate the computational models developed for these systems, and (ii) to
show how Mg modifies the bulk and surface structure of apatite crystallites and thereby modifies the
biological responses. The purpose of this work was thus to investigate the structure of Mg-HA systems
at the molecular level, using techniques which are sensitive to the local environment of the atoms,
such as multinuclear solid state and X-ray absorption spectroscopy, and to discuss the experimental
and spectroscopic data in view of computational models of Mg-HA. The local structure around all the
ions in the structure, and notably magnesium and calcium, was analysed in order to try to derive sound

conclusions on the structure of these phases.



Materials and methods

Synthesis

Hydroxyapatite  Caj;o(PO4)s(OH), (HA) and magnesium-substituted hydroxyapatite
Cayo.xMgy(PO4)s(OH), (Mg10-HA) were prepared following a precipitation method adapted from the
literature.[31] High purity calcium nitrate tetrahydrate (Ca(NO3),.4H,0, Alfa Aesar), magnesium
nitrate hexahydrate (Mg(NOs),.6H,0, Aldrich) and ammonium dihydrogen phosphate (NH4H,POy,,
Aldrich) were used as starting materials. All reactions were performed in freshly distilled water and

under an N, atmosphere, in order to avoid the incorporation of carbonates in the HA lattice.

HA was prepared by heating an aqueous solution of calcium nitrate to 90°C ([Ca®*] = 0.216
mol.L™, V = 100 mL, pH adjusted to 10.0 with a 1 mol.L* solution of NH,OH), and adding dropwise
under stirring an aqueous solution of ammonium dihydrogen phosphate (C = 0.130 mol.L ™, V = 100
mL, pH adjusted to 10.0 by addition of concentrated NH,OH). This leads to the progressive
precipitation of a white solid. The suspension was stirred at 90°C (temperature of the oil bath) for a
total time of 5 hours, during which small amounts of concentrated NH,OH were added, in order to
keep the pH above 9.0. The reaction medium was then left to cool at room temperature, and
centrifuged in order to separate the white precipitate (10000 rpm for 10 min). The solid was washed
four times with freshly distilled water, and then dried at 100°C under vacuum overnight (yield > 85%).
In the case of Mg10-HA, the same synthetic procedure was followed, but using a mixture of calcium

and magnesium nitrate, with 10.0% magnesium with respect to the total cationic concentration.

General characterization

Elemental analyses of Mgl10-HA were performed (i) by ICP-AES by the Service Central
d’Analyse of the CNRS (Vernaison, France), to determine the Ca, P and Mg contents, (ii) by ionic
chromatography on a Dionex 1000 ICS system to measure the Ca and Mg contents, after dissolution of

the samples in sulphuric acid.



SEM and EDXS (for Ca, P and Mg) studies were carried out on a Jeol 6100 Scanning Electron
Microscope coupled to an EDAX Genesis analytical system. TEM and EDXS analyses (for Ca, P and
Mg) were carried out on a Jeol 6100 Transmission Electron Microscope coupled to an EDAX Genesis
analytical system. X-ray diffraction patterns were collected with a Bruker D8 Advance diffractometer
using the CuKa radiation. Room temperature measurements were performed in the 20 range between
10 and 70°. IR spectra were also recorded from KBr pellets on a Perkin EImer GX FTIR spectrometer
between 4000 cm™ and 400 cm'. XRD, SEM and TEM data can be found in Figure S1 in the

supplementary materials (from hereon, “S” will refer to supplementary information).

Solid state NMR

'H and *P NMR experiments were carried out at 7.1 T on a Varian Infinity Plus 300
spectrometer, using a Bruker 4 mm MAS probe. Single-pulse magic angle spinning *H and *'P NMR
spectra were collected at a spinning rate of 10 kHz, using recycle delays of 10 s and 30 s respectively.
In the case of *'P, it was verified that the lineshape remains unaltered when increasing the recycle
delay to 500 s. *H and *'P chemical shifts were referenced using TMS (Si(CHs)s, resonance at 0 ppm)

and NH;H,PQO, (resonance at 0.9 ppm), respectively.

Natural abundance “*Ca solid state NMR spectra were recorded at 18.8 T on a Varian Infinity
Plus 800 spectrometer using a Varian 4 mm rotor probe spinning at 8 kHz, and at 19.6 T on a Bruker
DRX 830 spectrometer using a 7 mm homebuilt probe spinning at 5 kHz. Recycle delays of 0.1 to
0.25 s were used, and 400000 to 1500000 transients were acquired, with experimental times ranging
from 28 to 48 h (it is noteworthy that changing the recycle delays did not affect the final lineshapes).
For the spectra recorded at 18.8 T, the rotor-assisted population transfer (RAPT) sequence (sets of
+X/=X 2.5 ps pulses with a ~ 15 kHz radiofrequency field strength),[32, 33] which had previously
been optimized for non-substituted hydroxyapatite,[34] was applied for sensitivity enhancement prior

to a 90° pulse selective for the central transition. For the spectra recorded at 19.6 T, a 5 kHz chirp



sweep[35] was applied for sensitivity enhancement at ~250 kHz below the central transition
frequency. “*Ca NMR chemical shifts were referenced using a 1 mol.L™* aqueous solution of CaCl, (at

0 ppm).[36, 37] The conclusions from the data recorded at 19.6 T were identical to those at 18.8 T.

