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The purpose of this study was to determine the maximum substitution of magnesium, Mg?*, for calcium,
Ca?* sites in a beta-tricalcium phosphate (Mg-B-TCP) powder using the Rietveld method. Ca-deficient
apatite with a theoretical 0.2 Mg/Ca ratio was synthesized and the resultant powder sintered at 1000 °C
for 4h. The maximum Mg?* substitution of nearly 15mol% in B-TCP structure was deduced from the
occupancy factors. The analysis indicated that the maximum substitution of Mg2* on the M(4) and M(5)
sites was, approximately, 4.21 and 10.72 mol%, corresponding to the Cay1(Mg10.28.Mg20.11)(PO4); stoi-
chiometric formula. A small displacement of the Ca atoms position was observed around the Mg1(5)PO4
octahedral, and their increasing shift to the PO, triangles corners.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Tricalcium phosphates (TCP), Ca3(POy4),, are materials of inter-
est for orthopedic and dental applications [1]. TCP can be obtained
either by solid-state reaction or by sintering calcium-deficient
apatites. Depending on the sintering temperature, the polymor-
phic B-TCP (below 1120 °C) or a-TCP (from 1125 °C to 1430°C) can
be obtained [2,3]. Some bone graft commercial products described
as biphasic calcium phosphate, BCP, consist of an intimate mixture
of hydroxyapatite (HA) and 3-TCP [4], and are based on the higher
resorpbability of the 3-TCP compared to the HA component.

Magnesium (Mg) is one of the most abundant trace ions present
in the biological hard tissue. Mg?* can replace calcium (Ca2*)
ions in B-TCP, causing structure stability [2,3,5,6]. Mg-substituted
beta-tricalcium phosphate (e.g., Mg-B-TCP) is present in bio-
logic systems [2,5], and synthetic Mg-3-TCP has been proposed
for osteoporosis therapy [7] attaining acceptance for biomedical
applications due to the extension of 3-TCP stability caused by mag-
nesium additions [7]. As reported by Schroeder et al. [6], B-TCP
crystallizes in the rhombohedral space group R3¢, and the unit cell
contains 21 cation sites and 16 PO4 groups. Enderle et al. [8] exam-
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ined -TCP powders with Mg ranging from 0 to 20 mol% obtained
by solid-state reaction using X-ray powder diffraction combined
with the Rietveld method [9]. A maximum ~16 mol% of Mg2* sub-
stitution on Ca(4) and Ca(5) sites in the 3-TCP structure was found,
corresponding to a solid solution with (CagggMgo.14)3(PO4), com-
position.

Other method as linear-polarized infrared (IR-LD) spectroscopy
[10] can be used for structural and local elucidation of crystalline
inorganic compounds with PO4 units. The IR-band assignment of
the typical local structural PO4 units in 3-Ca3(PO4), can be pro-
posed by a comparison with the IR-characteristics of appropriate
crystalline similarity structure as Bas (VOg4), [11].

In our previous work [12], the Mg containing Ca-deficient
apatite (Mg-CDA) powder with Mg/Ca molar ratio equal to 0.20 was
synthesized by wet precipitation. The goal of these kinds of synthe-
sis is to obtain a (Ca, Mg) solid solution without the presence of a
significant amount of second phases such as stanfieldite [7]. Mg-
CDA sintering resulted in Mg-[3-TCP [12]. The sintered powder was
analyzed by the Rietveld method, using a pseudo-Voigt profile func-
tion and only one isotropic thermal parameter to describe all of the
atomic vibration of the structural model. The (CaggoMgo.1)3(PO4)2
formula was obtained, indicating that only ~55% of added Mg could
be effectively incorporated into the Mg-3-TCP cell structure [12].

In this paper, the same data was reanalyzed using a Thompson-
Cox-Hasting profile function [13] in order to determine the
maximum Mg content in the 3-TCP solid solution. The environ-
ment of sites Ca(4) and Ca(5) was evaluated and some additional
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Fig. 1. A comparison of the observed [curve (a)] and calculated [curve (b)] obtained
by powder diffraction pattern of Mg-B3-TCP. Curve (c) is the difference profile and
(S) is the diffraction due to the secondary phase, Stanfieldite.

evidences of Mg2* replacement in both M(4) and M(5) sites were
alsoreported. No attempt was made to determine, in the structural
refinement process, the position of Mg2* in the unit cell.

