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Abstract: Strontium-substituted Cajo(POy4)s(OH), hydroxyapatite (HAp) powders, with Sr wt%
concentrations of 2.5, 5.6 and 10%, were prepared by a solid-state synthesis method. The chemical
composition of the samples was accurately evaluated by using inductively coupled plasma (ICP)
spectroscopy. The morphology of the samples was analyzed via optical microscopy, while structural
characterization was achieved through powder X-ray diffraction (PXRD) and infrared (FTIR) and
Raman spectroscopy. The PXRD structural characterization showed the presence of the Sr dopant in
the Cal structural site for HAp with a lower Sr concentration and in the Ca2 site for the sample with a
higher Sr concentration. FTIR and Raman spectra showed slight band shifts and minor modifications
of the (PO4) bands with increasing the Sr doping rate.

Keywords: hydroxyapatite; strontium; solid-state synthesis; PXRD; FTIR; Raman

1. Introduction

Hydroxyapatite Cajo(PO4)s(OH)2 (HAp) is a calcium phosphate phase widely investi-
gated in materials science owing to its interesting properties of biocompatibility, bioactivity
and osteoconductivity with human biosystems, mainly due to its analogy with the mineral
components of hard tissue, such as bones and teeth [1]. HAp, which naturally crystallizes
predominantly in the hexagonal space group P63/m, is well known for the high flexibility
of its structure [2], allowing cationic substitutions in Ca?* sites, including monovalent
(Na*, K*, etc.), bivalent (e.g., BaZ*, Mg2+, and Fe?*) and trivalent (e.g., AI¥*, Ga®*, and Bi®*)
cations; anionic substitutions in either phosphate or hydroxyl positions, with HPO4 and
CO; replacing the phosphate group or As and V replacing P; and halogen substitutions
(F~ and C17) in the (OH)~ site [3]. This wide range of substitutions gives rise to many
synthetic materials employed in several applications. We mention just a few HAp prod-
ucts: bioactive coating materials on titanium bone implants [4]; treatment of bone tumoral
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pathologies [5]; maxillofacial applications to support bone growth and remodeling [6]; drug-
delivery nanoparticles in personalized medicine applications [7]; anti-mycotic agents [8].
HAp, in which rare earth cations (RE) partially replace Ca?* ions, shows significant lumi-
nescent properties [9,10] and results in being an excellent material compatible with living
tissues [11]. Moreover, optical properties have been recently exploited for another class of
calcium phosphates, i.e., 3-tricalcium phosphate Ca3(POy); (3-TCP), doped with different
RE cations, which are RE from La (Z = 57) to Lu (Z = 71) [12-14].

In the last few years, there has been a rising interest in the study of strontium-
substituted hydroxyapatites. Strontium is typically associated with beneficial effects on
bone tissue metabolism and osteoporosis treatment [15], although in some particular cases,
i.e., in the treatment of postmenopausal osteoporosis, the occurrence of cardiovascular
side effects were observed [16]; mechanisms of distribution of strontium in bone were
reviewed by [17]. Analogously to bone applications, Sr-HAps are largely applied for teeth
repair and cure. For example, they are employed in cement pastes for enhancing dentin
remineralization [18], and in general, they are studied for their antibacterial properties [19].
Such biocements are often made by a biphasic calcium phosphate combination of HAp
with 3-TCP, given that it was observed that the addition of 3-TCP enhances the poor
mechanical properties of synthetical hydroxyapatite [20]. The applications of Sr-HAp in
oral care products are also worthy of mention, such as tooth whitening, oral biofilm and
toothpaste [21], while the substitution of Sr in Ag/Sr-HA nanoparticles can effectively
alleviate the negative effects of Ag and enhance the biological activity of HAp [22]. In
addition, the biological activity of Sr-substituted HAps coated on different scaffolds, e.g.,
magnesium alloys [23], titanium components [24] and poly(l-lactic acid) (PLLA) [25], has
been highlighted, and the HAp biocompatibility has been improved for possible clinical
applications. From a structural point of view, Sr** has been shown to enter into both
Ca?* cationic sites of HAp (nine- and seven-coordinated) due to the non-negligible ionic
radius difference (Ca2* =1.00 A, Sr2* = 1.18 A), with a preference for the Cal site at low Sr
concentration and for the Ca2 site at high Sr concentration (5% at.) [26]; the presence of Sr?*
results in a general perturbation of the lattice, increasing cell parameters and modifying
the mean size of crystal domains [27]. Lastly, about the different synthesis methods for
hydroxyapatite compounds, in a previous work by us, we have observed how the degree
of HAp crystallinity increased with solid-state reactions unlike wet chemistry methods [9].