Natural abundance Mg NMR experiments were carried out at 19.6 T on a Bruker DRX 830
spectrometer using a 7 mm homebuilt probe spinning at 5 kHz. 240000 transients were acquired, with
a recycle delay of 0.3 s. ®Mg NMR chemical shifts were referenced using an aqueous solution of

magnesium sulfate.[38, 39]

Ca K-edge EXAFS and XANES

EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-ray Absorption Near
Edge Structure) measurements were performed on the XAFS BL11.1 beamline at the Elettra
Sincrotrone, Trieste, Italy. Samples were ground to a fine powder, diluted in polyvinyl pyrrolidone
(average molecular wt 40,000, Sigma-Aldrich, “PVP40”), pressed into pellets, and run at room
temperature in transmission mode using ion chambers before and after the sample in order to measure
incident and transmitted X-ray intensity. Spectra were collected at the Ca K-edge at 4038 eV. The
Elettra ring energy was 2 GeV and the maximum ring current was 200 mA. The incident X-ray energy
on the sample was defined using a two-crystal Si(111) monochromator detuned (by ~50%) to reduce
higher energy harmonics. The instrument was evacuated to ~10° Pa in order to reduce X-ray losses
due to attenuation in the air. An energy resolution of ~0.3 eV at the Ca K-edge was achieved, and the
energy was calibrated using CaF, as a calibrant placed between the transmission and a third ion
chamber. For the XANES spectra, the pre-edge (3900-4017 eV), edge (4017-4100 eV) and post-edge
(41004200 eV) regions were scanned in 5.0, 0.1 and 1.0 eV steps respectively, and dwell times per
point of 1.0, 2.0 and 1.0 s respectively. For the EXAFS spectra, the pre-edge (3900-4017 eV), edge
(4017-4100 eV) and post-edge (4100-4800 eV) regions were scanned in 5.0, 2.0 and 1.0 eV steps

respectively, and dwell times per point of 1.0, 1.0 and 2.0 s respectively.



Data reduction was performed using the standard software packages Athena,[40]
Viper2006[41, 42] and EXCURV98.[43] Typically, two XANES and three EXAFS data sets were
collected for each sample, which were respectively averaged and normalized using Athena. All
EXAFS spectra were background-subtracted using Viper2006, with a second order polynomial fitted
to the pre-edge region and a polynomial spline (going through 7 knots) fitted to the post-edge region to
describe the underlying atomic absorption. Conversion of energy to k space followed before k®
weighting of the data. The EXCURV98 code was then used to model the structure from the parameters
of the radial shells of atoms surrounding the central atom. Phase shifts were calculated by ab initio
curved wave theory methods in EXCURV98 for the central atom and for all backscattering elements
in the samples. Multiple scattering effects were not considered, since only the nearest coordination
shells are probed at these low energies. Such a simplification has already been employed for the study
of non-stoichiometric apatites[44] and bioactive glasses[45] and bone[46] by K-edge EXAFS

spectroscopy.

Computational investigation of the site of incorporation of Mg

The distribution of Mg in the hydroxyapatite lattice was investigated by a combination of
electronic structure techniques and interatomic potential methods.[28-30, 47-50] It is noteworthy that
both approaches have already been used to investigate ionic substitutions in apatite phases. Although
interatomic potential methods are more efficient for dealing with structures containing a very large
number of atoms, it is important first to validate a given method by comparing the results with

electronic structure techniques.

The electronic structure calculations were performed using the SIESTA code [51], which
employs Density Functional Theory [52], norm-conserving pseudopotentials and linear combinations
of numerical atomic orbitals (LCAOQ) to calculate the total energy of the system. We have used the

Perdew-Burke-Ernzerhof (PBE) [53] generalized gradients approximation (GGA) for the exchange-
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correlation functional, whereas pseudopotentials for all atoms were generated in the Troullier-Martins
manner [54]. The basis sets used for all atoms were of the DZP type (double  with polarization),
except for the oxygen and hydrogen in the hydroxy group, for which the basis sets were obtained from
the optimization of water at 0.2 GPa [55, 56]. The unit-cell was optimized using a cutoff energy of 250
Ry, sampling was taken at the T" point and a force tolerance of 0.01 eV/A was used. The suitability of
cutoff energy, k points and the force tolerance were evaluated by monitoring the convergence of the
total energy with respect to the various parameters and validated against the structural properties of

hydroxyapatite.

The larger-scale systems were modeled using the General Utility Lattice Program (GULP)
[57-59], which uses interatomic potential simulation techniques based on the Born model of solids
[60], which assumes that the ions in the crystal interact via long-range electrostatic forces and short-
range forces, including both the repulsions and Van der Waals attractions between neighbouring
electron charge clouds. The interatomic potential model for hydroxyapatite was taken from the work
of de Leeuw [61], which includes electronic polarisability via the shell model of Dick and Overhauser
[62]: each polarisable ion (in this case oxygen), is represented by a core and a massless shell,
connected by a spring. The polarisability of the oxygen ions is then determined by the spring constant
and the charges of the core and shell. When necessary, angle-dependent forces are included to allow
directionality of bonding, for example in the covalent phosphate anion. In order to make geometry
predictions, the lattice energies are minimized with respect to the structural parameters, until the forces
acting on the ions are all less than 0.001 eV A™. All structures reported are the result of constant
pressure energy minimizations, with an external pressure set to zero, where not only the ionic

positions but also the cell parameters are allowed to vary to find the energy minimum.

