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Abstract

Strontium can be substituted into calcium sublattice of hydroxyapatite without a solubility limit.
However, recent ab initio simulations carried out at OK report endothermic nature of this process. There
is also striking discrepancy between experimentally observed preference of Sr doping at Ca-II site and
the first principles calculations, which indicate that Ca-I site is preferred energetically for the Sr
substitution. In this paper we combine insights from Density Functional Theory simulations and regular
configurational entropy calculations to determine the site preference of Sr doping in the range of 0—100
at.% at finite temperatures. In addition, samples of Sr-HA are synthesized and refinement of the relevant
structural information provides benchmark information on the experimental unit cell parameters of Sr-
HA. We find that the contribution of the entropy of mixing can efficiently overcome the endothermic
Excess Energy at a temperature typical of the calcining step in the synthesis route of hydroxyapatite
(700-950°C). We observe that the most preferential substitution pattern is mixed substitution of Sr
regardless of the concentration. For a wet chemical method, carried out at a moderate temperature
(90°C), the mixed doping is still slightly favourable at higher Sr-concentrations, except the range at 20
Sr%, where Site II substitution is not restricted energetically and equally possible as the mixed doping.
We observe a close correspondence between our theoretical results and available experimental data.
Hence it should be possible to apply this theory to other divalent dopants in HA, such as Zn**, Mg*",

Pb**, Cu?", Ba®*, Cd*" etc.



1. Introduction

Hydroxyapatite (HA) mineral (Cajo(PO4)s(OH)2) is a main inorganic constituent of bone and
tooth enamel. The synthetic equivalents of the material are used e.g. in clinical orthopaedics for spacing
or filling bone defects, in femoral plugs in total hip replacement, and HA coating on metal components
for cementless fixation.! Hydroxyapatite constituting bone is a reservoir of trace ions such as Zn**, Sr**,
Mn?', F, COs*, and SiOs*, which play an important role in mediation of biological processes.>
Strontium ions, for example, decrease bone resorption by inhibiting osteoclastic activity and
simultaneously promoting bone formation by enhancing pre-osteoblastic cell replication and osteoblastic
differentiation.’ The beneficial action of strontium-doped HA has been recently demonstrated in the in
vitro experiment on the osteoblast-like cells cultured on the Sr-HA nanocrystals with 3—7 at. Sr%.* It has
been also shown that the Sr-HA material significantly influences the response of primary cultures of rat
osteoblasts resulting in higher proliferation and increased values of the differentiation parameters.’

The crystal structure of HA can be modified by substitution of foreign ions in both its cationic
and anionic sites. Because of potentially fruitful applications, a growing interest in synthesis of HA
bioceramics containing Sr and other dopants such as Zn, Mg, Mn, Si, Fe, Eu and La, has been observed
in recent years.>’ In parallel, a considerable amount of work has been devoted to understand the
mechanism of ionic preference and associated changes of the atomic arrangement in crystal lattice with
substitution of strontium.®'* In the unit cell of HA crystal there are ten sites occupied by calcium ions -
four of them, denoted Ca-I, form channels parallel to the c-axis (Site I), and the remaining six, named
Ca-II (Site II), are located around hydroxyl channels and form calcium triangles.

Interestingly, when substituting for Ca, various divalent metal cations show different site
preferences, and there is no single mechanism driving the substitution. It has been postulated that
smaller ionic radius of Zn compared to Ca is a major factor in accounting for the substantial shrinkage of
polyhedron volume when substituting Zn at the Ca Site I positions, which then favours Site II

occupancy.’® Electronegativity is another factor influencing the site preference as it determines the



balance between ionic and covalent character of the metal — oxygen bonding. The more covalent
character of the metal — hydroxyl oxygen, M-OH bond, accounts for the higher strength of the bonding.
This theory is consistent with e.g. preferential occupancy of the Ca-II site by Pb and Zn with their
electronegativities being respectively 2.33, and 1.65, compared to 1.00 for Ca.*!® The electronegativity
of Sr is close to that of Ca (0.95 vs. 1.00) so for this case, it is primarily differences in ionic radii and
associated spatial effects that need to be taken into account. As the ionic radius of Sr** is bigger than that
of Ca®" (0.112 nm vs. 0.099 nm), it can be expected that the crystal lattice of HA will expand with the
substitution of Ca®" with Sr**. In fact, structural characterizations of Sr-doped HA performed with X-ray
diffraction data and Rietveld refinement have shown a linear expansion of the unit cell of HA and no
miscibility limit has been observed for the range of substitutions from 0 to 100% of Sr.%*!!

