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Four samples of composition Ca;o(PO4)s_x(Si0O4)x(OH)2_x, with x = 0.0, 0.1, 0.2 and 0.5, were prepared and
characterized using powder X-ray and neutron powder diffraction, and H, 3!P and 2°Si nuclear magnetic
resonance (NMR) spectroscopy. The composition of the Si-substituted HAp phases was determined by
joint Rietveld refinements from powder X-ray and powder neutron diffraction data. Taking into account
electroneutrality, a chemical formula for the Si-substituted HAp phases with indication of the incorpo-
rated silicate amount is proposed. Solid-state 2°Si NMR confirms the presence of only Qq species, in good
agreement with the presence of substituted HAp and B-TCP phases only. Thanks to NMR spectroscopy,
two types of protons in the Si-substituted HAp phase were identified, the new site corresponding to spe-
cies engaged in hydrogen bonding with silicate anions. This allowed further refinement of the formulae
for these phases with very good quantitative agreement for populations derived from the refinement and

integration of NMR data.

1. Introduction

Biphasic calcium phosphate (BCP) ceramics, composed of a
mixture of hydroxyapatite (HAp, Ca;o(PO4)s(OH),) and B-trical-
cium phosphate (B-TCP, B-Cas3(PO,),), are interesting candidates
in reconstructive surgery. Bone mineral mass is dominated by
nanocrystalline multisubstituted calcium phosphate apatite [1-
3]. The type and amount of ionic substitutions in the apatite phase
of bone vary from the weight per cent (wt.%) level (for carbonate
substitution [4]) to the parts per million (ppm) level (for stron-
tium or barium substitutions, for example [5]). The role of many
of these ionic species in hard tissues is not fully understood owing
to the difficulties encountered in monitoring and quantifying their
amounts, which vary according to dietary alteration, and to phys-
iological and pathological causes [6]. However, it is accepted that
these different ions play a major role in the biochemistry of bones,
enamel and dentin [7]. HAp is widely used as a biomaterial in
clinical applications (bioactive HAp coatings on metallic implants
[8,9], porous HAp ceramic implants to facilitate bone ingrowth
[10], or inorganic filler in a ceramic-polymer composite biomate-
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rial [11]) owing to its high biocompatibility and osteoconductivi-
ty. It is therefore essential to improve HAp in vivo bioactivity by
increasing its solubility in order to accelerate the subsequent crys-
tallization of apatite crystals, cell adhesion and collagen forma-
tion. When bioactive glasses are used, these reactions are very
rapid and have been reported to occur within minutes of implan-
tation or contact with physiological solutions [12], but the great
advantage of HAp materials is their chemical similarity to the
bone inorganic component. The most common example of this ap-
proach is the preparation of carbonated-substituted HAp [13,14].
Several studies have demonstrated the beneficial effect of the
incorporation of silicon in HAp (in vitro enhancement and stimu-
lation of the osteoblast-like cell activity, and in vivo increase in
the dissolution rate) [15-19]; [20 for a review]. Silicon is involved
in the early stage of bone calcification, and the presence of silicon
favours bone formation and calcification [18,21-23]. Interestingly,
these effects have been critically discussed very recently by Boh-
ner [24], putting forward the lack of deep understanding of the ef-
fect of Si doping on the materials themselves and thus
questioning the origin of the claimed effect in biological condi-
tions. Another crucial point raised in the paper is the need for
accurate local information about substituting ions and their fate
upon interactions in biological conditions. In particular, two very
distinct situations discussed in Ref. [24] can be considered,
depending on the real incorporation of silicon in the structure of



the apatite or failure to incorporate. If the silicon is weakly
bonded to the ceramic, some silicon can be released in the biolog-
ical fluids and then have an effect on cellular behaviour as docu-
mented in the literature; in that case, the material acts mainly as
a silicon-delivery system. If the silicon is structurally incorporated
in the crystalline phases, this claim is hard to follow, because the
Si-HAp is believed to be very stable. In this case, only modifica-
tions of the HAp properties (crystallite size, crystallinity, surface
roughness, surface charges) could explain different behaviour in
solution. In this case, this is an indirect effect of silicon doping
affecting the crystalline structure of the material. Another possi-
bility for increasing calcium phosphate solubility is to mix the
HAp phase with appreciable levels of a more resorbable calcium
phosphate phase, such as B-TCP, to form so-called BCP ceramics
[25-29]. In this case, if the silicon is substituted in both phases,
the two previously mentioned effects could combine owing to
the high solubility of TCP phase. It is thus of major importance
to follow carefully the fate of silicon substitution in these types
of ceramics.

In the present work, a series of silicon-substituted BCP ceram-
ics, with increasing weight content of silicon (0.0-1.4 wt.% Si),
was synthesized following the aqueous precipitation method lar-
gely used in the literature and described by Gibson et al. [15]. A
fine structural description of the silicon-substituted BCP samples
is needed to understand and improve the material performance.
Such a structural description is important for the HAp phase,
whose structure can present several non-stoichiometries due to
calcium deficiency, presence of HPO;~ anion, replacement of hy-
droxyl by oxygen or vacancy [30]. The originality of this work is
to propose a combined approach using both diffraction tech-
niques (X-rays and neutrons) and local and selective technique,
namely solid-state NMR spectroscopy. The later is particularly
powerful for localizing the silicate ions inside the phosphocalcic
phases and probing their spatial proximity with other nuclei.