2. Materials and methods

Calcium deficient apatite, in which 20 mol% of Ca%* was substituted by Mg2*
(Mg/Caratio=0.2), was synthesized by the precipitation method of an aqueous solu-
tion of calcium hydroxide 1.25M [Ca(OH); ], orthophosphoric acid 2.85M [H3PO4]
and magnesium chloride [MgCl,-6H,0] at 38 °C, pH 9. The precipitate was aged for
24 hat25°C,washed, filtered, dried overnight at 40 °C, ground and sieved to 125 pm,
then sintered at 1000 °C for 4 h in the air. The sintered powder was characterized
by the use of X-ray diffraction and the Rietveld method [14] (XRD - XPERT PRO
- Panalytical) using the FULLPROF software [14]. XRD was performed with Bragg-
Brentano geometry, CuKa radiation (40 kV, 40 mA), data collected from 5-65° (26)
with the step size =0.02 and set time =5 s. These data range (260°) and step size were
adopted previously by Kannan et al. [15] in the analysis of B-tricalcium phosphate
mixtures results were compared with data from a pure 3-TCP [1] and Mg-3-TCP
data from literature [2,6,8]. The Rietveld analysis [9] modeled the background by

Table 1
Refined occupancy factors calculated for the five different Ca-sites.

Site Number of atoms/site Ion Occupancy factor
Ca(1) 18 Ca%* 1.05(1)
Ca(2) 18 Ca?* 0.95(1)
Ca(3) 18 Ca* 1.00(1)
Ca(4) 6 Mg22* 0.377(7)
Ca%* 0.123*
Ca(5) 6 Mg12* 1.00(3)

*The occupancy factor for Ca2* in M(4) site is equal to 0.5 min the occupancy factor
for Mg2

Table 2

Table 3
Occupancy of Mg in M(5) and associated structural parameters.

Crystal sample (x=0)[1] Mg-B-TCP(x=0.38) ICSD 1491 (x=0.29)[6]
Owmg’ 0.0 1.000(3) 1.000(7)

d (A)M(5)-0(4) 2.238(2) 2.05(4) 2.070(1)

d (A)M(5)-0(7) 2.287(2) 2.01(3) 2.084(1)

<> 0(4)-M(5)-0(4) 82.7(1) 88.0(2) 85.4(1)

< 0(7)-M(5)-0(7) 79.1(1) 84.1(4) 84.1(1)

*Occupancy factor for Mg2?*.

a fifth order polynomial, and the shape of the peaks by a Thompson-Cox-Hastings
function (TCHZ) [12]. A total of 59 parameters were refined.

The Mg-B-TCP structure was refined, starting from the fractional coordinates of
the ICSD1491 model data [6]. A constraint was imposed on the sums of the occu-
pancy factors for the atoms in sites M(4) and M(5) that should be equal to the
crystallographic values, e.g., 0.5 and 1.0, respectively, following the strategy used
firstly by Bigi et al. [16,17]. Only the Ca(1), Ca(2), Ca(3), M(4) and M(5) occupancy
factors were refined; this procedure was also adopted by Kannan et al. [15] when
using the Rietveld refinement of B-TCP mixtures structural models. At the end of
the refinement, the anisotropic thermal factors were fixed since they affected the
occupation ones. Moreover, no differentiation between calcium and magnesium
positions was considered. The 0° to 5° (26) refinement range was excluded to reduce
the Rw, residue, yet this region did not evidence any relevant data.

3. Results and discussion

The powder X-ray diffraction (XRD) revealed that the sintered
sample was transformed into magnesian whitlockite (Mg-[3-TCP
- JCPDS 13-0404 card) phase. Also, a non-significant amount of
secondary phase (CaMg);(PO4), (Stanfieldite) was identified in
opposition to its massive presence (13.3 + 0.2 wt%) in samples with
similar Mg/Ca ratio [8]. This difference is the consequence of the
used route. During wet synthesis, pH and temperature define the
phase in equilibrium, and some reagents may remain in solution
without being incorporated into the formed solid [2].