The aim of the present work is to synthesize low-Sr-content HAp powders (dopant
wt% concentrations of 2.5, 5.6 and 10%) and to provide an extensive multimethodological
characterization based on morphological investigation via optical microscopy, chemical in-
vestigation via inductively coupled plasma (ICP) spectroscopy and structural arrangement
by powder X-ray diffraction (PXRD), completed by Rietveld refinement, Fourier transform
infrared (FTIR) and Raman vibrational spectroscopies. This paper contributes to effectively
clarifying studies related to the structural characterization of HAps to enable their possible
advanced applications.

2. Experimental

A solid-state reaction process was carried out for synthesizing a single phase of
pure hydroxyapatite (HAp) and strontium-doped hydroxyapatite (Sr-HAp). A mix of
homogeneous and stoichiometric quantities of calcium and phosphorous powders as
precursors was used in pestle and mortar; HAp powder was prepared by mixing the
compositions of the calcium and phosphorous at a molar ratio 1.67. A mixture of powders
of CaCO3; (MW = 100,089 g/mol, 40.04% Ca), CaHPO4 (MW = 136,082, 22.76% P) and
S5rCO3 (MW = 147.63, 59.35% Sr) was pressed uniaxially into pellets 2 mm thick and 13 mm
in diameter under a load of 1.75 t for 40 s. All chemicals used were purchased from
Sigma-Aldrich, St Louis, MO, USA, with a purity higher than 98%. Finally, the pellets
were sintered at 1250 °C for 12 h in a Nabertherm programmable furnace to enhance the
interfacial bonding and the rate of diffusion of ions and crystallize the product. Heating
rates of 20 °C/min (20-200 °C), 13 °C/min (200-1250 °C) and 12 h at 1250 °C and a cooling
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rate to room temperature of 5 °C/min were adopted. The samples, with theoretical Sr
weight percentages of 0 (i.e., pure HAp), 2.5, 5.6 and 10%, were relabeled all along the text
as Dop0, Dop1, Dop2 and Dop3, respectively. Reactions achieved for Dop0 synthesis are
as follows:

6CaHPO4 + 4CaC03 = Calo(PO4)6(OH)2 + 4C02 + 2H20 (1)

Reactions achieved for Dop1-3 syntheses are as follows:
6CaHPOy + (4 — x)CaCOj3 + xSrCO3 = Cajo_xSrx(PO4)6(OH), + 2H,0 +4CO,  (2)

Accurate chemical analysis performed using inductively coupled plasma-optical
emission spectrometry ICP-OES (PerkinElmer OPTIMA 2000™ DV, Co. Ltd., Shelton,
CT, USA) provided total concentrations of Ca, P and (for Dop1-3) Sr ions in the powder
samples, previously subject to acid dissolution (see below). The samples, after drying,
were in the weight range of 100~110 mg and were dissolved in 5 mL of 65% (v-v~!) nitric
acid and ultrapure water (up to 100 mL) for Dop0 and Dopl samples and 5 mL of 65%
(v-v~1) nitric acid with 3 mL of aqua regia and ultrapure water (up to 100 mL) for Dop2
and Dop3 samples. Aliquots of each of these solutions were diluted and brought to volume
in a 100 mL volumetric flask containing the internal standard (1 mg-kg ! of yttrium) in 3%
(v-v~1) nitric acid or aqua regia. The calibration was checked using the external standard
method with multielement (Ca, P and Sr) solutions ranging from 0.01 to 10 mg L~!in a
3% (v-v~1) nitric acid aqueous solution (for Dop0 and Dop1) or 3% (v-vh aqua regia (for
Dop2 and Dop3) with correlation coefficient R? > 0.9999 and RSD < 5%. All samples were
analyzed in triplicate. ICP-OES results are shown in Table 1.

Table 1. Weight percentages (wt%) of Ca, Sr and P and (Ca + Sr)/P molar ratios for the solid-state-
synthesized HAp samples, obtained by ICP-OES.

Sample/Element Ca P Sr (Ca + Sr)/P
wit% wt% wit% molar ratio
Dop0 36.18 16.87 0.00 1.66
Dop1l 36.86 18.13 2.36 1.62
Dop2 29.94 15.00 417 1.64
Dop3 30.10 16.50 8.26 1.59

Optical microscopy: morphological observations on all HAp samples were carried
out using Morphologi G3 Malvern Panalytical (Malvern Instrument Ltd., Enigma Business
Park, Groevewood Road, Malvern, Worcestershire, UK), equipped for the measurement
of particle size and particle shape from 0.5 um to several millimeters. The optical system
accounts for a system of an analyzer and polarizators, which can be manually integrated
within the optical circuit. Scan mode is realized through piezoelectric motors which assure
the x-y-z movements with an accuracy better than 1 um and repeatability at the level of
1 um. Particle size distribution analysis was performed through the dedicated software
Morphologi G3 (User manual, issue 5, version MAN0410).