The hexagonal crystal structure of hydroxyapatite has the P63/m space group [1, 63-65]. The
4e Wyckoff positions are occupied by two hydroxy oxygen atoms, each with 1/2 occupancy[65]. In
order to translate this structure into a model with full occupancies for the hydroxy groups, as is

required to carry out the calculations, we have assigned alternate 0 and 1 occupancies to these sites

11



along the hydroxy channels in the ¢ direction, thus changing the space group of the hydroxyapatite
unit cell from P63/m to P63. It is noteworthy that within the channels, the hydroxy groups were all
oriented in the same direction to form OH...OH...OH chains, as this corresponds to the most stable
configuration.[66, 67] However, since there is only one hydroxy channel per hexagonal unit cell, all
the hydroxy groups in the periodic structure are oriented in the same direction, thereby creating a net
electric polarisation per unit cell. In contrast, in the real structure, disorder in the relative orientation of
the parallel OH channels means that electric polarisation is not present in the material. Therefore, in
order to create a more realistic structure, the smallest cell in our simulations is doubled in the b
direction, and the two OH channels of the resulting supercell were assigned opposite directions. The
larger supercells used in our simulations are all multiples of this (1 x 2 x 1) simulation cell. It is
noteworthy that the antiparallel orientation of the hydroxy groups in neighbouring columns, as shown
in Figure 1, has been calculated to be slightly more stable than the parallel configuration [67] and it
coincides with the arrangement of the hydroxy groups in pure, synthetic HA, which crystallises as an
ordered monoclinic structure (P2,/b) with a double unit cell compared to the hexagonal structure [68,
69]. However, given that natural HA and the species synthesized here have the hexagonal structure,
the (1 x 2 x 1) “hexagonal”-derived structure was used as a starting point for all our calculations on
HA and Mg-HA, thus allowing direct comparison of the simulations with experimental data.
Calculations were carried out on the (1 x 2 x 1) simulation cell (which has a total of 20 cation sites),
and the (2 x 2 x 1) and (1 x 2 x 2) supercells (40 cation sites), for the investigation of the incorporation

of Mg into the inequivalent Ca(l) and Ca(ll) positions.

DFT calculations of the NMR parameters

NMR calculations were then performed on the various simulation cells described above, in
order to determine the NMR parameters of all the nuclei present in Mg-HA. These first principles
calculations based on the GIPAW method[70] were performed within Kohn-Sham DFT using the

PARATEC code.[71] As previously, the crystalline structures were described as infinite periodic

12



systems using three-dimensional periodic boundary conditions. The PBE generalised gradient
approximation was used and the valence electrons were described by norm conserving
pseudopotentials[72] in the Kleinman-Bylander form.[73] The core definition for O and Mg is 1s* and
it is 1s”2s”2p°® for P and Ca. The core radii are 1.2 a.u. for H, 1.45 a.u. for Ca, 1.5 a.u. for O and 1.59
a.u. for Mg. The wave functions are expanded on a plane wave basis set with a kinetic energy cut-off

of 80 Ry. The isotropic chemical shift & is defined as 8, = —[c —0™]

where ¢ is the isotropic
shielding and ™" is the isotropic shielding of the same nucleus in a reference system as previously
described for *H, *'P and **Ca.[37, 74] For 6™ (*Mg), external referencing with respect to crystalline
MgO[75] was chosen, with 8,(*Mg) = 26.3 ppm.[76] For ‘H, *P, “*Ca and Mg, the values of
isotropic chemical shifts were calculated. In addition, in the case of “*Ca and Mg, the quadrupolar
parameters Cq and n were also analysed.[38] It should be noted that based on previous studies and our
own experience, the error on calculated *H and *'P isotropic chemical shifts is estimated at ~0.4[77]

and 0.7 ppm,[78] respectively, whereas it is ~3 to 5 ppm on “*Ca and Mg isotropic chemical shifts,

and ~0.5 to 2 MHz on *Ca and Mg Cq, values,[37, 39] respectively.

13



Results and discussion
1. Experimental study of Mg-HA
la. Description of the local environment of the ions in HA

There are two crystallographically different calcium sites in the HA unit cell: Ca(l) and Ca(ll).
The four Ca(l) ions in the unit cell are usually referred to as “columnar calcium sites”, because they
form single atomic columns perpendicular to the basal plane. On the other hand, the six Ca(ll) ions in
the unit cell are arranged in triangles around the hydroxy groups (OH), thereby forming hexagonal

channels along the c-direction of the structure.

As illustrated in Figure 2, the local environment of calcium in the two sites is very different.

% anions; six of these

Each Ca(l) is coordinated to nine O atoms belonging to six different PO,
oxygens are located at less than 2.55 A from the cation, whereas the three others are more distant.
Ca(ll) cations have a less regular seven-fold coordination: they are bound to six O atoms belonging to
five different phosphates, and to one hydroxy group. When the local environment of the anions is

considered, it appears that PO,*" tetrahedra have five Ca(ll) and four Ca(l) sites in their vicinity, in

contrast with the hydroxy groups which are only surrounded by Ca(ll) sites.