Although a total of 59 parameters was refined by a Thompson-
Cox-Hastings function (TCHZ) [9], the diffraction profile can be
described using only two TCHZ parameters, namely U=0.00413(0)
and Y=0.036(1). The average “full width at a half height” (FWHM)
was of 0.1346°, which corresponds to a sample with relatively
large crystals, compatible with the 1000°C sintering. The agree-
ment indices of the refinement were Ryp =0.0177, Rpragg =0.0399
and Rg=0.0260. Consequently, residual Stanfieldite phase identi-
fied on XRD patterns seems to have no significant influence on the
refinement procedure.

Fig. 1 shows the Rietveld refinement of the model adopted to
describe the real crystal structure. The a=b and c lattice parame-
ters calculated values of 1.03236 and 3.72090 nm, respectively, are
lower than the (3-TCP cell parameters without magnesium [1,8].
This contraction in lattice parameters is well known, and is due to
the substitution of Ca%* ion (1.00A) by Mg?* ion, with lower ionic

Atomic parameters (x10%) for Cas_yMgy(PO4 )2, where x=0.39 (present work) and x=0.29 [6].

Site x value Fractional coordinates Anisotropic thermal parameters
X y z By B2 Bss B1z B3 Bas
Ca(1) 0.39 —2716(7) —1454(6) 1678(8) 185 18.7 1.0 10.1 -0.2 -0.7
0.29 —2730(1) —1420(1) 1665(1) 75(1) 76(1) 70(1) 41(1) —3(1) -11(1)
Ca(2) 039 -3766(1) —1775(0) —345(4) 214 16.3 1.1 8.4 -14 -0.3
0.29 —3840(1) -1769(1) —348(1) 87(1) 66(1) 75(1) 34(1) —24(1) -5(1)
Ca(3) 0.39 —2746(2) —1469(4) 595(4) 75.6 36.7 2.0 429 -6.1 -4.7
0.29 —2738(1) —1480(1) 595(1) 307(1) 149(1) 140(1) 174(1) -103(1) -79(1)
M(4) 0.39 0 0 —725(1) 313 313 1.9 15.8 0 0
0.29 0 0 —780(1) 127(1) 127(1) 134(1) 64(1) 0 0
M(5) 0.39 0 0 —2646(7) 10.3 10.3 0.6 52 0.0 0.0
0.29 0 0 —2652(1) 42(2) 42(2) 44(3) 21(2) 0 0
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Fig. 2. Plots of the atomic positional parameters from Mg-B-TCP (x=0.39 and
x=0.29): (a) x-coordinate (b) y-coordinate and (c) z-coordinate.

radius of (0.72A). According to Enderle et al. [8], initially Ca(5)
site is occupied up to 10 mol% Mg2*, followed by the occupation
of Ca(4). With the replacement of Ca(4) by Mg2*, the c parameter
starts increasing, yet remains lower than [3-TCP. Instead of Ca(4)
and Ca(5) sites, the M(4) and M(5) nomenclature, respectively, is
frequently used to indicate the presence of a second ion in these
calcium sites.

Fig. 3. A view from direction [010] for (a) B-TCP [1], and (b) Mg-B-TCP
(~15.00 mol%Mg?2*). Small circles represent O atoms and Ca atoms are represented
by large circles. There is a small displacement toward the Ca atoms position (O)
around the Mg1(5)PO4 octahedral and an increasing shift of the Ca atoms (+) to the
corners of the POy triangles. (Plot program: Struplo 1996, 2005 version).

Table 1 shows the atomic occupation site of each calcium atom
as well as the respective calculated occupancy factor. The Mg1 and
Mg2 calculated occupancy factors, equal to 1.00(3) and 0.377(7),
respectively, are in good agreement with the occupancy factors val-
ues at the maximum structural replacement by Mg2* on the M(4)
and M(5) obtained by Enderle et al. using the Mg-(3-TCP reference
synthesized with 20 mol% Mg by solid-state reaction [8].

The total number of atoms is equal to »_ (number
of atoms x occupancy factor), resulting in 54.738 and 8.262
atoms for Ca and Mg sites, respectively. The formula Cazgq
(Mglg28Mg20.11) (PO4), equivalent to Casz_yMgy(POg4),, where
x=0.39 or (Capg7Mgp.13)3(PO4); was then obtained. This cor-
responds to a 0.15 Mg/Ca ratio, which means the Ca2* sites
substitution for around 15.00 mol%Mg2* in the TCP structure. More-
over, the maximum substitution of Mg2* on M(4) and M(5) sites was
of, approximately, 4.21 and 10.72 mol%, respectively. Exceeding
15.00 mol%Mg?* will result either in un-reacted magnesium chlo-
ride (in solution bath), Mg adsorbed on calcium phosphate surface
or even the precipitation of Mg-rich phase, such as Stanfieldite.