2. Materials and methods
2.1. Siy,—BCP syntheses (x = 0.0, 0.1, 0.2 and 0.5)

Four samples of composition Ca;o(PO4)s_x(Si04)x(OH),_y, With
x=0.0,0.1,0.2 and 0.5, were synthesized using the aqueous precip-
itation method [15] which led, according to the literature, either to
single Si-doped HAp phase or to BCP (Si-doped mixture of HAp and
B-TCP phases) [20,31,32]. The syntheses were repeated several
times and are reproducible from XRD data. This acid-base neutral-
ization reaction is by far the most often encountered one in the lit-
erature. The starting materials used were calcium hydroxide
(Ca(OH),, Riedel-de Haén), orthophosphoric acid (H3PO4, Sigma-
Aldrich) and silicon acetate (Si(CH3COO),, Aldrich). The synthe-
sized samples are named Si,-BCP, with x the value of the nominal
silicate substitution (x=0.0, 0.1, 0.2 and 0.5). The appropriate
quantities of reactants to prepare Si,-BCP were calculated
assuming that silicate would substitute for phosphate according
to the mechanism [PO4]* + OH « [SiO4]*", to ensure charge
imbalance. The targeted nominal composition 1is thus
Ca9(PO4)s_x(Si04)x(OH),_,. The precipitation reaction was carried
out at room temperature under stirring, and the pH was main-
tained at 10.5-11.0 by the addition of ammonium hydroxide solu-
tion. After the reactants were mixed, the suspension was aged
overnight. The resulting precipitate was filtered and dried over-
night at 80°C. The four as-prepared powders were heated at
1100 °C for 15 h (with a heating rate of 4 °C min™!).

The chemical compositions of all the samples were determined
by inductively coupled plasma atomic emission spectroscopy (ICP-
AES).

2.2. Analytical techniques

2.2.1. X-ray diffraction and neutron powder diffraction

Powder X-ray diffraction (PXRD) patterns were recorded on an
X'Pert Pro Philips diffractometer, with 6-0 geometry, equipped
with a solid detector X-Celerator, a graphite back-end monochro-
mator, and using Cu Ko radiation (/. = 1.54184 A). PXRD patterns
were recorded at room temperature in the interval 3° <20 < 120°,
with step size A20=0.0167° and counting time 30 s per step. A
PXRD pattern was collected from pure Si standard using the same
experimental conditions in order to extract the instrumental reso-
lution function to improve the peak profile fitting and to extract
intrinsic microstructural parameters of both HAp and B-TCP
phases.

Neutron powder diffraction (NPD) experiments were performed
on D1B at ILL (Grenoble, France) at room temperature. The samples
(~2 g mass) were enclosed in cylindrical vanadium containers with
inner diameter 8 mm and measured at a wavelength of 4=2.52 A
using graphite monochromators, in the 20 range 10-90° with step
size 20 =0.2°. The transmission factor was calculated (xR =0.15)
and the data corrected accordingly. The patterns showed the same
phases as those observed by XRD. The low amount of hydrogen
atoms in the samples allows NPD patterns with acceptable back-
ground to be recorded without preparing deuterated samples.
The high neutron scattering contrast of hydrogen atoms, due to
the negative neutron scattering length of —3.74 fm, allows refine-
ment of their localization and site occupancies with good accuracy.

2.2.2. Joint Rietveld refinements

Joint Rietveld refinements based on the simultaneous use of X-
ray and neutron data were performed for each sample with the
FullProf.2k Multi-Pattern program [33]. This technique reaches
good accuracy in the refinement of Ca, P, O and H sites (site posi-
tions and site occupancies). Nevertheless, the cationic distribution
on the P sites (due to Si substitution) was not accessible here. The
use of a high-resolution-high-intensity neutron diffractometer is
needed to refine Si atoms in calcium phosphate phases (Si atom
presents a weak neutron scattering contrast and no X-ray scatter-
ing contrast with P atom). The initial structural parameters of HAp,
Caqo(PO4)s(OH),, were taken from Ref. [34]: space group P6s/m,
Z=2, a=9.4218 A and c=6.8813 A, seven independent atomic
positions: two Ca positions in sites 4f (z=0.0007) and 6h
(x=0.2465, y=0.9933), one P position in site 6h (x=0.3968,
y=0.3693), and four O positions in sites 6h (x =0.331, y =0.480
and x=0.579, y=0.455), 12i (x=0.3394, y=0.2569, z=0.0694)
and 4e (z=0.192 with a half occupancy factor). The initial struc-
tural parameters of B-TCP, Ca3(PO4),, were taken from Ref. [35]:
space group R3c, Z=21, a=10.4352 A and c=37.4029 A, 18 inde-
pendent atomic positions: five Ca positions (three in site 18b and
two in site 6a, one with a partial occupancy factor), three P posi-
tions (two in site 18b and one in site 6a), and 10 O positions (nine
in site 18b and one in site 6a). In the course of refinement, two
hydrogen positions were introduced for the HAp phase: (1) a
hydrogen atom from the hydroxyl group in the Wyckoff position
4e (z=0.073 with a half occupancy factor) [36]; and (2) a hydrogen
atom from the HPO3~ anion in the Wyckoff position 6h (x = 0.4746,
y =0.1666 with a very small occupancy factor of 0.05) [30]. The fol-
lowing parameters were first refined: scale factors, zero shift, line
profile parameters, lattice parameters, preferential orientations
and asymmetry parameters. In the second step, thermal displace-
ment factors were refined (three thermal displacement values
were considered: one for Ca, one for P and one for O) as well as
atomic coordinates when allowed by a sufficient weight of the
phase (HAp phase for the four samples, and B-TCP phase for Sig »-
BCP and Sig 5s-BCP samples). Site occupancies of calcium sites, phos-
phate group, oxygen and hydrogen atoms of hydroxyl group and of