In order to learn how the incorporation of a small cation like Mg in the HA lattice can affect
the cation and anion environments, solid state NMR and X-ray absorption spectroscopy studies were
carried out. Given that previous reports have shown that it is preferable to keep the Mg concentration
low in order to avoid losing the crystallinity of the HA lattice and forming more amorphous
phases,[13] we prepared a Mg-HA containing ~10% Mg (Mg10-HA). SEM, TEM, and XRD confirm
the crystallinity of this sample and the presence of Mg in the HA lattice (Figure S1). Elemental
analyses show that the actual amount of Mg in the lattice is ~9%, which is slightly less than the ionic
concentrations initially introduced in solution, meaning that the actual formula for Mgl10-HA is
Cag1Mgoo(PO4)s(OH),. The observation of a lower Mg content in the solid is not entirely surprising,

given previous reports on Mg-HA phases prepared according to similar synthetic procedures.[13]
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1b. NMR analysis of the local environment of the anions

The 'H MAS NMR spectrum of Mg10-HA is shown in Figure 3a. Two main signals are
observed, one narrow one at 0 ppm, which corresponds to the hydroxy, and the other at ~5.3 ppm,
which can be assigned to water molecules mainly located at the surface of HA crystallites.[79] The
position of the hydroxy peak is the same as for non-substituted HA, but the signal is slightly broader
(increase of the full-width at half maximum by 0.4 ppm), which suggests that there is a larger
distribution of environments around the hydroxy. This change in environment around the hydroxy ion
could be due to the presence of some Mg cations having entered the neighbouring Ca(ll) site, and to
the structural distortions caused by the incorporation of Mg and the contraction of the HA unit cell,

which could induce changes in the O-H bond distances.

The P MAS solid state NMR spectrum of Mg10-HA is shown in Figure 3b. Only one
asymmetric peak is observed. Its maximum is slightly shifted compared to non-substituted HA (2.6
ppm vs 2.8 ppm),[80] and the signal is ~1 ppm broader at half maximum, with a tailing towards high
frequencies. These observations show that there is a larger variety of environments around the
phosphates in Mg-HA, which can be due to the presence of Mg cations occupying different
neighbouring positions (see Figure 2), and also to the structural distortions of the HA lattice which can
induce slight rotations of the phosphate groups and small variations in the P-O bond distances and O-

P-O bond angles.[38, 81]

The only clear conclusion which can be drawn at this stage from these 'H and **P NMR
spectra of Mgl10-HA is that the incorporation of Mg in HA creates a larger variety of environments
around the phosphate and hydroxy anions. Thus, in contrast with some previous studies, in which
shifts and changes in the *H or *'P signals could be used as indicators of the preferential location of
substitutional cations like Pb?* in HA lattices,[26, 82] the very low level of incorporation of Mg and

the distortions it creates in the HA structure makes it difficult here to derive any further information.
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1c. Analysis of the local environment of the calcium

Analyzing the local environment of calcium in non-crystalline and disordered materials is
particularly challenging. Indeed, Ca®" is a metal cation with closed electron shells, which makes it
silent to spectroscopies like EPR or UV-Vis. Furthermore, the NMR-active isotope, “*Ca, is a spin-7/2
low-y nucleus (i.e. with a small magnetic moment) of low natural abundance (< 0.14%),[38, 83]
which makes it particularly difficult to study by NMR. Nevertheless, we have recently shown that
natural abundance *Ca solid state NMR is well adapted to the study of apatite phases.[26, 34, 46]
Indeed, the two calcium sites of HA are resolved at high magnetic fields, with the high frequency peak

corresponding to the Ca(ll) site.

The “*Ca NMR spectrum of Mg10-HA (Figure 4) shows that the relative intensity of the Ca(ll)
peak decreases compared to HA, suggesting that Mg has preferentially entered this site. This simple
interpretation of the “*Ca NMR spectrum of Mgl0-HA must, however, be considered carefully.
Indeed, it relies on the assumption that the “*Ca parameters of each site remain the same in the Mg-
substituted species. Given that in calcium-oxoanion species the “*Ca isotropic chemical shifts mainly
depend on the average Ca---O bond distance around calcium, this means that the average environment
of calcium and average Ca--O bond distances in each site must be very similar to those of non-
substituted HA, for this conclusion to remain valid.[37, 84, 85] In order to investigate this point, the
local environment of calcium was analyzed using X-ray absorption spectroscopy, because Ca K-edge
XANES (X-ray absorption near edge structure) can provide information about the local geometry
around calcium,[86] and Ca K-edge EXAFS (Extended X-ray absorption fine structure) on the average

Ca-+0O bond distance in the first sphere.[46]

As shown in Figure 5, the Ca K-edge XANES spectrum of Mg10-HA is nearly identical to the
one of non-substituted HA, especially in the region of the pre-edge, which is sensitive to the local

distortion around calcium sites. On the other hand, as shown in Figure 6, the experimental EXAFS
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spectra k*y(k) and the moduli of the Fourier Transforms (FT) of HA and Mgl0-HA are also very
similar. For both compounds, the first two Ca--O shells (< 3 A)[46, 87] appear to be nearly identical,
the maximum intensity on the FT spectra being reached at the same distance. This suggests that the
average bond distance between calcium and its nearest oxygen neighbours is very similar for both

samples.

However, it is noteworthy that the intensity of the FT signal corresponding to the more distant
shells (> 3 A) is slightly smaller in the case of Mg10-HA (shadowed region in Figure 6). Given that
for HA this part of the spectrum arises from the scattering of more distant oxygen, phosphorus and
calcium atoms,[46, 87] the decrease in intensity could be caused by the presence of magnesium
neighbours, which are lighter and thus weaker back-scatterers than calcium. Alternatively, the
decrease could also reflect a loss of long-range ordering around calcium, because of the structural
distortions of the HA lattice caused by the incorporation of Mg.[46] In any case, it was found that this
decrease cannot be used to determine the preferential location of Mg, because fits of similar quality
were obtained when considering its incorporation into one site or the other (see Table S1 in the

supplementary materials).