Table 2 shows the atomic parameters for the Mg-3-TCP with
x=39(15.00 mol¥Mg?*) and data from Schroeder et al. [6] for x=29
(11.00 mol%Mg?*). Differences in the atomic position parameters
from Mg-3-TCP with 15 and 11 mol% Mg structural were lower than
5.3% for x-coordinate, 7.8% for y-coordinate and 3% for z-coordinate,
compatible with the structural similarity for both Mg-TCP samples.
Therefore, differences in the atomic positional parameters from
Mg-[3-TCP and literature reference [6] are small, resulting in larger
coincidence with the atomic parameters reported by Schroeder et
al. [6]. The atomic positional parameters plot was approximately
linear, with declivity near the unit, Fig. 2.

Besides, Table 2 also shows that the thermal parameters (or dis-
placement parameters) for Ca atoms were smaller when compared
with the reference [6]. Moreover, the larger thermal parameters
for M(4) reference [6] seem to indicate an extensive nonexpected
thermal vibration, due to the lower occupancy factor ~0.5 of this
site. The anisotropic displacement parameters can be visualized as
ellipsoids where the atoms are located, typically at the 50% proba-
bility level; so there is a certain doubt concerning these positions.
In this sense, our results indicated that only the Ca(1) of Mg-3-TCP
thermal parameters did not present a physical meaning, since it
would form a flat thermal ellipsoid. Fortunately, the main items
of our investigation are the atomic positions (Table 2), and occu-
pancy factors that are used to estimate the distribution of Mg2*
ions over the M(4) and M(5) sites (Table 1), in good agreement
with the references [6,8]. The significant changes noticed in a (=b)
and c cell parameters are other important evidences of the Mg%*
ions incorporation into the [3-TCP structure.
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Table 3 shows that, comparing with the sample without Mg, the
cation-oxygen coordination distances M(5)...0(7)and M(5)...0(4)
become shorter and closer, and the O...M(5)...0 angles tendency
toward 90° when M(5) sites are filled with Mg2*, in good agree-
ment with Schroeder et al. data [6]. Plotting these data (Fig. 3), we
can observe a small displacement toward the Ca atoms position
(marked in its center with small square) around the Mg1(5)POg4
octahedral and an increasing shift of the Ca atoms (marked in its
center by small cross) to the corners of the PO4 triangles as a con-
sequence of the Mg incorporation into the 3-TCP structure.

4. Conclusion

The new refinement confirms that Mg2* fills the M(5)site
and partially the M(4) site of Mg-3-TCP obtained by sintering
magnesium-containing calcium-deficient apatite with Mg/Ca ratio
equal to 0.20. The value of nearly 15.00 mol%Mg?* in 3-TCP struc-
ture could be deduced from the estimated values of the occupancy
factors, indicating that the maximum substitution of Mg2* on M(4)
and M(5) sites was, approximately, 4.21 and 10.72 mol%, respec-
tively. Other partial evidences that the M(5)-sites were completely
filled with Mg2* are the short distances of the M(5)...0(4) and
M(5)...0(7) and the increase in O...M(5)...0 angles approaching
90°, compared with Mg-free 3-TCP. The approximately stoichio-
metric formula Cayg1(Mglg28 Mg2.11)(PO4), was proposed for
the Mg-[3-TCP crystal from the refined occupancy factors. With the
maximum substitution of Mg on M(4) and M(5)-sites in the 3-TCP
lattice, a small displacement toward the Ca atoms position, around
the Mg1(5)PO4 octahedral and an increasing shift of the Ca atoms
to the corners of the PO4 triangles was observed.

Acknowledgments

The authors are grateful for financial support from CNPq, CAPES
and FAPER].

References

[1] M. Yashima, A. Sakai, T. Kamiyama, A. Hoshikawa, Crystal structure analysis of
- tricalcium phosphate Cas (PO4); by neutron powder diffraction, Journal of
Solid State Chemistry 175 (2) (2003) 272-277.