HPO?~ anion were systematically checked in the final runs. Ca1 site
occupancy was found to deviate weakly from unity, unlike Ca2 site
occupancy (which was fixed at unity). Occupancy of phosphate an-
ion also deviated weakly from unity. Refinements of the oxygen
and hydrogen sites occupancy from the hydroxyl group show the
presence of both 02>~ and OH™ anions, as well as small amounts
of vacancies. Occupancy factors from the hydrogen atom from
the HPO2~ anion were close to zero. Only one soft distance con-
straint was applied in the case of the Sig5-BCP sample for the posi-
tion refinement of hydrogen atom from the hydroxyl group due to
too short a distance of 0.6(1) A obtained without constraint (the
applied soft constraint was an interatomic distance
do— = 0.85(5) A, and the refined value was 0.79(6) A). Microstruc-
tural parameters were also extracted from the Rietveld refinement
procedure as described in previous work [29,36].

2.2.3. NMR spectroscopy

NMR spectra were recorded on an AVANCE 300 Bruker spec-
trometer (7.05T) using cross-polarization magic angle spinning
(CP-MAS) probeheads with 7 mm rotors spinning at 5 kHz (?°Si)
or with 4 mm rotors spinning at 14 kHz (*'P, 'H). The 'H spectra
were recorded with a recycle delay of 5 s for a 90° excitation pulse
(5 pus). The 2'P spectra were recorded using 45° pulse excitation
(1.9 us) and a cross-polarization (CP) sequence with a square pro-
file of the 3'P RF pulse during spin-lock (RF field of 52 kHz), and 'H
decoupling during acquisition using SPINAL-64. The '"H->'P heter-
onuclear correlation (HETCOR) experiments were recorded for a
contact time of 900 ps (32 transients and 108t; values). For the
295i MAS-NMR spectra, 45° pulse excitation was used with a re-
cycle delay of 60 s. Between 5000 and 6000 transients were accu-
mulated. A 2°Si-{"H} CP-MAS experiment was performed for one
sample with a contact time of 5 ms.

NMR spectra were recorded for the undoped sample and for the
two doped samples with the highest amount of silicon.

3. Results and discussion
3.1. Elementary and phase compositions

Chemical analyses (Table 1) of the silicon-substituted BCP sam-
ples deviate weakly from the expected nominal compositions.
Experimental Ca/(P + Si) and x values are still above the expected
values when silicon is added to the synthesis solutions. The exper-
imental Ca/(P + Si) and x values indicate that the synthesized pow-
der did not contain the whole quantities of silicon introduced
during the synthesis. The higher silicon substitution level, the lar-
ger the gap between experimental and nominal composition:
x=0.09 instead 0.1 for Sig-BCP, x =0.15 instead 0.2 for Sig>-BCP,
and x =0.39 instead 0.5 for Sigs-BCP. Such a difference between
nominal and experimental chemical compositions could be ex-
plained by the consequent washing process applied on the as-syn-
thesized poorly crystallized powder.

Table 1

A representative plot of the Rietveld refinement of the as-pre-
pared samples is shown in Fig. 1 for Sip 5-BCP sample. PXRD analysis
clearly show that the four as-prepared powders are single phase,
composed of HAp with very small crystallite size (as evidenced by
the extremely broad diffraction peaks in the powder patterns).
Rietveld refinements indicate an average coherent domain size
~100 A for the as-prepared samples with an elongated prismatic
morphology (with a basal dimension ~70 A and height ~140 Aalong
the hexagonal axis).

Fig. 2 shows details (20° <20 < 60°) of the PXRD patterns re-
corded for the samples heat treated at 1100 °C. PXRD patterns indi-
cate that the four samples are BCP, composed of different amounts of
well-crystallized HAp and B-TCP phases. Fig. 3 shows an example
illustrating joint Rietveld refinement performed for the Siys-BCP
sample on both X-ray and neutron diffraction patterns. Quantitative
results from the Rietveld analyses are indicated in Table 2.

The amount of B-TCP is dependent on the silicon substitution le-
vel, as shown in Fig. 4. Unsubstituted powder from Sigo-BCP pre-
sents a small amount of B-TCP (9 wt.%), and this amount
increases continuously with the amount of silicon to reach
40 wt.% in Sigs-BCP. When the x value is increased, a weak de-
crease in the crystallinity of the HAp phase (weak broadening of
the HAp diffraction peaks) is observed.

3.2. Joint Rietveld refinement results

Rietveld refinement results indicate that silicon enters the HAp
phase. Variations in lattice parameters a and c and in unit cell vol-
ume are dependent on the Si-substitution level. Table 2 and Fig. 5
show that the unit cell volume of HAp increases when silicon is
added during the synthesis. In agreement with interatomic dis-
tances (dsi_o of 1.66 A in silicate anion is longer than dp_o of
~1.57 A in phosphate anion) the substitution of silicate for phos-
phate led to an increase in the unit cell volume, as mentioned in
the literature [37-39]. Work by Gibson et al. [15] and Arcos et al.
[30] show a quite invariant unit cell volume of HAp when substi-
tuted by silicon (see Fig. 5c¢). The variation in lattice parameter ¢
shows a more homogeneous increase when silicon is introduced
in the HAp phase (see Fig. 5b). Only data from Arcos et al. [30] dis-
agree with this observation, but their silicon-substituted HAp sam-
ple was prepared by the ceramic method in contrast to all other
studies based on silicon-substituted HAp phases synthesized via
a precipitation in solution (either the aqueous method [15,37,39]
and this work, or the sol-gel method [38]). Variation in the lattice
parameter a from these different studies is highly heterogeneous
(see Fig. 5a), increasing (|38] and this work), invariant [30,37,39]
or decreasing [15] with the x nominal value. Such heterogeneous
evolution of the basal hexagonal unit cell volume has a repercus-
sion on the variation in the unit cell volume. This is true in the case
of data from Gibson et al. [15], which present a decreasing unit cell
volume in the Si-substituted HAp phase, in contrast to other data
from samples prepared via a wet method. These observations illus-
trated in Fig. 5 clearly indicate (1) that the variation in the lattice