PXRD data were collected at room temperature by using an automated Rigaku
RINT2500 diffractometer (50 KV, 200 mA in Debye-Scherrer geometry) equipped with the
silicon strip Rigaku D/teX Ultra detector. An asymmetric Johansson Ge (111) crystal was
used to select the monochromatic Cu Koy radiation (A = 1.54056 A). The main acquisition
parameters are reported in Table 2. The angular range of 8-120° (20) (10-100° for the
undoped HAp sample) was scanned with a step size of 0.02° (20) and counting time of
4 s/step. Measurements were executed in transmission mode by introducing the sample
within a special glass capillary with a 0.5 mm internal diameter and mounted on the axis of
the goniometer. A capillary spinner was used during measurements to reduce the effects
of the preferred orientation of crystallites. The determination of the unit cell parameters,
the identification of the space group, the structure solution and the model refinement via
the Rietveld method [28] were carried out by the EXPO2013 software [29], a package able
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to automatically execute the full pathway of the powder solution process. In particular,
the indexation of powder diffraction patterns was obtained through the N-TREOR09 soft-
ware [30] integrated into the EXPO2013 suite. Qualitative analysis of XRD spectra was
executed through QUALX2.0 software [31] using the commercial PDF-2 database [32] and
the free POW_COD database [31]. Further details of the crystal structure investigations may
be obtained from the joint CCDC/FIZ Karlsruhe online 2213306 (Dop0), 2213310 (Dop1),
2213304 (Dop2) and 2213308 (Dop3).

Table 2. Acquisition and structure refinement parameters for HAp samples. FMLS: Full-Matrix
Least Square.

Dop0 Dopl Dop2 Dop3
Ref. formula Ca1(PO4)6(OH), Cag.95510.02(PO4)s(OH)2  Cag.g65Sr0.04(PO4)6(OH)2  Cag g4510.16(PO4)s(OH)2
Formula wt. 1004.61 1005.98 1006.38 1019.71
Color Colorless Colorless Colorless Colorless
T (K) 293 293 293 293
A (A) 1.54056 1.54056 1.54056 1.54056
20; step (°) 10-100, 0.02 8-120, 0.02 8-120, 0.02 8-120, 0.02
Crystal system Hexagonal Hexagonal Hexagonal Hexagonal
Space group P63 /m P63 /m P63 /m P63 /m
a=b(A) 9.41614(14) 9.42402(6) 9.42265(2) 9.44904(14)
c(A) 6.8816(2) 6.89026(10) 6.89277(6) 6.9150(2)
V (A% 528.40(2) 529.96(1) 529.99(1) 534.69(2)
Z; peate. (Mg-m~3) 1;3.107 1;3.152 1;3.153 1;3.094
Refinement FMLS FMLS FMLS FMLS
Bragg refl. 213 291 291 291
Rp; Raup; Rexp (%) 4.79; 8.04; 4.36 3.14;,5.17,4.91 4.12; 6.58; 5.07 3.52;5.28;4.72

Fourier-transformed infrared (FTIR) spectra in the spectral range of 400-4000 cm !
(resolution 4 cm 1) were registered on a Shimadzu Prestige-21 FTIR instrument (Shimadzu
Scientific Instruments, 7102 Riverwood Drive, Columbia, MD, USA) equipped with an
attenuated total reflectance (ATR) diamond crystal accessory (Specac Golden Gate). The
spectral resolution was <1 cm~1.

Micro-Raman spectra were acquired by means of a LabRAM HR Evolution Horiba
(Horiba Advanced Techno, 2 Miyanohigashi-cho, Kisshoin 601-8551 Minami-ku, Kyoto,
Japan) spectrometer equipped with a binocular Olympus microscope, a He-Ne laser
(632 nm), an ultra-low frequency (ULF) filter, 600 and 1800 g/mm gratings and a Peltier-
cooled CCD detector. Spectra were collected in the 300-1200 and 3500-3700 cm ! ranges on
pressed powders of the HAp samples using a 100x objective and an exposure time of 120 s
and averaging two repeated acquisitions. Spectra were calibrated using the 520.5 cm ! line
of a silicon wafer.

3. Results and Discussion
3.1. Morphological Investigation

Optical microscopy investigation of pure and Sr-doped HAp samples showed the
presence of grains with irregular morphology, usually subspherical (Figure 1a—d) and in
some cases up to prismatic (Figure 1d), with sizes usually ranging from 1 to 10 um; in rare
cases, we observed larger grains over 10 and 20 um (Figure 1b,c). The morphology of the
present Sr-doped HAp samples is in good agreement with the findings reported in [33].
Moreover, a particle size distribution analysis was performed, owing to the method of
‘scanning optical microscopy’ (Morphologi G3, Malvern Instrument Ltd., Enigma Business
Park, Groevewood Road, Malvern, Worcestershire, United Kingdom), based on the scan-
ning of a large number of particles randomly disposed on a mount transparent to visible
light. Particles are first photographed, after which the dedicated software Morphologi G3
measures the dimensions of each particle, normalizing them to a sphere (‘circle equivalent’—
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CE). Experimental CE diameter distribution curves of HAp samples (curves obtained from
smoothing by an average of 29 readings) are reported in Figure 2. The CE distribution
confirms the observed trend for particle size, with values in the range of 1-10 um quite
recurrent in the four samples. We only observed some specific features in these trends in
Dop0 and Dop3 samples: Dop0 shows a higher occurrence (%) at about 3-5 um, slightly
larger than the other three samples, while the Dop3 sample shows a higher occurrence
at about 5-20 um (Figure 2). We may suppose that the increasing Sr concentration in the
samples enables the particle distribution at this size range.