Structural refinement of Sr-HA by Rietveld method has recently been published. Bigi et al. have
reported a preference for the Site II substitution at or above 10 at.% of Sr, while Site I was preferred at 5
at.%.° According to independent works of Zhu et al. and O’Donnell et al.'!, a preferential Sr occupancy
at Site II has been observed for HA in the range of ca. 20-80 at.% of the dopant, being the most
pronounced from 50 to 80 at.% as reported by Zhu et al. Terra et al. combined first-principles modelling
and XRD refinement to investigate systems with up to 20 at.% of Sr.'> Their results of Rietveld
refinement showed that Sr occupies Site I at the concentration below 1 at.%. The ideal statistical
occupancy ratio has been, however, observed for systems containing 5 at.% Sr, contrary to the work of
Bigi et al. The highest investigated concentration of Sr in ref. 11 was 15 at.% and here a slight
preference for the Site II substitution was found. Terra et al. also performed ab initio investigation of the
energetic preference for Sr substitution at non-equivalent Ca-I and Ca-II sites for a simulated supercell
containing 0-20 at.% Sr in solid solutions of HA. The authors found that at OK strontium prefers the Ca-I
site. Matsunaga and Murata used first-principles methods to study the Sr site preference in the whole
range of substitution, from 0-100 at.%.'* They also observed the energetic preference for doping Sr at

Site I, regardless of the concentration. The energy computed in both the ab initio works was calculated



based on relaxation of atomic positions within simulated lattice, while the unit cell parameters (size and
shape) were not allowed to relax, but held fixed. It is clear that there is no universal agreement in terms
of the preferred Sr occupancy in Ca-I and Ca-II sites of HA among experimental reports available. An
even more striking discrepancy appears when comparing experimental and theoretical results.

It is now important to combine theoretical study that approaches the experimental reality more
closely. Here we combine insights from ab initio simulations, with relaxed atomic positions and unit cell
parameters and regular configurational entropy calculations to determine the specific site preference of
Sr substitution in HA in the range of 0—100 at.% at finite temperatures. The simulated crystal structures
are fully-optimized allowing for the relaxation of atomic positions and the unit cell volume. In this way
even subtle changes in the crystal cell dimensions can be tracked as a function of dopant concentration.
According to our knowledge such an approach has not been applied to the investigated system so far.
Three theoretical sequences of doping are considered: (i) preferential substitution of Sr in Site II, (ii)
preferential substitution of Sr in Site I, and (iii) mixed substitution. In addition, polycrystalline HA
samples containing 0-100 at.% Sr are synthesized by means of a solid-state route and the relevant X-ray
data is refined by Rietveld method, providing a benchmark information on the experimental unit cell

parameters of Sr-HA.

2. Materials and methods
2.1. Experimental part

A solid-state method is used to synthesise Sr-doped hydroxyapatite (Ca(10-x)Srx(PO4)s(OH)2) with
Sr concentrations at 0, 10, 25, 50, 75 and 100 at.%. The procedure of preparing 3 g of 50% Sr-doped HA
powder (CasSrs(PO4)s(OH)2) is described briefly: 2.213 g of strontium hydroxide (Sigma-Aldrich, purity
95%), 0.191 g of calcium hydroxide (Sigma-Aldrich, purity 95%), and 2.385 g of diammonium
hydrogen phosphate (Sigma-Aldrich, purity 99.2%) was mixed with 30 mL of distilled water and 50 g of

zirconia balls (3 mm in diameter). The mixture was initially homogenised in an ultrasonic bath for 2 h at



65 °C and then milled in a ball-mill for 6 h at a rotation speed of 56 rpm. The powders were sieved,
dried in an oven for 12 h at 85 °C and calcined for 3 h at 950°C.

The structural analysis of Sr-substituted HA was carried out with a PANalytical X pert PRO-
MPD diffractometer. The X-ray diffraction patterns were recorded with Cu Ko radiation in the 2@ range
0f 20 - 60° at the step size of 0.008°/20 and the scan speed of 0.02°/s. The X-ray power used was 40 kV
with a filament current of 35 mA. To obtain statistically-relevant data, the sample holder was allowed to
rotate at the spinning speed of 15 rpm. The Reflex software (Accelrys) was used to refine crystal

structures of the samples in the 2@ range of 20 - 60° by Rietveld method.