Nominal and experimental (determined by ICP-AES) compositions of elemental oxide Ca0, P,0s and SiO; in the synthesized samples.

Sample Nominal composition Experimental composition

Ca0 (wt.%) P,0s5 (Wt.%) Si0, (wt.%) Ca/(P + Si) x? CaOo (wt.%) P,05 (Wt.%) Si0, (wt.%) Ca/(P + Si) xP
Sio.0-BCP 56.84 43.16 - 1.67 0.0 57.01 42.99 - 1.68 0.00
Sio.1-BCP 56.90 42.49 0.61 1.67 0.1 56.80 42.65 0.55 1.66 0.09
Sip2-BCP 56.97 41.81 1.22 1.67 0.2 57.00 42.69 0.93 1.65 0.15
Sip.5-BCP 57.16 39.78 3.06 1.67 0.5 57.83 39.86 2.35 1.63 0.39

@ x Value from the nominal used composition Ca;o(PO4)s_x(SiO4)x(OH);_x.

b Experimental x value from the chemical analyses.
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Fig. 1. Rietveld plot of the X-ray powder pattern of the as-prepared Sigs-BCP sample (before heat treatment). Observed (red dots), refined (black lines) and difference curves

(blue line) with the HAp Bragg peak positions (green ticks).

parameter c is a good indicator of the silicon substitution level (in
contrast to the lattice parameter a, and a better indicator than the
largely used unit cell volume), and (2) that wet (precipitation in
solution) and dry (ceramic [30]) methods led to different materials.
Insertion of silicon atoms into the HAp structure led to a decrease
in the apparent coherent domain size (Table 2) as already observed
in the case of strontium substitution in HAp [40]. The crystallinity
of HAp samples is preserved, but the average crystallite size de-
creases from >2200A in the silicon-free Sigo-BCP sample to
1250 A in the Sig5-BCP sample. The decrease in the HAp crystallite
size is concomitant with the increasing amount of B-TCP phase.
When introduced in the HAp structure, silicon destabilizes its crys-
tallization in favour of crystallization of B-TCP. The lattice parame-
ters of the hexagonal lattice of B-TCP (Table 2) increase when
silicon is added. Fig. 6 reports the evolution of unit volume per
Ca atom for both HAp (unit cell volume divided by 10) and B-TCP
(unit cell volume divided by 63) phases. The gap in linearity
encountered for the B-TCP phase must certainly be explained by
its low amount by weight in the Sigo-BCP and Sig;-BCP samples
(Table 2). Comparison of these unit volume variations for the two
phases indicates that silicon atoms are also inserted in the B-TCP
structure. Silicon substitution for phosphate seems to be on the
same order of magnitude for both phases, and perhaps more signif-
icant for B-TCP (as the slope of the linear fitting for B-TCP is higher
than that for HAp).

Attempts to locate Si atom in both phases failed owing to insuf-
ficient scattering contrast between P and Si, even using neutron
diffraction data. In the case of the HAp structure, it is generally
admitted that silicon substitutes the unique phosphorous site
(P1). One phosphate PO?{ is replaced by one silicate SiOi’. The
charge imbalance is then ensured either by the departure of a hy-
droxyl group with vacancy creation [15] or by hydroxylation of an
02 anion as in the case of the oxy-hydroxyapatite phase [30]. The
case of B-TCP is less trivial, as three crystallographic independent
phosphorous sites are present. Attempts to localize Si atoms in

B-TCP phase during the joint Rietveld refinement always indicate
the presence of a silicon atom in the P2 site of B-TCP (about 20%
of Si would substitute for the P2 site in the Sigs-BCP sample). Nev-
ertheless, owing to the extremely high standard deviation value of
this refined silicon occupancy (standard deviation and refined va-
lue were equivalent), the results are not considered here. A high-
resolution-high-intensity neutron diffractometer is needed for
accurate refinement of the silicon insertion in these calcium phos-
phate phases. Such experiments are under way. The use of 2°Si
NMR spectroscopy is also of great interest for differentiating, locat-
ing and quantifying the different types of silicon population, as
well as for eventually identifying the presence of silica-gel, as re-
ported by Gasqueres et al. [41]. The results are discussed in Section
3.4. Despite the known o-TCP stabilizing feature of Si [20], only the
B-TCP polymorph was found in the BCP sample (no trace of o-TCP
was observed on the diffraction patterns). The absence of a-TCP in
the samples indicates a relatively low silicon substitution in the
TCP phase, much less than 10 at.% of Si substituted for P [42].
The tetrahedral distortion index (TDI=13"% |OPO; — OPOy|,
with OPO; each of the six angles between the central P atom and
its four oxygen atoms, and OPO,, their average) is mentioned in
the literature as a potential indicator of the Si-substitution level
in the HAp phase [15,30,37]. TDI calculation from the data (see Ta-
ble 3) did not correlate with the silicon substitution level. In the first
step, the TDI increases weakly from 1.47 (Sigo-BCP) to 1.54 (Sig 1-
BCP), and then decreases below unity (0.83 for Sig,-BCP and 0.97
for Sips-BCP) indicating a less distorted phosphate tetrahedron
when substituted by silicate. Contrary to these observations, the
phosphate distortion values from the literature increase when sili-
con is introduced in HAp: Gibson et al. observed a large increase in
TDI from 1.85 for x = 0.0 to 2.75 for x = 0.4 [15], and Arcos et al. indi-
cated a weaker increase from 1.93 for x =0.0 to 2.10 for x =0.33
[30]. TDI is definitively not an accurate index for following the sili-
con substitution level, as values range between 1.47 (this work) and
1.93 [30] in silicon-free HAp, and as silicon insertion led either to a
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Fig. 2. Zoom in the 20 range 20-60° of the X-ray powder pattern for the four samples (Sipo-BCP, Sig.1-BCP, Sig»-BCP, Sig5-BCP). Diffraction peaks from HAp and B-TCP,
respectively, are indicated by stars and circles, respectively, at the top of the figure.