Figure 1. Optical microscopy photos of HAp samples: Dop0 (a); Dop1 (b); Dop2 (c); Dop3 (d).
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Figure 2. ‘Circle equivalent’ (CE) diameter distribution curves of HAp samples: the curves are
obtained from the smoothing by average of 29 readings.

3.2. X-ray Diffraction Study

For all the HAp samples under investigation, the crystal structure solution steps,
from indexing to structure model refinement, were achieved by using the EXPO2013
software [29]. The indexation of the powder diffraction patterns was obtained through
the N-TREORO9 software [30]. Crystallite size (nm) was evaluated from the diffraction
peak at 25.86° 260 in the experimental pattern using the Scherrer equation T = KA/ 3cos6.
Crystallinity (%) was achieved according to [34]. Results are reported in Table 3.
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Table 3. Crystallite size (nm) and crystallinity (%) for HAp samples under investigation.

Parameter Dop0 Dop1l Dop2 Dop3
Crystallite Size (nm) 136.7 128.8 127.7 96.2
Crystallinity (%) 92 91 91 86
HAp (%) 99.4 - - -
Sr-HAp (%) - 99.7 99.9 60.7
CaO (%) 0.6 0.3 0.1 -
B-TCP (%) - - - 39.3

All the PXRD patterns of pure and Sr-doped HAp powders consist of well-defined
sharp peaks of the HAp phase (JCPDS, PDE-2, 00-089-6438) [35], with a very small amount
of the CaO secondary phase (JCPDS, PDE-2, 00-078-0649) [36] in Dop0, Dop1 and Dop2 sam-
ples, as identified by the QUALX2.0 package [31] using the commercial PDF-2 database [32]
and the free POW_COD database [31] and also quantified using the Rietveld method in
EXPO2013 (Table 3). The sample Dop3 shows a high concentration of the 3-TCP additional
phase (JCPDS, PDEF-2, 00-070-2065) [37]. HAp, CaO and TCP diffraction peaks appear in
the observed powder PXRD spectra of the samples reported in Figure 3a,b.

a
Dop0
Dop1
G Dop2
=1
L3
E 1 1 1 1 1 1 1 1 1
p 37 38 39 54 55 56
S
£
1 1 1 1 1 Ab M
10 20 30 40 50 60 70 80 90 100
20(°)
T T T T T T T T T T T T T T T T T
b T T T T T T T
HAp
——Dop3 HAp
w e
—_ I 4 S |'~_/" IIKI\C_PJI ,"\_,,_F__J‘K"_J'I”L
3. 1 1 1 1 1 1 1
s 31 32 33 34
o
"
[
3
=
J\ TCP TCP
~LLL oWl
: ; 3 ; t Ul v'lulkf L. llybiJk.JA.\“Ml‘AJh‘m'ugNw_dTJ‘J‘MMILh».‘T\JVL’LlNUUL\Tw‘A\.-\JLI

10 20 30 40 50 60 70 80 90 100
20(°)
Figure 3. Observed PXRD profiles of Dop0, Dopl and Dop3 (a) and Dop3 (b); insets: the most
significant diffraction peaks corresponding to CaO (JCPDS, PDF-2, 00-078-0649) [36] (a) and B-TCP

(JCPDS, PDEF-2, 00-070-2065) [37,38], both compared with the closest HAp (JCPDS, PDF-2, 00-089-
6438) [35,39] peaks.
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Concerning the occurrence of 3-TCP in the Dop3 sample, we have to premise that
the pure HAp phase is thermally stable, but after 850 °C, at a low H,O partial pressure,
the formation of the dehydrogenated-phase Cajo(PO4)sO oxyapatite is observed by [40].
At 1050 °C, oxyapatite decomposes into TCP and Ca4(POy),0O tetracalcium phosphate
(depending on the water partial pressure) [40].