2.2. Theoretical model and computational details
An atomistic model of hydroxyapatite crystal is constructed based on hexagonal P63 symmetry
and experimental values of the single crystal lattices of HA refined by Sudarsanan and Young (¢ = b =
9.424 A, c = 6.879 A, o= B =90.00° vy = 120.00°)."” The unit cell of HA contains 10 Ca ions. This
indicates that there are potentially 10 positions to be occupied by strontium, with four Ca-I sites located
in calcium columns and six Ca-II sites positioned around the OH groups. Models of Sr-doped HA are
built by a progressive substitution of Ca by Sr at a 10 at.% interval, ranging from 0% to 100% Sr—HA.
Three theoretical sequences of Sr-doping are considered in this work:
1. First 6 Sr atoms are substituted into Ca-II sites, then 4 Sr into the Ca-I sites.
2. First four Sr atoms are substituted into Ca-I sites followed by a substitution of 6 Sr into the
remaining Ca-II sites.
3. Mixed substitution of strontium starting from Ca-II site.
All calculations are carried out in the periodic plane wave approach using density functional
theory (DFT) in the VASP code (v. 5.2),'%2° in which valence electronic states are expanded in a set of
periodic plane waves and the interaction between the core and the valence states is treated with the

projector augmented wave (PAW) method.?’> We use the PW91 GGA exchange—correlation



functional,® a 450 eV plane wave cut-off energy, and Monkhorst-Pack grids with a 4 x 4 x 4 k-points
mesh to perform the Brillouin zone integrations for both the geometry and energy calculations. The
optimisation is performed in two steps. In the first step atomic positions are optimised in a fixed unit
cell; in the second step both, atoms and lattice constants are allowed to relax. Changes in total energy in
function of Sr substitution in HA are calculated as Excess Energy (Ex") of the solid solution SrxCa;<xHA

relative to those of the two end members CaHA and SrHA, with 100% Ca and 100% Sr, respectively:
E\E = E(Cai«SrxHA) — xE(SrHA) — (1 — x)E(CaHA) (Eq. 1)

where x is in the range from 0 to 1. Relaxation of all ionic positions is allowed until forces smaller than

0.01 eV A™! are achieved.

To calculate the influence of temperature on the mixing properties, the substitution of Ca with Sr
in the Ca-sublattice of HA was assumed to yield regular solutions, i.e. systems, in which the Free
Energy of mixing, AFmix, can be decomposed into an Excess Energy of mixing, Ex, and an ideal
Entropy of mixing, and y i being the proper molar fractions of Ca and Sr:

ASmix(iay=-nR Z(yiln(yi)) (Eq.2)
The Free Energy of mixing is thus calculated as follows:

AFmix = ExF - TASmixia) (Eq.3)

In a unit cell with 10 Ca-sites (one "mol"), there are three limiting possibilities to form solid
solutions:
1. Random mixing over Ca-I and Ca-II sites (seq. 3): all sites are available for mixing (n=10), and
the compositional parameter y in the equation for ASmixia) is identical to the molar fractions x i
of Sr and Ca in the unit cell.
2. Preferred substitution in Ca-II sites (seq. 1): first all 6 Ca-II sites are filled, and the associated
ideal entropy gain is calculated with n=6 (available sites for mixing) and a compositional

parameter y for ASmixa), that is rescaled by y=x/0.6. At x=0.6, Ca-II would be fully substituted,



thus no mixing entropy gain can be expected any more. At still higher x-values, the associated

ideal entropy gain is calculated with n=4 (available sites for mixing) and a compositional

parameter y for ASmixid), that is now rescaled by y=(x-0.6)/0.4.

3. Preferred substitution in Ca-I sites (seq. 2): first all 4 Ca-I sites are filled, and the associated ideal
entropy gain is calculated with n=4 (available sites for mixing) and a compositional parameter y
for ASmixid), that is rescaled by y=x/0.4. At x=0.4, Ca-I would be fully substituted, thus no
mixing entropy gain can be expected any more. At still higher x-values, the associated ideal
entropy gain is calculated with n=6 (available sites for mixing) and a compositional parameter y
for ASmixGid), that is now rescaled by y=(x-0.4)/0.6.