[2] R.Z.LeGeros, Calcium phosphates in oral biology and medicine, in: H.M. Myers
(Ed.), Monographs in Oral Science, 15, Karger AG, Basel, Switzerland, 1991, pp.
1-60.

[3] A. Ito, R.Z. LeGeros, Magnesium- and zinc-substituted beta-tricalcium phos-
phate materials, in: M. Vallet-Regi (Ed.), Progress in Bioceramics, Trans Tech
Publications, Zurich, 2008, p. p. 85.

[4] G. Daculsi, R.Z. LeGeros, Tricalcium phosphate/hydroxyapatite biopha-
sic calcium phosphates, in: T. Kokubo (Ed.), Handbook of Bioceramics
and their Clinical Applications, Woodhead Publishing Ltd., London, 2008,
p. p-395.

[5] R.Z. LeGeros, G. Daculsi, R. Kijkowska, B. Kerebel, The effect of magnesium
on the formation of apatites and whitlockites, in: Y. Itokawa, ]J. Durlach
(Eds.), Magnesium in Health and Disease, John Libbey, New York, 1989,
pp. 11-19.

[6] LW. Schroeder, B. Dickens, W.E. Brown, Crystallographic studies of the role
of Mg as a stabilizing impurity in 3-Ca3(PO4); 1. Refinement of Mg-containing
3-Cas (PO4),, Journal of Solid State Chemistry. 22 (1977) 253-262.

[7] R.Z. LeGeros, D. Mijares, F. Yao, S. Tannous, G. Catig, Q. Xi, R. Dias, ].P. LeGeros,
Synthetic bone mineral (SBM) for osteoporosis therapy: Part 1 - Prevention of
bone loss from mineral deficiency, Key Engineering Materials. 361-363 (2008)
43-46.

[8] R. Enderle, F. Gotz-Neunhoeffer, M. Gobbels, F.A. Muller, P. Greil, Influence
of magnesium doping on the phase transformation temperature of 3-TCP
ceramics examined by refinement Rietveld, Biomaterials 26 (17) (2005)
3379-3384.

[9] H.M.Rietveld, A Profile refinement method for nuclear and magnetic structures,
Journal of Applied Crystallography 22 (1967) 65-71.

[10] T. Kolev, B.B. Koleva, B. Schivachev, Oriented solids as a colloid suspension in
nematic liquid crystal - new tool for IR-spectroscopic and structural elucida-
tion of inorganic compounds and glasses, Inorganica Chimica Acta 361 (2008)
2002-2012.

[11] B. Dickens, LW. Schroeder, W.E. Brown, Crystallographic studies of the role
of Mg as a stabilizing impurity in B-Cas(PO4),. The crystal structure of pure
3-Ca3(POy4)2, Journal of Solid State Chemistry 10 (3) (1974) 232-248.

[12] M.S. Sader, E.L. Moreira, V.C.A. Moraes, ].C. Aratjo, R.Z. LeGeros, G.A. Soares,
Rietveld refinement of sintered magnesium substituted calcium apatite, Key
Engineering Materials 396-398 (2009) 277-280.

[13] P. Thompson, D.E. Cox, J.B. Hastings, Rietveld refinement of Debye-Scherrer
synchrotron X-ray data from Al,0Os, Journal of Applied Crystallography 20
(1987) 79-83.

[14] ]. Rodriguez-Carvajal, FullProf2000. The LLB Powder Diffraction Software Site.
[Online]. Available: http://www-l1lb.cea.fr/fullweb/. [Accessed: Jan. 10, 2009].

[15] S.Kannan, F. Goetz-Neunhoeffer, ]. Neubauer, J.M.F. Ferreira, Ionic substitutions
in biphasic hydroxyapatite and B-tricalcium phosphate mixtures: structural
analysis by rietveld refinement, Journal of the American Ceramic Society 91
(2008) 1-12.

[16] A. Bigi, A. Ripamonti, S. Briickner, M. Gazzano, N. Roveri, S.A. Thomas, Struc-
ture refinements of lead-substituted calcium hydroxyapatite by X-ray, Acta
Crystallography B45 (1989) 247-251.

[17] A. Bigi, G. Falini, M. Gazzano, N. Roveri, E. Tedesco, Structural refinements
of strontium substituted hydroxyapatites, Materials Science Forum 278-281
(1998) 814-819.