The occurrence of the TCP phase depends on the (Ca + Sr)/P ratio of the HAp sample:
if it is lower than 1.67, the following reaction, corresponding to the decomposition (in the
375-600 °C range of temperature) of CaHPQy, is reported in [41]:

2CaHPO4 — Ca2P207 + HzO (3)
Similarly, in the same range of temperature, the following reaction is reported in [41]:
CaCO3 + Ca,P,Oy = Ca3(PO4)2 + CO, (4)

The first reaction did not produce any secondary phase detected by PXRD analysis
in the present HAp samples even if the presence of calcium diphosphate was revealed by
Raman spectroscopy, as later discussed. The second reaction can lead to the formation of
-TCP within HAp samples, as moreover observed in other high-temperature syntheses of
hydroxyapatite [9,10]: a noticeable occurrence of 3-TCP in HAp, as observed in the present
Dop3 sample, was described from [42], characterizing biphasic (HAp + 3-TCP) calcium
phosphate ceramics.

With the increase in T over 1000 °C, the following reaction is conceivable:

Cayg_xSrx(PO4)g(OH), + CasP>O7 = (4 — x) Caz(POy); + xCaySr(PO4), + HYO (0 < x < 4) 5)

These three reactions are related to the instability of calcium-deficient/nonstoichiometric
HAp, showing a complex decomposition behavior depending on its initial composition. In
the latter case (Equation (5)), the Ca;P»O; phase could subtract Ca and contribute to the
massive formation of 3-TCP. The isostructurality among 3-TCP [38] and CaSr(POy), [43]
leads to difficult qualitative peak assignment in PXRD analysis. Examples of HAp/3-TCP
biphasic are known in the literature, and for instance, 3-TCP is added to HAp in order
to counter the intrinsic brittle nature of the same hydroxyapatite: the resulting materials
are promising bone substitute media [20], which, specifically when doped with strontium,
become osteoporotic bone regeneration media [44].

Moreover, the Sr-Ca (partial) substitution leads also to a lattice expansion (see Table 2)
due to the larger Sr atom (1.18 A) substitution for the smaller Ca atom (1.00 A). This
substitution reflects the changes depending on the Sr content in peak positions within
the spectra: a constant weak shift is generally observed toward decreasing 26 value as
a function of Sr fraction. As an example, the most intense HAp peak moves in the four
samples from 26 = 31.78° (Dop0) to 31.73 (Dop1), 31.70 (Dop2) and 31.65 (Dop3), and such
gaps are mainly conserved all along the spectra as depicted in Figure 4 also for HAp peaks
at 32.18° and 32.92° (values for Dop0 sample).

The lattice expansion is in agreement with the behavior of HAps doped with a higher
strontium content, as reported in [45], where authors investigated a series of Sr-substituted
HAps by PXRD analysis with Rietveld refinement, highlighting a linear increase in all
parameters of the P63/m HAp unit cell, i.e., a, c and V: as an example, we report the cell
volume change from pure Ca-HAp to pure Sr-HAp with intermediate stages described
by [45]: V =527.5 A3 for Ca = 1.00 (Sr = 0), V = 543.8 A3 for Ca = 0.75 (Sr = 0.25), V = 562.6 A3
for Ca = 0.50 (Sr = 0.50), V = 580.3 A3 for Ca = 0.25 (Sr = 0.75) and V = 603.3 A for Sr = 1.00
(Ca =0.00). The refined unit cell volume found in this work for a smaller Sr content (Table 2)
fits the linear trend described by [45] (Figure 5).
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Figure 4. Variation in peak position as a function of Sr fraction for (Ca;.4Srx)19(PO4)s(OH), hydrox-
yapatite samples.
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Figure 5. Variation in unit cell volume (A?’) for (Caj«Srx)10(PO41)s(OH), hydroxyapatite samples.
Blue circles: present work. Red squares: data from O’Donnell et al., 2008 [45].

The structure solution was obtained through Direct Methods in EXPO2013 (the pres-
ence of the dopant was omitted in the solution process of Dop1-3), confirming the hexagonal
P63 /m model reported in [35]. It was possible to reveal the hydrogen atom position in each
of the HAp structures by Fourier analysis. For all the HAp samples, the resulting structure
was submitted to the structural refinement by the Rietveld method [28], assuming both cal-
cium sites as possible hosts of the strontium dopant and analyzing site preferences through
the values of refined occupancies. Detailed crystallographic results are reported in Table 2.
A common strategy was applied for all the doped samples regarding the two cationic sites:
position and thermal parameters of Ca and Sr were constrained to be equal, and the sum
of their occupancies was fixed according to the full site occupancy. Moreover, the thermal
parameters of P and O atoms were constrained to be equal. The presence of the identified
secondary phases was considered in the Rietveld refinements. Structural parameters of
secondary phases were not refined (only cell parameters and the scale factor): for Dop0-2,
the CaO additional phase [46], and for Dop3, the 3-TCP phase [38]. A good fit between
experimental and calculated profiles was obtained with a small preference of Sr on Cal for
Dop1 and Dop2 and on Ca2 for Dop3 (see profile reliability parameters in Table 2). The
main crystal structure refinement data are reported in Table 2. The agreement between the
observed (blue line) and the calculated (red line) diffraction pattern is displayed, together
with the background (green line) and the difference pattern plotted on the same scale (violet
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line), in Figure 6 for only the Dop3 sample. The non-negligible percentage of 3-TCP in
Dop3 is not an obstacle to the Rietveld refinement of the Sr-doped HAp compound: it does
not prevent obtaining sound refined structural parameters. Similar plots can be generated
for the other two doped samples, while for pure Dop0, the Rietveld plot is similar to that
reported in the literature [39].