large increase (up to 2.75 [15]) or to a net decrease (up to 0.83, this
work). Interatomic distances dp—g did not correlate with the silicon
substitution level either. The mean interatomic distance dp_g is not
sensitive to silicon substitution (Table 3). And the tetrahedral elon-
gation index (TEI here defined by (dp%y — dp’5)/dp—o, Where dp“g,
dpts and dr_o denote the longer, shorter and average P—O distances,
respectively, in the phosphate tetrahedron) shows a non-monoto-
nous variation with increasing x value (Table 3). The variation in
TEI (which decreases in the first step, before increasing) is the re-
verse of the variation in TDI.

3.3. Estimation of the chemical composition of the Si-substituted HAp
phases

Consideration of electroneutrality combined with the site occu-
pancies of the Ca%*, PO}, 0?~ and OH™ ions allows a chemical for-
mula to be proposed for the silicon-substituted HAp phases. This
calculus matches perfectly well in the case of the silicon-free Sig o-
BCP, sample for which the refined chemical composition of the
HAp phase is Caggg(PO4)s.90[(OH)1.8800.1000.02] |; with O corre-
sponding to oxygen vacancy (Table 4). The refined anionic charges
(19.78 negative charges by considering 5.90PO;  + 1.880H +
0.100%") compensate exactly the refined cationic charges (19.78 po-
sitive charges by considering 9.89Ca?*). When this calculation was
applied to Si-substituted samples, an excess positive charge was sys-
tematically obtained. The amount of inserted silicate was then calcu-
lated by considering the non-isocharge substitution of SiOf{ for
PO, . Results of such estimated chemical composition of HAp are gi-
ven in Table 4. No HPO;~ were taken into consideration here, as the
H2 site, identified by Arcos et al. for Si-substituted HAp sample

synthesized by the ceramic route [30], was systematically found to
be empty in the samples (Table 3). The calculated amount of silicate
inserted in HAp was found to increase with the x nominal value. Nev-
ertheless, about one-third of the silicon determined by chemical
analyses (Table 1) was found to be inserted in the HAp phase only:
HAp from the Sip1-BCP sample contains 0.03 mol. silicate against
0.09 found by chemical analysis (33 mol.%), HAp from Sig ,-BCP sam-
ple contains 0.06 mol. silicate against 0.15 found by chemical analy-
sis (40 mol.%), and HAp from Siy5-BCP sample contains 0.16 mol.
silicate against 0.39 found by chemical analysis (41 mol.%). The other
two-thirds of the silicon atoms should be inserted in B-TCP phase, in
agreement with a previous observation made on variation in the unit
cell volumes of both HAp and B-TCP phases. The HAp phase from the
BCP samples is slightly calcium and phosphate deficient and con-
tains small amounts of vacancies in the hydroxyl site. The whole cal-
cium deficiency of HAp was localized in the Cal site, i.e., the calcium
site that is not connected to the hydroxyl site (see Fig. 4 in Ref. [36]).
The deficit of charge is imbalanced by the OH~/O?~ ratio. When
introducing the silicate anion into the HAp structure, the deficiency
of calcium decreases, hydroxyl vacancies increase, and the OH~/0?~
ratio decreases (from 18.8 for Sig o-BCP to 10.2 for Sig 5-BCP, owing to
a continuous decrease in the amount of OH™ combined with an in-
crease in the amount of 0>~). The two following mechanisms were
proposed to explain the silicate substitution for phosphate into
HAp [15,30]:

PO}” + OH™ < Si0} + Cop
(Oow indicates a vacancy in the hydroxyl site) (1)
PO}” + 0% < Si0; + OH~ (2)
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Fig. 3. Observed (red dots) and refined (black lines) diffraction patterns (x1, respectively, n1), difference lines (x2, respectively, n2), and Bragg peaks position of HAp (x3,
respectively, n3) and B-TCP (x4, respectively, n4) of joint Rietveld refinement of X-ray data (bottom), respectively, neutron data (top) for Sigs-BCP sample.

Table 2

Joint Rietveld refinement results: quantitative analyses, lattice parameters, unit cell volumes and average apparent size; standard deviations are indicated in brackets.
Sample HAp phase B-TCP phase

wt.% a(A) c(A) vV (A%) Le (Ay? wt.% a(A) c(A) V (A3) Le (Ay?