With this approach, T-dependent Free Energies of mixing have been calculated in order to
identify the thermodynamic driving forces for mixing. The choice of temperature is somewhat arbitrary,
since it depends on the cooling procedure from equilibration at 950°C down to a fictive temperature, that
finally is frozen in. We can safely assume that below 3/4 of the equilibration temperature, mobility of

ions is becoming so small, that no further equilibration will take place any more.

3. Results and discussion
3.1 Experimental unit cell of Sr-doped HA

The X-ray diffraction patterns of Ca10-x)Srx(PO4)s(OH)2 with Sr concentrations at 0, 10, 25, 50,
75 and 100 at.% confirmed presence of single-phase, crystalline materials. The B-TCP phase was not
observed in our Sr-doped HA samples. The patterns of Sr-doped HA were similar to that of pure HA,
but a slight systematic shift of all peaks to lower 20 angles with the substitution has been observed,
indicating expansion of the crystal lattice. Table 1 collates experimental parameters a and ¢ of the Sr-
doped HA crystals from our work and available literature data refined with Rietveld method. Fig. 1

shows an example Rietveld fit to the XRD pattern of our sample consisting of 50% Sr-HA.



Figure 1

A very good agreement can be seen between the refinement results from our samples, synthesized by a
solid-state method, and single-crystal data for undoped HA,'” and 100% Sr-HA,** obtained by
Sudarsanan and Young and also those from the powder refinements reported by other groups.”!""!* Our
results confirm that the unit cell of hydroxyapatite expands linearly with strontium doping in the range
of 0-100 at.%. This relationship can be described with the following equations of linear fit: a = 0.0033x

+9.4232; R*=0.994, and ¢ = 0.004x + 6.8829; R* = 0.997.

Table 1

3.2 Ab-initio simulations
Crystal structure of Ca;.SriHA

In the present work we study three theoretical sequences of Sr doping in HA. In the first step of
doping (seq. 1), a single Sr atom replaces one Ca-II atom located at the edge of the unit cell, yielding a
cell with 10 at. Sr%. In the next steps, second and subsequent four Sr atoms replace Ca in Ca-II sites.
The remaining four Ca-I sites are filled by Sr, ending with full substitution and the formation of Sr-

hydroxyapatite. Detailed order of substitution is presented in Fig. 2.

Figure 2

Our calculated unit cell parameters for the undoped HA and 100 % Sr-doped HA crystal are: a=b =
9.494 A and ¢ = 6887 A, and a = b = 9842 A and ¢ = 7.321 A, respectively, being slightly
overestimated compared to these from the experimental XRD refinements (see Table 1). All the

optimised structures match the crystal symmetry of HA, regardless of the Sr content, with average



values for o = 90.00 + 0.03°, = 89.99 + 0.05°, and y = 120.13 + 0.21°. The lattice constants of HA

elongate with increasing concentration of Sr, as it can be expected based on the higher ionic radius of Sr.

Figure 3

Fig. 3 shows changes in volume of HA unit cell in function of Sr substitution for the three
theoretical sequences considered. Experimental benchmark from our Rietveld refined XRD data is also
shown. An excess in the calculated unit cell volume of ca. 9 A3 (1.7%) is observed in the range of 0-75
Sr% compared to the experimental data; the overestimation of the volume is typical of the DFT
approach used. The calculated lattice constants and hence the volume are slightly larger, as a result of
overestimation by GGA of binding between ions. Nevertheless, the slopes of the theoretical volumes
match the experimental one and thus validate our computational approach. As it can be seen from the
Fig. 4, the lattice dimensions for the same Sr concentration varies slightly with the Site II to Site I
occupancy ratio. The smallest expansion of the unit cell is observed when Sr is doped initially in the site
I positions (seq. 2).

As the simulated crystal structures are fully optimized, hence both atomic relocations and the
related changes in the crystal lattice can be tracked when doping the unit cell with ions of different
volumes. It has been already mentioned that the ionic radius of strontium is bigger than that of calcium
(0.112 nm vs. 0.099 nm), and we observe expansion of the crystal unit cell of Sr-doped HA both
theoretically and experimentally. It is known that for the end members, 100% HA and 100% Sr-HA, the
apatite crystal symmetry is not compromised.'”** However, for their intermediates, Ca;xSrxHA, certain
distortions of the HA unit cell can be theoretically expected, resulting in lowering of the crystal
symmetry. In fact, we observe that @ and b parameters in our simulated systems do not expand

uniformly with the substitution (Fig. 4).