— Observed
— Calculated
— Background
— Difference

Intensity (a. u.)

26 (°)

Figure 6. Rietveld plot of Dop3 sample. Observed diffraction profile (blue line), calculated profile
(red line), background (green line) and difference profile (violet line).

Hydroxyapatite displays two Cal and Ca?2 sites, engaged respectively in complex
CalOg and Ca204(OH) coordinations (Figure 7). CalOg shows three bond distances re-
peated twice by symmetry, with values in the range of 2.410(4)-2.821(4) A (Table 4). It
is notable that there was a longer Cal-O3 distance in all the samples, slightly exceeding
the bonding sphere of Ca, thus providing a weak contribution to the bond valence calcu-
lation [47] for the Cal site (Table 4): we can deduce that, based on the refined distance
values, the Cal site resembles a CaOg polyhedron, with the Cal ... O3 distances reviewed
as weak interactions. Ca204(OH) resembles a distorted pentagonal bipyramid with five
bonds (1xCa2-O1 and two couples of symmetry-related Ca2-O3 bonds) on the equatorial
plane and vertices consisting of one O2 atom and one OH group. The Ca2-O distances are
in the range of 2.323(5)-2.670(9) A (Table 4), in good agreement with pertinent distances
found in the ICSD for site Ca2 in HAp [48].

Figure 7. Coordination polyhedra at Cal and Ca2 sites in hydroxyapatite. Dashed lines: Ca-O
interactions > 2.8 A. O4 = (OH) site.

The (OH) group in hexagonal P63 /m hydroxyapatite lies on a special crystallographic
site corresponding to a mirror plane, as observed in natural [49] and synthetic HAp [9]. In
the present HAp samples, O4op occupies this site, and its proton is disordered over and
under the mirror (Figure 7). O-H distances derived by the Rietveld refinement are 1.18(3)
A (Dop0), 0.93(1) A (Dop1) A,0.90(1) A (Dop2) and 1.14(3) A (Dop3), in good agreement
with [50].

Phosphorous displays a regular tetrahedral coordination, typical for all inorganic
orthophosphates [13,51], with bond lengths in the range of 1.562(4)-1.602(9) (Table 4); as
observed in other structure solutions from powder X-ray data [52,53], they are quite long if
compared with results from single-crystal X-ray diffraction [48].
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Table 4. Bond distances (A) and bond valence parameters (valence units) for pure and Sr-doped
HAp samples.

Distance Dop0 bup Dop1l bup Dop2 bop Dop3 bup
3xCal-O1 2.410(6) 0.30 2.414(5) 0.30 2.410(4) 0.30 2.421(6) 0.29
3xCal-02 2.419(7) 0.30 2.431(4) 0.29 2.433(7) 0.28 2.414(7) 0.30
3xCal-O3 2.819(6) 0.10 2.821(4) 0.10 2.808(5) 0.10 2.819(6) 0.10
2.09 2.05 2.06 2.08

Ca2-01 2.647(12) 0.16 2.667(7) 0.15 2.670(9) 0.15 2.632(11) 0.17
Ca2-02 2.327(9) 0.38 2.353(5) 0.35 2.354(7) 0.35 2.365(8) 0.34
2xCa2 O3 2.323(5) 0.38 2.332(3) 0.37 2.332(5) 0.37 2.322(5) 0.38
2xCa2 O3 2.482(8) 0.25 2.474(5) 0.25 2.490(6) 0.24 2.518(8) 0.25
Ca2-Odoy 2.365(2) 0.34 2.386(2) 0.32 2.387(2) 0.32 2.377(2) 0.33
2.14 2.40 2.38 2.05

P1-0O1 1.569(12) 1.14 1.565(7) 1.15 1.573(9) 1.12 1.578(12) 1.10
P1-O2 1.602(9) 1.04 1.562(5) 1.16 1.555(7) 1.18 1.590(6) 1.08
2xP1-03 1.566(6) 1.15 1.568(4) 1.14 1.562(4) 1.16 1.580(6) 1.10
4.47 4.60 4.63 4.40

The framework of hexagonal P63/m hydroxyapatite, whose crystal formula can be
written as [Cal4Ca24](PO4)s(OH),, can be reviewed as a three-dimensional network made
up of columns of face-sharing CalOg metaprisms (a polyhedron intermediate between an
octahedron and a trigonal prism), corner-connected to PO, tetrahedra down [001]; such an
environment leads to the presence of one-dimensional tunnels occupied by [Ca24(OH),]'%*
counter-ions (Figure 8). According to the bond distances reported in Table 4, the CalOg
metaprism can be considered made by the six strongest Ca-O bond distances, not consider-
ing those over 2.8 A. The HAp framework has an ideal stoichiometry [Caly(PO4)6]'0~, with
the hexagonal channel containing [Ca24(OH),]'** moieties acting as counter-ions, while
the Cal-O3 interactions concur to stabilize the framework.