Sig0-BCP 91 9.42481(6) 6.88600(5) 529.715(6) 2200 9 10.3573(3) 37.172(2) 3453.4(2) 1800
Sig.1-BCP 89 9.42387(6) 6.88887(5) 529.830(7) 2100 11 10.3655(2) 37.182(1) 3459.7(2) 1800
Sip2-BCP 72 9.4264(1) 6.8927(1) 530.41(1) 1900 28 10.3988(2) 37.315(1) 3494.4(1) 1900
Sips-BCP 60 9.4283(1) 6.9062(1) 531.66(1) 1250 40 10.4122(2) 37.3276(8) 3504.7(1) 2050

¢ Average coherent domain size determined by the diffraction line broadening in course of the Rietveld analyses.
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just guides for the eyes.

Mechanism (1) induces a decrease in the OH™ amount and an
increase in the vacancy in the hydroxyl site in agreement with
experimental observations. Mechanism (2) should lead to a de-
crease in the amount of 0>~ and an increase in the amount of
OH™, contrary to experimental observations. Another mechanism,
implying a calcium cation, should be considered to take into ac-
count the increase in the amount of Ca*:

Oca + 2P0} > Ca®* +2Si0%"
(Oc, indicates a vacancy in the calcium Cal site) (3)

Mechanism (3) explains the increase in the amount of Ca®* when
silicon is inserted, but not the increase in 0?>~. Then the OH~/0?~
couple should be considered in this mechanism as follows:

Oca 4+ PO}~ + OH™ « Ca®* +Si0f + 0> (4)

Mechanisms (1) and (4) explain all the observed variations:
substitution of silicate for phosphate is accompanied by an in-
crease in the amounts of Ca%*, 0>~ and vacancies in the hydroxyl
site (Oou), and a decrease in the amount of OH™ in order to ensure
charge imbalance.

3.4. NMR characterization

The 3'P MAS-NMR spectra of Sigo-BCP, Sig>-BCP and Sigs-BCP
(Fig. 7a) presents one main peak at 2.7, 2.8 and 3.0 ppm, respec-
tively, and two broader signals at ~0 and ~5 ppm whose intensi-
ties increase with Si content. The component ~0 ppm disappears
when the 3'P spectrum is recorded with 'H-3'P CP transfer
(Fig. 8), indicating that it corresponds to 3'P sites far from 'H sites.
The main peak at ~3 ppm remains under CP conditions, as well as a
shoulder at ~5 ppm, which suggests the presence of 'H sites in the
vicinity of the associated 3'P sites. Indeed, the presence of signals
at 0 and 3 ppm are in agreement with the presence of the two
phases detected by XRD, B-TCP and HAp. HAp is characterized by
one single P site, and 3'P chemical shift values for stoichiometric
HAp (Caio(PO4)s(OH),), deficient HAp (CagHPO4(PO4)sOH) and
poorly crystallized HAp were reported to be 2.9, 3.0 and 3.3 ppm,
respectively, with the corresponding line width of 36, 66 and
107 Hz (under MAS at 5 kHz and high power proton decoupling)
[43]. B-TCP is instead characterized by three distinct crystallo-
graphic P sites. However, since one Ca site close to two of the three
P sites has a partial occupancy factor of 0.5, five NMR signals are
expected, and the published 3'P NMR spectrum of B-TCP was so
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Fig. 5. Variation of the lattice parameters a (a) and c (b) and of the unit cell volume
(c) for the HAp phase as a function of the x nominal value from this work and the
previously reported data in the literature. Dashed lines are linear fittings of the
various data.

far satisfactorily simulated with five resonance peaks [44,45]. The
most intense peak ~0 ppm is clearly observed in Fig. 7a. Its inten-
sity increases with the Si content, in agreement with the B-TCP
content calculated from Rietveld refinements. Also the peak at
~3 ppm assigned to HAp broadens (from LWHM =45 Hz in Sig -
BCP, 70 Hz in Sig-BCP to 165 Hz in Sigs-BCP).
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The 'H MAS-NMR spectra of Sigo-BCP, Sig>-BCP and Sig5-BCP
(Fig. 7b) are dominated by one peak at O ppm, characteristic of
OH groups in an apatite structure, and one small component at
5.2 ppm, only present in Sig>-BCP and Siy5-BCP, which accounts
for 8% and 18% of the total 'H signal intensity, respectively. As ob-
served for the 3!P signal of the apatite structure at ~3 ppm, the 'H
signal broadens with the Si content from LWHM = 115 Hz in Sigo-
BCP, 165 Hz in Sig,-BCP to 245 Hz in Sigs-BCP. The concomitant
broadening of the 3'P and 'H resonances due to HAp with the Si
content suggests that Si atoms are inserted in the HAp framework
(as will be established later with the 2°Si NMR experiments), which
causes a broadening of the !P and 'H site distributions.

Two-dimensional 'H-3'P HETCOR spectra recorded on Sig-BCP
and Sigs-BCP (Fig. 9) show an expected correlation between the
31p signal at ~3 ppm and the 'H signal at ~0 ppm characteristic
of the apatite structure. More interestingly, it shows that the 'H
signal at 5.2 ppm correlates mainly with a 3'P signal at ~5 ppm
and to a minor extent with the main 3'P signal at ~3 ppm. The
presence of this last correlation shows that these protons, which
are present only in the Si-containing samples, are part of the apa-
tite phase. Comparison of the >!'P magnetization build-up of the

Table 3
Joint Rietveld refinement results of HAp phase.