All in all, from these X-ray Absorption Spectroscopy analyses, it is clear that the introduction
of low levels of Mg in the HA phase does not significantly modify the local geometry and average
Ca-O bond distance around the cation. Hence, the **Ca NMR data suggest that the preferential site of

incorporation of Mg is indeed the Ca(ll) site.
1d. Towards the analysis of the local environment of the magnesium

Determining the local environment of magnesium in non-crystalline or disordered materials is
particularly challenging. Indeed, just like calcium, Mg* is a closed shell diamagnetic cation, and
magnesium-25, the NMR active isotope, is a spin-5/2 low-y nucleus of low natural abundance
(~10.0%),[38] with a relatively large quadrupole moment, meaning that the NMR signals can be very

broad. Although techniques like Mg solid state NMR[38, 39, 76, 88] and Mg K-edge EXAFS and
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XANES[89-91] are being developed to help investigate the local structure around magnesium, they
cannot be used routinely, because they require access to ultra-high field magnets or soft X-ray
synchrotron sources. Furthermore, these experiments can be very time-consuming, especially for

samples in which the Mg content is low.

A first attempt to analyse directly the local environment of Mg in Mg10-HA was nevertheless
performed, by recording its ?Mg MAS NMR spectrum at natural abundance at 19.6 T (Figure 7).
Despite the use of a large volume rotor, the signal is still weak after ~20h of acquisition. The lineshape
is complex, with a narrow feature and a broad underlying component. Such a spectrum, on its own,
does not allow definitive conclusions about the local structure around magnesium in the sample: it
would be necessary here to record high field fast MAS spectra of a Mg labeled sample to gain more
information on the different components and determine the actual ratio between the different types of
environments. Nevertheless, the spectrum observed here shows that there are several different local
environments around Mg in the sample analysed, leading to a variety of Mg quadrupolar coupling

constants, and thus to complex >Mg-NMR spectra.

Overall, the experimental data reported in this section brings new information about the
structure of Mg-HA: (i) Mg preferentially enters the Ca(ll) site, (ii) there are distributions in the local
structure around the phosphate and hydroxy anions, (iii) the average Ca---O bond distance in the first
sphere and local geometry around calcium appear to be hardly affected by the presence of low levels
of Mg in the lattice, and (iv) several different Mg local environments are found in the crystallites,
which could be due to small changes in Mg---O bond distances. Given the lack of an experimental
crystal structure for Mg-substituted HA, the purpose of the next section is to use a computational
approach to model Mg-HA phases, in order to account for the preferential location of Mg in the Ca(ll)
position, to understand better the NMR data, and to gain direct insight on the structural changes of the

HA lattice and substitution mechanism of Mg.
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2. Computational study of Mg-HA
2a. Modeling Mg-HA structures
2.a.a. DFT modelling of 5% Mg substitution in HA

Extensive calculations were carried out using different computational methods and simulation
cells, as described in the computational methods section, in order to derive sound conclusions on the
incorporation of Mg in HA. Using DFT calculations, the structure of a (1 x 2 x 1) supercell of pure
hydroxyapatite (of general formula Ca,(PO,)1,(OH)4) was first relaxed, by allowing both the lattice
vectors and the positions of the ions to vary. The cell parameters for this relaxed HA were a = 9.40 A,
b=18.81A, and c =6.95 A, which is in very good agreement with the experimental data (discrepancy
<1.0 %), with only a slight expansion in the c-direction. We then considered the substitution of an
isolated Mg cation in this (1 x 2 x 1) supercell, which leads to a Mg concentration of 5 mol %.
According to the symmetry of this cell, there are three types of Ca(ll) sites (Ca(lla), Ca(llb) and
Ca(llc)) and two types of Ca(l) sites (Ca(la) and Ca(lb)), which differ slightly in the distances to the
neighbouring O atoms. The calculated energies showed a preference for Mg to be incorporated into the
HA structure at Ca(ll) positions (see Table 1), in agreement with the “*Ca solid state NMR analyses.
Interestingly, it appears that the incorporation of Mg in the Ca(lla) site leads to a larger energy
difference (~0.14 eV) with the Ca(l) configurations, than its incorporation in the Ca(llb) and Ca(llc)
sites, for which the energy difference is reduced to 0.04 and 0.01 eV, respectively. It should be noted
that a similar observation had been reported previously in a computational investigation of the
incorporation of lead in HA,[50] where the presence of energetically inequivalent Ca(l) positions had
been noted. Overall, this finding underscores the requirement that all the different possible
configurations relating to the incorporation of a cation like Mg?* in one or the other site must be taken

into consideration before concluding on its preferential location in the lattice.

Structural changes are observed as Mg enters the (1 x 2 x 1) lattice. First, it appears that the

cell volume decreases, in agreement with experimental XRD observations.[13, 20, 22, 92] Such a
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contraction reflects a decrease in the lattice parameters, due to the presence of small Mg?* cations. It is
noteworthy that previous computational studies of Mg-HA could not account for this contraction,
because calculations had been carried out considering that the HA cell shape and cell dimensions
remained unchanged after incorporation of Mg.[28] Calculations show that there are differences in the
cell dimensions according to whether Mg enters the Ca(l) or Ca(ll) site: (i) the overall reduction in
volume of the cell here is slightly larger when Mg is in the Ca(l) position (~1.2% decrease), and (ii)
the c lattice parameter does not seem to decrease when Mg is in the Ca(ll) site. The latter observation
could appear to be in conflict with previous experimental studies, which show a decrease in the c
parameter of ~0.01 to 0.02 A for ~5% Mg substitution.[21, 31] However, it is more likely that this

discrepancy reflects the limits of the calculations for such low levels of Mg.