"..'1[\ Y gJ\, ol ; e
TR,

SrAsap
A

o

9o

I
LW AR

Figure 8. View of a quadruple unit cell of HAp sample, with details of CalOg metaprisms and
Ca24(OH), groups. (OH) groups correspond to O4 atoms. Cal-O3 bonds over 2.8 A are dashed for
clarity. H atoms are not drawn for clarity.
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To investigate the distribution of Sr dopant within the available sites, we examined the
calculated bond valence parameters [47], testing the possible dopant localization in both
Cal and Caz2 cationic positions: the occupancy refinements converged into the presence
of the Sr cation on the Cal site for Dopl and Dop2 samples, i.e., those with a lower Sr
concentration, while Sr enters the Ca2 site in the Dop3 sample, which has a higher Sr concen-
tration; both results are in agreement with the substitution mechanisms described by [26].
Refined occupancy values for the Cal site were Ca = 0.993(3)/Sr = 0.007(3) for Dop1 and
Ca =0.991(3)/0.009(3) for Dop2, while that for Ca2 in Dop3 was Ca = 0.973(3)/Sr = 0.027(3),
in relatively good agreement with the expected values. These findings were confirmed by
the calculated bond valence sum (bvs) analysis: Cal in the Dop1 and Dop2 doped samples
and Ca2 in Dop3 display values close to the ideal value of 2.00 valence units (Table 4). The
Ca2 site displays bvs values larger than 2.38 v.u. in Dop1 and Dop2, probably for packing
reasons. The long P-O distances in (PO4) tetrahedral groups lead to values of bvs for the P
site that are lower than the ideal values of 5.00 v.u. The final results of the bond valence
parameters analysis are given in Table 4.

3.3. FTIR and Raman Spectroscopy

FTIR and Raman spectroscopic characterizations of hydroxyapatite phases are reported
in several studies [9,10,54,55]. Orthophosphate phases are usually characterized by a strong
molecular character with respect to their vibrational properties so that both FTIR and Raman
spectra are dominated by the internal PO43~ vibrational modes. The (PO4)3~ ion has four
modes of vibration: symmetric stretching v{(A1) at 980 cm~!, symmetric bending v, (E) at
420 cm ™1, antisymmetric stretching v3(F,) at 1082 cm~! and antisymmetric bending v4(F;)
at 567 cm ! [55]. In accordance with selection rules, the triply degenerate antisymmetric
stretching and bending modes (F,) are both Raman- and infrared-active, whereas the
nondegenerate symmetric stretching (A1) and the doubly degenerate symmetric bending
(E) are Raman-active only. The band splitting of solid materials is usually characterized
by the shift and removal of degeneracies typically due to crystal-field effects [9]. The
powder FTIR transmittance spectra of undoped and Sr-doped HAp samples, collected in
the 4504000 cm ! range, are reported in Figure 9; measured band positions (wavenumbers,
cm™1) are listed in Table 5.
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Figure 9. FTIR spectra of Sr-doped HAp samples together with undoped HAp.
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Table 5. FTIR band positions (wavenumbers, cm~!) and relative assignments for Sr-doped and

undoped HAp samples.

Dop0 Dop1l Dop2 Dop3 Assignment
3572 3572 3570 3571 vs(OH)
1087 1086 1085 1083

1020 1017 1017 1013 v3(PO,)3~
959 957 957 955 v1(POy)3~
627 629 631 631 5(OH)
597 597 597 596
560 560 558 553 v4(POy)3~
472 472 471 466 v (PO,)3~

The analysis of the IR spectrum of pure HAp starts from the sharp peak at 3572 cm ™!
(Table 5), which is due to the stretching mode of the (OH) ™ group [54]: this characteristic
peak can be considered the fingerprinting of the hydroxyapatite phase in FTIR spectra;
a decrease in the intensity of this peak is observed with increasing Sr concentration, as
a result of the partial Sr?* substitution for the Ca®* ions surrounding the (OH) group, in
agreement with [56]; it is also conceivable that the presence of 3-TCP in the Dop3 sample
contributes to lower the (OH) peak, even if no reliable presence of hydroxyl peak was
observed in the pertinent FTIR spectrum.