Figure 4

This difference is most pronounced for the initial stages of substitution from 10% to 50% of Sr
doping in Ca-II sites (seq. 1); a-axis expands here up to 0.055 A more than b-axis. In the systems
containing 50 — 90% of Sr doped in Ca-II sites (seq. 2), the expansion of b-axis is more pronounced than
a-axis. For mixed substitution (sequence 3), a-axis expands more than b in the range of 20 - 90 at.% of
Sr in HA. From the other hand a uniform expansion of a and b lattices can be observed for both the
sequences 1 and 2, when Sr is progressively doped into Site 1. It can be thus concluded that the
progressive doping of Sr into Ca-II sites causes greater expansion and distortion of the crystal structure

of hydroxyapatite than its initial systematic substitution into Ca-I sites.

Figure 5

To understand this phenomenon we have examined the effect of the Site I/Site II substitution on
the atomic arrangement in a Cao.sSro4HA system (40 at. Sr%); at this Sr concentration we observe
pronounced differences in values of the @ and b constants for the doping at Site II, contrary to equal
expansion of the a and b values at the Site I. Fig. 5 compares two supercells of the CagsSro4HA, with
four Sr atoms doped at Ca-II sites (Fig. 5a) versus four Sr doped at Ca-I sites (Fig. 5b). The c-axis view
shows more uniform distribution of Sr in the crystal lattice when the Site I is being occupied by the
dopant (Fig. 5b). In the Site I every metal cation lies between two layers of three phosphate ions. The
distances between centres of the PO4 units are shown as sides of triangles. In the Site II-doped structure
(Fig. 5a), the PO4 are at an irregular distance of 4.68-4.75 A. Meantime the Sr doping at the Site I
imposes a uniform expansion of the PO triangles up to 4.84 A. This is in good agreement with results of
Terra et al., where more local distortions of Site II than Site [ was observed with Sr doping, as computed

for a fixed unit cell up to 20 at.%.">
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The supercells are centred at a hydroxyl channel with every hydroxyl ion surrounded by three
POy units; the radii of the circles drawn in Fig. 5 determine the distances between PO4 and OH ions. An
irregular space of 3.70-3.83 A is created when Sr is doped onto Ca-II sites and the hydroxyls are slightly
slid away from the c-axis when interacting directly with Sr*". On the contrary, the PO4 tetrahedra are

uniformly shifted towards hydroxyl channels as a result of doping at Site I (OH...PO4 =3.61 A).

Based on these observations it can be concluded that Ca-I sites allow for better accommodation
of bigger ions such as Sr, as compared to Ca-II sites. This is possible through a uniform shift of the PO4
tetrahedra, surrounding Sr at the Ca-I sites, towards neighbouring hydroxyl channels. As a result, the
crystal lattice expands less in the @ and b direction compared to the Site II substitution. However, the
close proximity of the dopants in the c-axis oriented Ca-I channels (Sr...Sr = 3.57 A) results in bigger

expansion of the c-axis as seen in Fig. 4 (seq. 2).

Free Energy of mixing

Fig. 6 shows the calculated Excess Energy of the solid solution, CaioxSr<HA, for the three
theoretical sequences and the related Free Energy of mixing at three processing temperatures: (i)
equilibration temperature, Tcac=950°C, typical for the annealing/calcination step for HA synthesis in
solid-state method, (ii) the approx. fictive temperature, Tr=700°C, and (iii) the temperature at which

the wet-chemical synthesis of HA is usually carried out,'*? Tye=90°C.

Figure 6

All the relative values of Excess Energy are positive compared to the undoped HA, indicating
endothermic nature of the substitution. From comparison of the discussed sequences (Fig. 6a) it appears
that the gradual doping of strontium into Ca-I sites is less energetically demanding and thus should be

preferential over the doping into Ca-II sites in the range of 20 to 80 at.%. The preference for the mixed
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substitution locates between these two. This, however, relates to 0K and do not include a stabilizing free
energy term, -74S, provided by the entropy of mixing at finite temperature. The Excess Energies from

1.13 and Matsunaga and Murata,'* where a similar Site I

this work are consistent with those of Terra et a
preference for the doping at OK has been observed.