A closer analysis of the local environment of Mg®* in the (1 x 2 x 1) cells provides further
insight as to how the lattice accommodates the presence of this substituent. The co-ordination
distances around Mg in the Ca(l) site show a reduction of ~0.3 A of six Mg--OPOj; distances
compared to Ca--OPOs, and an increase of the three other Mg:-OPOs distances by ~0.4 A (see Table
S2 in SI). When Mg is incorporated in the Ca(ll) site, the changes in local environment of the cation
are less significant: the three shorter Mg-+-OPO; distances are reduced by ~0.25 A compared to
Ca--OPQj3, the Mg-+OH distance is reduced by ~0.3 A, but the remaining Mg:-OPO; distances only
increase by less than 0.1 A (see Figure S2 and Table S3 in SI). In this case, the substituting Mg moves
away from the crystallographic Ca(ll) position, thereby slightly distorting the hydroxy channel, and

reducing its distance to the two Ca atoms of the Mg-Ca(ll)-Ca(ll) triangle.

Concerning the local structure around the other ions present in the (1 x 2 x 1) cell, it is clear
that the presence of Mg leads to a larger variety of environments compared to the non-substituted
structure. In the case of the phosphate and hydroxy ions, this is mainly related to the presence of
Mg---OPO; and Mg---OH interactions, which induce changes in the average M--O distances (M = Ca,
Mg) and small rotations of these anions. In the case of calcium, although a larger distribution of local

environments is also observed, we note that on average, the distances around the Ca(l) and Ca(ll) sites
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vary by less than 0.01 A after Mg-incorporation (see Table S4 in SI), which is consistent with the

observations made using Ca K-edge XANES and EXAFS (vide supra).

Overall, this initial DFT analysis of a (1 x 2 x 1) substituted HA structure with 5% Mg shows
that the incorporation of the cation in the Ca(ll) site is energetically more favourable, and that the
presence of Mg induces changes in cell dimensions and local environments of the different ions, in
agreement with experimental observations. This site preference could perhaps stem from the fact that
when Mg enters the Ca(ll) position, the local changes in M---O distances around the cations seem less
significant than when it enters the Ca(l) site and thus more favourable energetically for the structure as
a whole. However, it may be important to learn whether this trend is maintained for higher levels of
Mg (notably for more substituted species as in Mg-HA10), and to investigate whether there can be any

clustering and/or domain formation of the Mg*" cations when they enter the HA lattice.

2.a.b. Force field modelling of higher levels of Mg substitution in HA

In order to study a 10% substituted Mg-HA, 2 Mg cations need to be incorporated in the (1 x 2
x 1) supercell. As shown above, all the possible configurations related to the incorporation of the
cation in the Ca(l) and Ca(ll) positions must be considered. The “Site Occupancy Disorder” program
(SOD)[93] was therefore used to create the complete configurational space and to extract the subspace
of the symmetrically inequivalent configurations. In this case, 55 inequivalent configurations were
generated for Mg,Ca;3(PO,)12(OH)4, which means that it would be computationally prohibitive to

analyze by DFT. Thus, an alternative method based on interatomic potentials was used.

First, this interatomic approach was validated by comparing the results of the interatomic
potential-based calculations with DFT, on the singly-substituted (1 x 2 x 1) cell (equivalent to 5%
substitution). Similar geometric and energetic trends were observed with this model. Indeed, the Mg
cations showed an overall preference to be incorporated in the Ca(ll) site (see Table S5 in Sl). In

addition, there is a general decrease in cell volume, and the co-ordination distances around a Mg
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cation in the Ca(ll) position once again display a clear shortening of the M---OH distance and of three

Mg---OPQO; distances (see Table S3).

The solid solution with two Mg cations in the (1 x 2 x 1) supercell was then considered, which
is equivalent to a 10% substitution with the general formula for these phases of Mg,Ca;g(PO4)12(OH)s,.
Out of the 55 inequivalent configurations, Mg displayed a clear preference for the Ca(ll) sites. In this
case, it is noteworthy that a ~ 0.9% decrease in the ¢ parameter of the lattice was now observed, in
agreement with experimental data. The arrangement of the Mg atoms around the OH column for the
structure with the lowest energy is shown in Figure 8. The two Mg ions are located in Ca(ll) positions
of the same hydroxy channel, but at the opposite vertices of triangles around two neighbouring OH

groups. This suggests that Mg substituents will tend to aggregate locally within the HA structure.

Having first studied the (1 x 2 x 1) simulation cell, we next proceeded to simulate other Mg
compositions using the larger (1 x 2 x 2) and (2 x 2 x 1) supercells in order to better understand the
site preference and the clustering of Mg substituents in the HA lattice, and also to avoid any possible
computational artifacts which can result from the interaction between defects in small simulation cells.
Given that the general formula of these supercells is Cas(PO,4).4(OH)s, the presence of 40 cations
obviously generates a much greater number of inequivalent configurations. Thus, it became
computationally prohibitively expensive to run geometry optimizations for substituted structures
containing more than four Mg cations in these supercells. Indeed, five inequivalent configurations
were investigated for a single substituting Mg, whereas 105 configurations were identified for two Mg,
1235 configurations for three Mg, and 11500 configurations for four Mg, with the corresponding Mg
concentrations for these structures of 2.5 mol %, 5 mol %, 7.5 mol %, and 10 mol % respectively. The
very large number of configurations for 10% substitution meant that these could not be investigated
using SOD, and in order to simulate some of the possible structures with 10% Mg, we have used the
most stable configuration at 7.5% Mg as a starting structure to simulate the possible configurations