Sample Sip.0-BCP Sig.1-BCP Sig2-BCP Sip.s-BCP

Cal (4f) V4 0.0025(7) 0.0020(7) 0.002(1) 0.001(1)
Bca1 (A?) 2.02(4) 2.10(4) 2.31(8) 2.53(8)
Occ. 0.973(3) 0.970(3) 0.976(7) 0.985(9)

Ca2 (6h) X 0.2456(4) 0.2462(4) 0.2460(6) 0.2457(7)
y 0.9925(4) 0.9924(4) 0.9916(7) 0.9907(8)
Bcaz (Az) =Bca1 =Bca1 =Bca1 =Bca1
Occ. 1(-) 1(-) 1(-) 1(-)

P1 (6h) X 0.3969(5) 0.3970(4) 0.3963(8) 0.3960(9)
y 0.3675(5) 0.3676(4) 0.3651(8) 0.3658(9)
Bp; (A?) 2.25(8) 2.23(8) 2.5(1) 2.8(1)
Occ. 0.983(4) 0.980(4) 0.983(7) 0.987(9)

01 (6h) X 0.3269(8) 0.3271(8) 0.325(1) 0.324(1)
y 0.4854(8) 0.4847(8) 0.488(1) 0.486(1)
Bo; (A?) 2.32(9) 2.41(9) 2.2(2) 22(2)
Occ. 0.985(6) 0.980(4) 0.983(9) 0.987(9)

02 (6h) X 0.5880(8) 0.5871(8) 0.586(1) 0.585(1)
y 0.4664(9) 0.4653(9) 0.466(1) 0.468(1)
BOZ (AZ) =B01 =BOI =B01 =B01
Occ. 0.985(6) 0.980(4) 0.983(9) 0.987(9)

H2 (6h) X 0.4746(-) 0.4746(-) 0.4746(-) 0.4746(-)
y 0.1666(-) 0.1666(-) 0.1666(-) 0.1666(-)
By, (A%) =1.2 x Boy =1.2 x By =1.2 x By =1.2 x Boy
Occ. 0.008(6) 0.012(8) 0.01(1) 0.01(1)

03 (12i) X 0.3401(6) 0.3401(6) 0.341(1) 0.342(1)
y 0.2562(6) 0.2562(6) 0.258(1) 0.258(1)
z 0.0691(6) 0.0695(6) 0.069(1) 0.070(1)
Bos (A?) =Bo1 =Bo1 =Bo1 =Bos
Occ. 0.985(6) 0.980(4) 0.983(9) 0.987(9)

04 (4e) z 0.202(3) 0.203(2) 0.199(4) 0.196(4)
BO4 (AZ) =BO1 =B01 =BO1 =B01
Occ. 0.495(5) 0.490(6) 0.48(1) 0.45(1)

H4 (4e) z 0.077(7) 0.084(8) 0.09(1) 0.08(1)
Bys (A%) =1.2 x Boy =1.2 x Boy =1.2 x Boy =1.2 x Boy
Occ. 0.470(8) 0.458(9) 0.45(2) 0.41(2)

doa—na (A) 0.86(5) 0.82(6) 0.8(1) 0.79(6)

dr_o (A 1.548 1.543 1.548 1.543

TEI® 0.013 0.006 0.052 0.045

TDI* 1.47 1.54 0.83 0.97

P 2.48, 6.30 223,391 2.53,7.84 2.09, 6.15

@ TEI and TDI formulae are given in the text. dp_g is the average interatomic distance of the phosphate tetrahedron.

b Rietveld refinement accuracy for X-ray and neutron patterns, respectively.



Table 4
Proposed chemical formulae for HAp phases.

Sample Refined atomic amount Charge imbalance Calculated chemical composition
Sioo-BCP caz 9.89 19.78* Cag g9(P0O4)s.90[(OH)1.8800.10000.02]
PO} 5.90 19.78~-0.00 Si03"
OH™ 1.88
0% 0.10
Sig.1-BCP Ca%* 9.88 19.76" Cag g3(PO4)s.85(S104)0.03][(OH)1 8300.1300.04]
PO} 5.88 19.737-0.03 Si0}~
OH™ 1.83
02 0.13
Sig2-BCP ca* 9.90 19.80" Cag.90[(PO4)5.84(S104)0.061[(OH)1.8000.1250.08]
PO}~ 5.90 19.74”-0.06 Si0}~
OH™ 1.80
0% 0.12
Sigs-BCP Ca2* 9.94 19.88" Cag.94[(P04)5.76(S104)0.16][(OH)1.6400.1600.20]
PO} 5.92 19.727 -0.16 Si0}
OH~ 1.64
0~ 0.16

a 3'P MAS NMR b 'HMAS NMR
J L Si,-BCP
L Si, ,-BCP
Si, -BCP
10 0 10 5 0 5
(ppm) (ppm)

Fig. 7. >'P (a) and 'H (b) MAS-NMR spectra of the Sig-BCP, Sig-BCP and Sig s-BCP
samples.