To calculate the influence of temperature on the site preference of Sr doping in HA lattice, we
assume that the substitutions of Sr in the Ca-sublattice of HA yield regular solutions, i.e. systems in
which the Free Energy of mixing can be decomposed into an Excess Energy of mixing and Entropy of
mixing (for the computational details refer to section 2.2). The Free Energy of mixing is plotted in
function of Sr doping concentration at Tcac=950°C (Fig. 6b), Tr=700°C (Fig. 6¢), and Tw.=90°C (Fig.
6d). Now it can be seen that the contribution of the entropy of mixing can efficiently overcome the
unfavourable Excess Energy, providing certain processing temperature.

If we consider the temperature typical of the calcining step in the synthesis route we observe that
the most preferential substitution pattern is mixed substitution of Sr according to seq. 3 (Fig. 6b and 6¢).
Considering the temperature at which low-temperature wet chemical synthesis are carried out (90°C),
the contribution of the Entropy of mixing to the stabilisation of the system is smaller but still sufficient
to neutralise the endothermic nature of the Sr substitution at least in seq. 3 at high Sr-concentrations. As
for the high-temperature process, for the wet chemical method, the mixed doping is slightly favourable,

except the concentrations at around 20 Sr%, where Site 11 substitution is not restricted energetically and

equally possible as the mixed doping (Fig. 6d).
Experiment vs. Theory
Table 2 collates Rietveld refined fractional occupancies of Sr at Site I and Site II in the range of

1-75 at.% in HA from samples synthesised by a wet chemical metchod.!!:!?

Table 2

12



The ratio of Site II to Site I is shown in the table in order to quantify excess of substitution at a site.
When the ratio equals 1, this means that the ideal statistical (mixed) occupancy has been achieved and
there is no preference in doping either into Site I or Site II. As it can be seen, at a very low amount of Sr
(1 at.%), there is clear preference of doping at Site I, while at a 5 at.% the statistical occupancy ratio is
observed. For higher amounts of Sr in the crystal lattice, there is a slight preference of Site II
substitution. The highest Site II/Site I ratio of 1.33 and 1.32 has been recorded for the doping at 15 and
25 at.%, respectively. At 50 at.% and 75 at.% the ratio is 1.15 and 1.16, respectively, indicating a
prevailing mixed substitution. This experimentally observed site preferences for Sr correspond with our
calculated Free Energies of mixing, regardless of the equilibrating temperature. The differences in the
Free Energy for the three sequences at 20 at.% are very small so the doping at Site II is much more
probable than at higher Sr concentrations, where energy barrier is expected for the Site II substitution at
50-70 at.%, and mixed substitution is more preferential. The computational approach proposed in this
work provides a substantial advance compared with previous theoretical works on the site preference of
Sr in HA at OK. The close correspondence between the experiment and theory shows the applicability of
our approach and it should be possible to apply the theory to other divalent dopants substituted in HA,
such as Mg?*, Pb?", Cu?*, Ba**, Cd**, Hg?" and Eu?’. In principle the theory could be also applicable to
other mechanisms of dopant incorporation, such as recently reported interstitial insertion of zinc ions
into hydroxyl channels of HA crystal.?® In this particular case the number of interstitial sites to be
potentially occupied by Zn in the HA unit cell must be defined, and the equations of the Excess Energy

(eq. 1) and the ideal Entropy of mixing (eq. 2) modified accordingly.

Structure and stability of CasoSrsoHA

It has been shown in our calculations that the Site I/Site II occupancy ratio of Sr influences the

energetic stability of the HA crystal structure. As the highest differences in Excess Energy are observed
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for the structures containing 50 at.% Sr, we thus decided to study various distributions of Sr in Ca-I and
Ca-II sites at this concentration. Table 3 presents calculated lattice parameters, unit cell volumes, and
relative stabilities at OK for the 50% Sr-doped HA at various distributions of strontium in Ca-I and Ca-II

sites.

Table 3

The least stable appears the system 1, where all five Sr atoms are doped into Ca-II sites. The most stable
energetically is the system 3, where two Sr are located at Ca-I and three Sr at Ca-II sites; this is in fact
the ideal mixture with the fractional occupancy ratio Sr2/Srl=1. Systems 4 and S, with the higher
content of Ca-I site occupancy, are also energetically favourable, with a difference of less than 3 kJ mol

"to the lowest energy structure 3.