with an additional Mg in the supercell.
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For all these supercells, a preferential incorporation of magnesium cations in the Ca(ll) site
was again observed. This is well illustrated in Figure 9, which shows the difference in energy for all
the configurations with Mg substitutions in Ca(ll) sites only, in both Ca(ll) and Ca(l) sites, and in
Ca(l) sites only of the (1 x 2 x 2) supercell. In all cases, the energy difference between Mg(ll) sites
only and mixed Mg(ll) and Mg(l) sites was found to be ~0.25 eV in favour of Mg(ll) only, which
confirms the higher stability of structures with Mg in Ca(ll)-type environments over a larger range of
composition. Interestingly, as in the smaller (1 x 2 x 1) supercell, it appears that, as the Mg
concentration increases, the most stable configurations are again those where Mg ions are located at
alternating vertices of different triangles around the hydroxy groups of one channel, and that the
Mg---OH distances are once more strongly reduced compared to the Ca---OH (see Table S6 and Figure
S3). It is noteworthy that such structural features, which could have consequences for the reactivity of
Mg-HA phases, would have been very challenging to investigate experimentally and computation has

thus proven itself to be an extremely useful complementary technique for these studies.

2b. Computation of the NMR parameters of Mg-HA structures

Having gained information on the structural features of Mg-HA, the *H, *'P, *Ca and *Mg
NMR parameters of different optimized supercells were then calculated and compared to the data
reported in section 1, in order to try to further interpret the experimental NMR data. Table 2
summarizes the results obtained on the (1 x 2 x 1) cell optimized using DFT, and on the (1 x 2 x 2) cell
optimized using interatomic potentials. In the latter case, only the lowest energy structures with one
Mg in the Ca(l) or Ca(ll) position were considered. It is noteworthy that given the large number of
inequivalent phosphate, hydroxy and calcium environments in the cell, average values have been

reported, together with the associated standard deviation.

The calculated *H and *'P chemical shifts are in agreement with the experimental spectrum.

Indeed, on average, the &i5, values shift by less than 0.6 ppm with respect to the non-substituted

23



structure, whereas the standard deviation increases, thereby reflecting the increase in linewidth of the
OH and phosphate signals on the *H and *'P NMR spectra of Mg10-HA. It is worth noting that the
shift in 8i,,(*"H) is actually always slightly smaller when Mg is incorporated in a Ca(ll) position,
meaning that "H NMR could act as additional experimental evidence of the preferential substitution

into the Ca(ll) site.

The calculated *Ca NMR parameters of the substituted species reveal that the average di
values for Ca(l) and Ca(ll) sites stay fairly similar to those in the non-substituted samples, which is
consistent with the fact that the average Ca(l)---O and Ca(ll)---O distances have not been significantly
altered by the incorporation of Mg, as indicated above (see Tables S1 and S4). In addition, this proves
definitively that our interpretation of the *Ca NMR spectrum of Mg10-HA was indeed accurate,
because the two calcium sites will remain sufficiently distinct to be resolved at 18.8 T. It is worth
noting that calculations also show that there is a larger distribution in Ca(l) and Ca(ll) environments
compared to the non-substituted samples, as reflected in the increase in the standard deviations of

Siso(*Ca), Co and .

The comparison of the calculated >Mg NMR parameters is particularly interesting. Indeed,
it appears that very different values of 8i,(*’Mg), Cq and n are obtained, according to which site Mg
has entered and which Mg-HA structure is considered. In particular, absolute Cq values ranging
between 8.6 and 12.0 MHz were found for Mg entering Ca(ll) sites, and between 5.4 and 7.5 MHz for
Ca(l) sites, which could be one of the reasons for the complicated Mg NMR spectrum obtained.
Indeed, it appears that ®Mg NMR parameters are very sensitive to the local environment of Mg, and
that even if Mg enters exclusively the Mg(ll) position, very small deviations in Mg---O bond distances,
like those reported in Tables S3 and S6, might entail strong changes in Cq values and thus in NMR
linewidths. As a result, the presence of both large and narrower components of the spectrum could
simply reflect the distribution in Mg local environments and therefore in Mg Co values in the
structure. NMR computations are thus particularly useful understanding fully the experimental data for

biomaterials like Mg-HA.
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Conclusion

The mechanism of incorporation of Mg in HA was studied using a combined experimental-
computational approach. *Ca solid state NMR and Ca K-edge XAS experiments bring evidence of the
preferential incorporation of Mg in the Ca(ll) site, which is consistent with both DFT and force field
calculations of Mg-HA structures containing up to 10% Mg, because the incorporation of the cation in
the Ca(ll) position is found to be energetically more favourable. From the computational data,
information on the structure of Mg-HA was obtained. Deformations of the HA lattice mainly occur
around the Mg, because the Mg---O bonds are much shorter than Ca---O ones. These structural changes
lead to a larger variety of environments for the phosphate and hydroxy anions, in agreement with the
experimental *H and *'P solid state NMR data. More interestingly, the calculations show that when
increasing the Mg content in the HA lattice, there is a preference for an ordered pattern of Mg ions in
alternating positions of the Ca(ll) triangles along a single OH channel. This suggests that in Mg-HA
phases, Mg cations are not randomly distributed between the Ca(ll) sites of lattice, but more probably
segregated in small sections of higher content. These structural features are likely to have a direct
impact on the properties of Mg-HA. Indeed, the preferential incorporation in the Ca(ll) position might
affect the reactivity of the hydroxy groups and thereby alter the biological responses of the substituted
HA. In addition, the local clustering of Mg within the lattice could favour localized Mg-stimulated
biological responses. Nevertheless, further computational and experimental investigations need to be
carried out on apatite compositions more similar to those found in bone, to see how the presence of
other substituents, notably carbonates, might further alter the structure of these phases. For such
substituted-HA phases, the combination of experiments like multinuclear solid state NMR, computer
simulations, and calculations of the NMR parameters of the different nuclei should also be used as a

guideline to help understand their structure and properties.
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Figure captions

Figure 1. Representation of the hydroxyapatite structure perpendicular to the crystallographic ¢ and a
axes, showing the OH™ channels and the different types of Ca ions (Ca = green, O = red, P = purple, H

= white).