Moreover, the spectrum of pure HAp shows an intense doublet at 1087-1020 cm !
pertinent to asymmetric stretching (v3) and a weak peak at 959 cm~! (Table 5) that can be
assigned to the symmetric stretching mode of the [PO43~ group [54] (Table 5). A strong
peak at 627 cm ™! is attributed to the bending mode of the (OH)" group [9], and similar
to the stretching mode at 3572 cm~!, we observe a decrease in the intensity of this peak,
imputable to the same substitution of Sr-Ca [56] previously observed; finally, two strong
and sharp peaks at 597 and 560 cm ™! are attributed to the triple degenerate antisymmetric
bending mode of the [PO4]*~ group [9] (Table 5). The sharpness of the latter three peaks,
respectively, 627, 597 and 560 cm~!, are considered a reliable indicator of the crystallinity
of the sample [57]: it should be explained that the minor sharpness of such bands in the
Dop3 sample, as stated before in the PXRD result analysis, presents the lower crystallinity
among the four samples.

As a general remark, the X-ray structure refinement data described above show that the
entry of Sr into the HAp structure does not modify the phosphate framework. Accordingly,
no significant changes in the P-O modes are observed in the FTIR spectra except for very
slight decreasing shifts in peak positions (Table 5).

Figure 10a,b show the Raman spectra collected for the undoped and Sr-HAp sam-
ples, whereas Table 6 lists the observed band positions and the related assignments. The
spectra evidence the characteristic bands due to the modes of vibration of the [PO43~
groups [54]. In detail, the prominent band, centered at about 960 cm !, is associated with
the symmetric stretching of the [PO4]*~ groups, whereas the bands observed between
~1029 and 1078 cm ™! are due to the [PO4]3~ asymmetric stretching vibrations (Table 6)
(Figure 10a). Visible at lower wavenumbers are, instead, the bands at ~429 and 447 cm™!
due to the v, (POy)% vibrations and those between ~580 and 608 cm ™! due to the (PO4)3~
bending vibrations (Table 6). By increasing the Sr substitution in the HAp, the Raman
bands associated with the vibration of the [PO4]>~ groups became slightly broadened due
to the enhancement of the crystal structure disorder and the reduction in the crystallite
size (Table 3) as revealed by the PXRD analysis and as previously reported in [27]. An
additional band at 330 cm ! (Figure 10a) and a strong peak at about 3574 cm ™! (Figure 10b)
are observed in the spectra of all samples except for the Dop3 sample (Table 6). They are
ascribed to Ca-OH and OH stretching modes, respectively. These peaks are absent in the
Dop3 sample due to the loss of OH groups, which are required to maintain electroneutrality
when Sr substitutes the Ca atoms in the apatite structure [27]. Finally, in the spectrum of
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the Dop3 sample, a band at 630 cm ! was observed (Table 6). It may be related to the v,
vibration of the 3-TCP [58] as also detected by the PXRD analysis.

a —— Dop0
—— Dop1
——Dop2
——Dop3

Raman intensity (a.u.)
Raman intensity (a.u.)

NSRS

400 600 800 1000 1200 3500 3550 3600 3650 3700

Wavenumber (cm™) Wavenumber (cm™)

Figure 10. Raman spectra of Sr-doped HAp samples compared with the undoped HAp in
300-1200 cm~! (a) and 3500-3700 cm~! ranges (b).

Table 6. Raman band positions (wavenumbers, cm~1) and relative assignments for Sr-doped and

undoped HAp samples.

Dop0 Dop1l Dop2 Dop3 Assignment
329 330 330 v3(Ca-OH)
430 434 431 429 3-
445 446 447 445 v2(FOy)
580 581 581 580
589 593 590 589 v4(POy)3~
606 608 607 608
961 963 961 958 v1(POy)3~
1029 1031 1030
1044 1049 1046 1045 v3(PO,)?~
1073 1078 1073 1072

3572 3574 3576 v(OH)

4. Conclusions

In this work, low-Sr-doped hydroxyapatite powders were synthesized by using a
solid-state synthesis technique: the doping rates were chosen to differentiate from other
works present in the literature with higher Sr concentrations. The work aims to provide
a detailed structural characterization, focusing on the Sr doping effects on the crystal
structures. Morphological observations showed the presence of massive fragments, with
the most recurrent size under 20 microns. The PXRD characterization highlighted the high
purity (i.e., absence of accessory phases) of samples with the lowest Sr concentrations (i.e.,
2.5 and 5.6 wt%) and a high tricalcium phosphate concentration (ca. 40%) for the highest-
Sr-concentration (10 wt%) sample; PXRD also showed an increase in unit cell parameters
of the samples, consistent with the partial substitution of the smaller Ca2* (1.00 A) with
the larger Sr2* (1.18 A). Rietveld refinement showed that the Sr entered the Cal site for
samples with a lower dopant concentration and Ca2 for the sample with a higher dopant
concentration. Vibrational spectroscopy, both FTIR and Raman, showed slight decreasing
shifts in position as a result of the increase in the Sr dopant.
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