Figure 7

Fig. 7 presents the most stable structural models of 50% Sr-HA (systems 3, 4, and 5). As it can
be seen, the different arrangement of Sr atoms in the lattice of HA implies certain changes in the
positions of surrounding ions. Hydroxyl ions are slightly forced out from their c-axes, but still parallel to
them. All the six phosphate (PO4>) ions preserve their tetrahedral geometry after the substitution, with
the average P-O bond length distance of 1.559 + 0.004 A, but they are tilted and rotated from their initial
positions defined by hexagonal symmetry of HA crystal. The most prominent changes can be observed
for the structure 3, possessing the lowest ground-state energy; here, the phosphate tetrahedra are more
tilted. Meanwhile, a gradual improvement of the crystal symmetry is observed when more Sr atoms
occupy Ca-I sites (structure 4 and 5), with the structure S presenting nearly undistorted arrangement of

PO, tetrahedra. Thus, certain distributions of strontium in HA lattice impose a perturbation of the

14



structural arrangement and lower the crystal symmetry. A substantial difference from crystallographic
point of view is the absence of a center of symmetry in the certain Sr-doped, lower symmetry structures
as compared to the centro-symmetric hexagonal P63 or monoclinic P2i/b crystal systems of

hydroxyapatite. Similar phenomenon has been observed by Haverty et al,?’

for undoped synthetic HA.
The authors have observed comparable distortions of phosphate tetrahedra in the DFT-optimised
structure of undoped HA and a good match of the model and the Rietveld-refined experimental XRD
pattern. Based on that, they have postulated the presence of a non-centro-symmetric lower symmetry
phase, monoclinic P21, in the synthetic HA crystal. It could be now speculated that the theoretically
predicted phosphate tetrahedral rotation, as can be observed e.g. in the structure 3, resulting in the
absence of a center of symmetry, could potentially enhance the peculiar dielectric properties of apatite

such as oelectric surface charge present in HA ceramics,”® and 0- and piezoelectricity observed
pyr gep pyr p y

recently in hydroxyapatite thin films on silicon.?

4. Conclusions

DFT simulations and Rietveld refinement of Sr-doped hydroxyapatite crystal have been carried
out in the range of 0-100 at.%, with the simulations considering the following sequences of substitution:
(i) preferential substitution of Sr at Site II, (ii) preferential substitution of Sr at Site I, and (iii) mixed
substitution. The structures were fully optimised allowing for changes in the HA unit cell volume and
shape. The unit cell parameters @ and b did not expand uniformly with the Sr doping. Whereas it has
been observed that the mixed doping and progressive substitution of Sr into Ca-II sites causes certain
distortions of the unit cell. On the other hand the gradual doping into Ca-I sites results in smaller and
uniform expansion of the a and b lattice constants. The observed smaller and undistorted expansion of
the crystal lattice can be associated with the uniform shift of the PO, tetrahedra, surrounding the Ca-I
site, towards neighbouring hydroxyl channels, allowing for better accommodation of bigger ions of Sr at

the Ca-I site.
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To determine the specific site preference in doping of calcium HA with strontium at finite
temperature, the Free Energy of mixing has been calculated from ab initio derived Excess Energy and
ideal Entropy of mixing in function of Sr content. Our Free Energy calculations indicate that given a
high-temperature calcination step in a typical synthesis route, the most energetically preferred
substitution pattern is mixed Ca-I and Ca-II substitution. For a low-temperature wet-chemical synthesis,
the contribution of the Entropy of mixing to the stabilisation of the system is smaller but still sufficient
to neutralise the endothermic nature of Sr substitution. At a temperature of 90°C the mixed arrangement
is still slightly favourable, except 20 at.%, where also Site II substitution is permitted. These results
allow for a deeper understanding of the observed experimentally preference for Sr doping in Site IT at 15
and 25 at.% as reported recently by Terra et al.!>

We have also investigated changes in stability and structure of 50% Sr-HA by simulating the Sr
doping at all possible Site I/Site II ratios. The most stable energetically appeared the ideal mixture with
the fractional occupancy ratio Sr2/Sr1=1, where two Sr atoms were located at Ca-I and three Sr at Ca-II
sites. With this arrangement of Sr in calcium sublattice, the PO4 tetrahedra were more rotated and tilted
compared to other Sr2/Sr1 ratios, imposing a crystal symmetry lowering and loss of center of symmetry.
Based on our simulations it could be envisaged that the theoretically predicted PO rotation in Sr-doped

HA can potentially enhance dielectric properties of apatite such as pyroelectricity and piezoelectricity.
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Tables:

Table 1 Comparison of lattice parameters of Sr-doped HA from Rietveld-refined experimental X-ray
diffraction data.