two signals at 2.9 and 4.6 ppm in Sigs-BCP during a 'H-3'P CP
transfer suggests closer proximity between 3'P and 'H sites for
the peak at 4.6 ppm with respect to the main apatite signal at
2.9 ppm. This is confirmed by refinements where the distance
P1—H4 decreases from 3.80 A for undoped BCP to 3.76 A for the
Si-substituted sample. However, the build-up is slower than for
POH groups in monetite, CaHPO,4 (P—H distance = 1.90-2.3 A). This
experiment shows that insertion of Si atoms in HAp leads to the
formation of new P and H sites. The 'H chemical shift value, which
is very different from that of apatite OH, could suggest that the cor-
responding OH groups are engaged in H-bonding. Considering this
new experimental observation can allow a more refined descrip-
tion of the Si-substituted HAp. In effect in HAp structure, each hy-
droxyl OH is surrounded by three phosphate anions with three
distances H4—P1 of 3.85 A, and three distances H4—03 of 2.89 A
(three distances 04—03 of 3.03 A). Considering the previously de-
scribed mechanism for substitution of a phosphate anion for a sil-
icate anion, and taking into account the creation of a hydrogen
bond between the hydroxyl group (defined by 04 and H4 atoms)
with oxygen O3 from the silicate, two OH™ are now found engaged
in hydrogen bonding per inserted silicate anion. In effect, a phos-
phate group (and thus also a silicate group) is defined by two oxy-

Sig5-BCP

3P MAS NMR

3P CP MAS NMR

10 0
(ppm)

Fig. 8. Comparison between 3'P MAS-NMR and CP-MAS-NMR spectra recorded on
Sigs-BCP sample.

gen 03 (plus 1 oxygen O1 and 1 oxygen 0O2). This situation is
depicted in Fig. 10.

Taking into account the formula (Cagg4[(PO4)s.76(Si04)0.16][(O-
H)16400.16000.20]) derived for Sigs-BCP in Table 4, and considering
two OH™ engaged in hydrogen bonding per silicate, one can refine
the formula to Cagg4[(PO4)s5.76(Si04-(OH)2)0.16][(OH)1.3200.1600.20]
introducing two types of OH™ groups: 0.32 in the hydrogen bond
with silicate, and 1.32 in the normal HAp position. Considering
the refined amount of Si, this yields 20% of H engaged in hydrogen
bonding with silicates, and 80% in the normal HAp position, in per-
fect agreement with 'H NMR data (18%/82%). For the same consid-
erations for the lower doping level Sip,-BCP, the derived formula
(Cag.90[(PO4)s5.84(S104)0.06][(OH)1.8000.12000.08]) from Table 4 gives a
refined formula Cag go[(PO4)s.84(Si04(OH)2)0.06][(OH)1.6800.12000.08]
corresponding to 7% and 93%, respectively, for protons engaged
in hydrogen bonding and normal ones, again in extremely good
agreement with NMR data (8%/92%).
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Fig. 9. 'H-3'P HETCOR experiment recorded on the Si 5-BCP sample.

Fig. 10. Representation of the environment of hydroxyl group in HAp structure: as
observed in the undoped HAp phase (a) and in the case of silicon substitution
involving two hydrogen bonds per silicate anion (b). Grey, pink, light blue, large red
and small red spheres correspond, respectively, to calcium, phosphorus, silicon,
oxygen and hydrogen atoms. Broken red lines indicate hydrogen bonding.

The 2°Si MAS-NMR spectra recorded on Sig»-BCP (Fig. 11) and
Sig5-BCP (not shown here) exhibit three signals at —78, —73 and
—69 ppm. Such values correspond to Sin’ silicate ions (Qg). The
peaks are broader in Sigs-BCP than in Sig,-BCP, a feature already
observed for the 3'P and 'H resonance lines. No other signals are
detected, excluding the presence of condensed silicon species (ex-
pected between —85 and —110 ppm), which is in agreement with
the XRD data showing only the presence of HAp and B-TCP. In
HAp, SiOZ’ silicate ions will occupy the unique PO~ site, and a
chemical shift value of —73 ppm has already been reported [41].
In B-TCP, the presence of three POi’ sites suggests that several
29si resonances may be expected if silicon atoms are inserted in
this phase. Hence, the 2°Si MAS-NMR spectra can be interpreted
as follows: the main peak at —73 ppm could be safely assigned to
silicate sites in HAp, while the other two peaks at —69 and
—78 ppm could be due to silicate sites in B-TCP. However, the peak
at —73 ppm accounts for 75% of the total Si intensity in both

10

Si,-BCP

28i MAS

28i{'H} CP MAS

80 100
(ppm)

Fig. 11. 2°Si and 2°Si{'H} CP-MAS-NMR spectra of Sio,-BCP.

-40 -60 -120

samples, which is well above the amount of silicon atoms in HAp
calculated from the XRD data: 33 and 40 mol.% for Sig,-BCP and
Sip.5s-BCP, respectively. One can make the assumption that the peak
at —73 ppm also contains a contribution from silicate ions in B-TCP.
The 2°Si-{'H} CP-MAS experiment recorded for the Sig,-BCP sam-
ple (Fig. 11) confirms the contributions from the two phases with
the almost total disappearance of peaks at —69 and —83 ppm un-
der cross-polarization conditions.

4. Conclusions

Silicon-substituted BCP samples were prepared with various
amounts of silicon. Joint Rietveld refinements of X-ray and neutron
diffraction data allowed the composition of the substituted phases
to be determined. Electroneutrality considerations and combina-
tion with NMR data allowed refining of the Si-HAp phases formu-
lae introducing two types of hydroxyl anions and vacancies and
also to determine the possible substitution mechanisms. The two
types of protons as observed in the 'H NMR spectra offer a new
structural description of Si-substituted HAp phases.

A review of structural indicators for the substitution level of Si
in HAp clearly shows that parameter c is the best, contrary to what
is usually found in the literature.

Altogether, these experimental results offer a very detailed
description of silicon substitution in BCP ceramics and should al-
low a better understanding of the well-documented effect of sili-
con on the bioactivity of these materials.
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