Figure 2. Representation of the local environment of the cations and anions in HA, with indications on

the co-ordination distances (in A) around each ion[63] (Ca = green, O = red, P = purple, H = white).
Figure 3. *H and *P MAS-NMR spectra of Mg10-HA, recorded at 7.1 T.

Figure 4. Natural abundance “*Ca MAS NMR spectra of HA and Mg10-HA, recorded at 18.8 T.
Figure 5. Ca K-edge XANES spectra of HA and Mg10-HA.

Figure 6. Ca K-edge EXAFS and moduli of the Fourier transforms of HA and Mg10-HA. Details on

the fits can be found in Supplementary Table S1.

Figure 7. Natural abundance Mg MAS NMR spectrum of Mg10-HA, recorded at 19.6 T. The

asterisk corresponds to a spinning sideband.

Figure 8. Representation of the most stable Mg arrangement in the doubly-substituted (1 x 2 x 1) cell
(Ca = green, Mg = gray, O = red, P = purple, H = white), with indications of the co-ordination

distances (in A).

Figure 9. Representation of the energy difference (in eV) between the most stable MgHA and the rest
of the configurations in the (1 x 2 x 2) supercell substituted by a) 5 mol % Mg, b) 7.5 mol % Mg, and

¢) 10 mol % Mg.
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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Tables

Table 1 Unit cell parameters of stoichiometric HA and singly substituted Mg-HA in a (1 x 2 x 1) supercell, and

energy differences between the different structures, calculated by DFT

HA(exp) HA(calc) Mg in Mg in Mg in Mg in Mg in
Ca(lla)  Ca(llb) Ca(llc) Ca(la) Ca(lb)

[63]
Energy --- --- 0 0.10 0.13 0.14 0.14
difference
(eV)
Cell 3 122430  1230.09 1218.25 121899 121513 121498 1214.84
volume(A®)
a(h) 9.43 9.40 9.34 9.39 9.34 9.37 9.39
2b (A) 18.86 18.81 18.76 18.70 18.76 18.75 18.72
c(A) 6.88 6.95 6.95 6.94 6.95 6.92 6.92
a () 90 90 90 90 90 90 90
BO) 90 90 90 90 90 90 90
v () 120 120 120 120 120 120 120
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Table 2. Calculated NMR parameters for stoichiometric and Mg-substituted HA structures. Isotropic

chemical shifts are given in ppm. All quadrupolar coupling constants Cq are given in MHz, as absolute

values. The P, H, Ca(l) and Ca(ll) parameters are averaged over the all the different sites of the

structure, and the corresponding standard deviations are given. The intrinsic error bars for these

calculated NMR parameters can be found in the computational details.

DFT optimized structures

Interatomic potential optimized structures

NMR
parameters (1x2x1)supercell (1 x 2 x 2) supercell
HA Mg in Ca(lla) Mg in Ca(lIb) Mg in Ca(llc) Mg in Ca(la) Mg in Ca(lb) HA Mg in Ca(l) Mg in Ca(ll)
Biso(H) 02 £ 001 0.4 + 02 0.4 + 02 0.5 + 04 0.7 + 08 0.8 + 12 | 03 + 005 0.4 + 0.6 | 03 =+ 02
Siso(P) 33 + 04 3.6 + 17 35 + 11 34 + 13| 35 = 09 3.2 + 10| 28 + 04 2.8 + 10 26 £ 08
Siso(Ca(l)) 94 £ 03 156 =+ 39| 122 =+ 50| 123 + 68 | 113 =+ 71 | 119 =+ 87 | 121 <+ 14 120 + 49 | 1831 + 24
Co(Ca(l)) 20 + 02 2.2 + 02 2.0 + 04 2.0 + 03 1.9 + 06 1.9 + 04| 20 =+ 02 2.0 + 03 20 £ 02
n (Ca(l)) 08 + 01 0.5 + 03 0.7 + 03 0.8 + 02 0.7 + 03 0.7 + 01| 08 =+ 01 0.8 + 02 07 + 02
dio(Ca(ll)) | 289 + 15 266 + 52279 + 55278 + 40| 274 £ 36| 277 + 41| 299 =+ 19 300 + 36 | 299 =+ 38
Co(Ca(ll)) 1.7 £ 01 1.7 + 03 1.7 + 02 17 + 02 2.0 + 03 2.0 + 03 18 + 01 1.9 + 03 18 £ 02
n (Ca(l1)) 07 + 01 0.6 + 02 0.7 + 02 0.8 + 02 0.6 + 03 0.6 + 02| 07 <+ 01 0.7 + 02 06 + 02
Jiso (Mg) -18.2 -20.5 -24.6 -23.4 -23.8 -11.2 -7.6
Co(Mg) 10.6 12.0 8.8 5.4 7.4 75 8.6
1 (Mg) 0.2 0.3 0.1 0.5 0.9 0.9 0.6
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