Sr at. (%) 0 10 25 50 75 100

9.4224 (1)* | 9.4494 (1)* | 9.5119 (1)* | 9.5908 (2)* | 9.6898 (2)¢ | 9.7450 (9)"
- 9.451° - 9.603% - -
a(A) - 9.471¢ - - - -
9.411¢ - 9.505¢ 9.596 9.659¢ 9.777¢
9.424¢ - - - - 9.745

6.8834 (1)* | 6.9171 (2)* | 6.9828 (2)* | 7.0826 (3)* | 7.1950 (3)* | 7.2688 (2)*
- 6.902° - 7.103 - -
c(A) - 6.923¢ - - - -
6.877° - 6.950° 7.054¢ 7.182¢ 7.288¢
6.879° - - - - 7.265"

“Powder refinement — this work; numbers in parentheses denote standard deviations from Rietveld analyses of the least-
significant digit

b powder refinement’

¢ powder refinement'?

4powder refinement!!

¢ single crystal refinement!”

f single crystal refinement?*

18



Table 2 Fractional (%) occupancies of Sr at Site I and Site II from Rietveld refinements.

Composition/ Fractional (%) occupancy of Sr
Location | (agoSr HA® | CassSrosHA® | CasoSrioHA® | CagsSrisHA® | CarsSrasHAY | CasoSrsoHAP | CazsSrrsHAD
Site I 1.9 4.0 9.0 12.0 19.0 48.0 69.0
Site 1T 0.1 4.0 10.0 16.0 25.0 55.0 80.0
Site II/Site 1 0.05 1.00 1.11 1.33 1.32 1.15 1.16

“Terra et al.!3
5O’Donnell et al.!!

Table 3 Distribution of strontium in Site I and Site I in 50% Sr-doped HA calculated by DFT.
Associated changes in cell volume are shown along with relative stabilities of the systems (AE*).

x Srin Site [
System name o V"E}me AE* (kJ mol ")
y Sr in Site I (A”)
x=0
1 575.7 30.5
y=35
X =
2 577.5 10.1
y=4
x=2
3 572.5 0.0
y=3
x=3
4 575.6 2.6
y=2
x=4
5 574.7 2.1
y=1
Experiment? - 564.3 -

'AE* are given relative to the lowest energy structure 3
2 Rietveld refined volume - this work

19



Figure captions:

Fig. 1 Rietveld fit to experimental X-ray diffraction pattern of 50% Sr-HA.

Fig. 2 Atomistic model of a hydroxyapatite unit cell. Atoms of calcium are numbered from 1 to 10
according to the investigated theoretical orders of Sr substitution. Sequence 1: (1), (2),...(10); sequence
2: [1], [2],...[10]; sequence 3: {1}, {2},...{10}. Ca-I — blue, Ca-II — green, O — red, P — purple, H —
white (colour on-line).

Fig. 3 Theoretical vs. experimental changes in volume of HA unit cell in function of Sr substitution.
Seq. 1: 6 Sr at Site I + 4 Sr at Site I, seq. 2: 4 Sr at Site [ + 6 Sr at Site II, seq. 3: mixed substitution.

Fig. 4 Calculated changes in a and b lattice constants (left column), and ¢ (right column) of HA for three
theoretical sequences of Sr substitution. S1 — strontium substituted in Ca-I site, S2 — strontium
substituted in Ca-II site.

Fig. 5 Crystal structure of Cag sSro4HA - top view along the c-axis. (a) Sr doped at Site II; (b) Sr doped
at Site I. Ca — green, Sr — orange, O — red, P — purple, H — white (colour on-line).

Fig. 6 Calculated excess energy (a) and free energy of mixing at (b) 950°C, (c¢) 700°C, and (d) 90°C, in
function of Sr substitution in HA unit cell. Seq. 1: 6 Sr at Site II + 4 Sr at Site I, seq. 2: 4 Sr at Site [ + 6
Sr at Site II, seq. 3: mixed substitution.

Fig. 7 The most stable energetically structural models of 50% Sr-HA with varying ratios of strontium

dopant in Ca-I/Ca-II sites: 2 Sr-I to 3 Sr-II (3), 3 Sr-1to 2 Sr-1I (4), 4 Sr-Ito 1 Sr-II (§5). Ca — green, Sr —
orange, O — red, PO4 tetrahedron — purple, H — white (colour on-line).

20



